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Fleshy Fruits are a late acquisition of plant evolution. In addition of protecting the seeds, these 
specialized organs unique to plants were developed to promote seed dispersal via the contribu-
tion of frugivorous animals. Fruit development and ripening is a complex process and under-
standing the underlying genetic and molecular program is a very active field of research. Part 
of the ripening process is directed to build up quality traits such as color, texture and aroma 
that make the fruit attractive and palatable. As fruit consumers, humans have developed a time 
long interaction with fruits which contributed to make the fruit ripening attributes conform 
our needs and preferences. This issue of Frontiers in Plant Science is intended to cover the most 
recent advances in our understanding of different aspects of fleshy fruit biology, including the 
genetic, molecular and metabolic mechanisms associated to each of the fruit quality traits. It is 
also of prime importance to consider the effects of environmental cues, cultural practices and 
postharvest methods, and to decipher the mechanism by which they impact fruit quality traits.

Most of our knowledge of fleshy fruit development, ripening and quality traits comes from work 
done in a reduced number of species that are not only of economic importance but can also 
benefit from a number of genetic and genomic tools available to their specific research commu-
nities. For instance, working with tomato and grape offers several advantages since the genome 
sequences of these two fleshy fruit species have been deciphered and a wide range of biological 
and genetic resources have been developed. Ripening mutants are available for tomato which 
constitutes the main model system for fruit functional genomics. In addition, tomato is used 
as a reference species for climacteric fruit which ripening is controlled by the phytohormone 
ethylene. Likewise, grape is a reference species for non-climacteric fruit even though no single 
master switches controlling ripening initiation have been uncovered yet. In the last period, the 
genome sequence of an increased number of fruit crop species became available which creates 
a suitable situation for research communities around crops to get organized and information 
to be shared through public repositories. On the other hand, the availability of genome-wide 
expression profiling technologies has enabled an easier study of global transcriptional changes 
in fruit species where the sequenced genome is not yet available.

In this issue authors will present recent progress including original data as well as authoritative 
reviews on our understanding of fleshy fruit biology focusing on tomato and grape as model 
species.
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Editorial on the Research Topic

Molecular and Metabolic Mechanisms Associated with Fleshy Fruit Quality

INTRODUCTION

Fleshy fruits constitute a commercially important and nutritionally indispensable food commodity.
In 2014, the total production of tomatoes and grapes worldwide was 170,750,767 and 74,499,859
tones, respectively (FAOSTAT).

This issue covers the most recent advances in our understanding of different aspects of
fleshy fruit biology. In fact, fruit development and ripening involves several processes that were
addressed in this issue namely accumulation of bioactive compounds (Calafiore et al.; Docimo
et al.; Karppinen et al.; Rigano et al.) and modification of components that affect nutritional quality
(Baldina et al.; Barrantes et al.; Dai et al.; Karppinen et al.; Rambla et al.) as well as modifications
in texture triggered by cell wall changes and increased susceptibility to pathogens (Alkan and
Fortes; Hocking et al.; Prusky et al.). The reprogramming of fruit development and ripening
involves several transcription factors (Arhondakis et al.; Docimo et al.; Grimplet et al.; Li et al.),
hormones (Tijero et al.; Alkan and Fortes; Karppinen et al.), nitric oxide (Bodanapu et al.), light
signaling (Llorente et al.), calcium (Hocking et al.), small ncRNAs (Paim Pinto et al.), and epigenetic
regulation (Gallusci et al.). Furthermore, environmental cues (Joubert et al.; Karppinen et al.; Paim
Pinto et al.; Ripoll et al.; Dal Santo et al.), cultivation practices (Conde et al.; Corso et al.; Habran
et al.), and postharvest strategies (Tijero et al.; Li et al.; Liu et al.) were shown to have an impact in
ripening properties and fruit quality traits. Finally, in the review by Gascuel et al. were addressed
the available genetic resources for breeding purposes of commercially important commodities such
as tomato and grape. Furthermore, the technologies that facilitate the identification of genes/alleles
of interest within the natural or generated variability gene pool were explored.

REGULATION OF FRUIT DEVELOPMENT AND RIPENING

Fruit development and ripening involves hormonal regulation in which auxins, cytokinins,
ethylene, and ABA play an important role among other hormones (Fortes et al., 2015). The
involvement of ABA in promoting ripening and quality of climacteric and non-climacteric fleshy
fruits was reported by several authors in this issue (Alkan and Fortes; Hocking et al.; Karppinen
et al.; Li et al.; Tijero et al.).

Endogenous ABA was mentioned to be involved in the regulating of ripening of climacteric
tomato fruit (Bodanapu et al.). Fruit ripening in the short root (shr) mutant of tomato

6
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that hyperaccumulates nitric oxide was delayed compared with
the wild type. Central carbon metabolism and endogenous
phytohormones levels were affected in the shr fruits. The authors
highlighted that a crosstalk among nitric oxide and auxin,
ABA and ethylene may regulate ripening and that selective
manipulation of nitric oxide levels during ripening may increase
shelf life of tomato.

In sweet cherries, a non-climacteric fruit, Tijero et al.
studied the role played by ABA during pre-harvest and
post-harvest room temperature/cold treatments. Endogenous
ABA concentrations positively influenced quality parameters
(accumulation of anthocyanins and vitamin E) during pre-
harvest but not during post-harvest. Cold treatment increased
ABA levels and led to an inhibition of senescence. The authors
concluded that endogenous ABA promotes fruit ripening on the
tree, but delays over-ripening in detached fruits.

Transcription factors play an important role in the regulation
of fruit ripening (Docimo et al.; Grimplet et al.; Li et al.). The
GRAS and the NAP gene families were characterized in grape and
peach, respectively (Grimplet et al.; Li et al.). Both families play an
important role in plant growth and development. By comparing
the information available for tomato and grapevine GRAS genes,
Grimplet et al. identified candidate genes that might constitute
conserved transcriptional regulators of both climacteric and non-
climacteric fruit ripening and that deserve further functional
analysis. Co-expression analysis of GRAS genes provided insights
into the molecular networks related with development and stress
responses involving these transcription factors. On the other
hand, Li et al. identified peach NAP genes that are responsive
to ABA post-harvest treatment and that may regulate peach
ripening. ABA-treated fruits softened faster and released more
ethylene resulting in a shorter maximum storage period. In
accordance, the promoters of four fruit-specific NAP genes
presented ABA-responsive elements. Moreover, Arhondakis et al.
identified two transcription factors, a SlWRKY22-like and a
SlER24 transcriptional activator which were shown to regulate
modules by using the LeMoNe algorithm for the analysis of
microarray datasets representing four stages of tomato ripening.
The WRKY22-like module comprised a subgroup of six various
calcium sensing transcripts. In agreement, the promoter of these
genes contained a cis- acting element, the W-box, recognized
by WRKY transcription factors that might be involved in their
coordinated regulation of expression. This approach can be
applied for the construction of general fruit ripening regulatory
module networks in particular those involving transcription
factors.

Manipulation of individual components of light perception
and signaling networks in tomato (Solanum lycopersicum)
affects the metabolism of ripening fruit (Llorente et al.).
In this mini-review, the authors explored how molecular
mechanisms originally devoted to respond to environmental
light cues have been re-adapted during evolution to inform
plants on fruit ripening progression. The spectral composition
of the light filtered through the fruit pericarp can be
transduced by phytochromes and phytochromes-interacting
factors, respectively, to regulate gene expression and in
turn modulate the production of carotenoids. This process

involves recycling of light-signaling components to finely adjust
pigmentation. This trait may have evolved as an advantageous
trait. In fact, the ability to display a change in color when the fruit
is ripe would attract more seed dispersers among early fleshy-
fruited plants.

The effect of calcium on fruit ripening was documented
in the review by Hocking et al. The authors reported on
the major components that determine calcium supply and
distribution in grape. Moreover, calcium-pectin cross-links are
a key factor in determining pectin properties and therefore
influence remodeling of fruit cell walls. In turn, this affects
fruit mechanical properties (softening), water relations and
pathogen susceptibility. Calcium is a secondary messenger
during hormone signaling and therefore can influence ripening
through interaction with hormones. The authors concluded that
improved understanding of the calcium nutritional requirements
of plants may aid in optimizing fruit quality as both calcium
deficiency and toxicity can affect the productivity, characteristics
and pathogen susceptibility of the fruit.

Recent strong evidence suggests that fruit ripening is under
not only genetic but also epigenetic regulation (Gallusci et al.). In
this review, it was described how post-translational modifications
of histones influence chromatin organization and contribute
to the epigenetic regulation of gene expression during fruit
ripening. They further explored the impact of variation in DNA
methylation levels on the expression of ripening-related genes. In
tomato and probably in other species such as grape (Fortes and
Gallusci, 2017) the process of fruit ripening requires active DNA
demethylation (Liu et al., 2015). Changes in DNA methylation
due to spontaneous mutations or genome duplications can lead
to the generation of natural epialleles affecting fruit phenotypes.
The authors concluded that epi-marks on gene promoter regions
could be used for “fine tuning” of gene expression in breeding
strategies and for crop improvement.

RIPENING ASSOCIATED PROCESSES AND

FRUIT QUALITY

Karpinnen et al. focused on the mechanisms associated with the
regulation of key secondary metabolites in Vaccinium berries.
Bilberry is a very rich source of anthocyanins that start to
accumulate with the onset of ripening. The variation in flavonoid
profile during berry development is related to seed dispersal
and defense responses, subjected to hormonal control and
involves transcription factors namely from the R2R3MYB family.
Many berries also accumulate carotenoid derived volatile flavor
compounds at ripening (Agudelo-Romero et al., 2013; Karppinen
et al.). Furthermore, light conditions, temperature, altitude, and
genotype X environment interactions affect the composition of
secondary metabolites in fruits.

Docimo et al. reported on metabolite abundance, regulation
of chlorogenic acid, and anthocyanin biosynthesis, and
characterization of candidate chlorogenic acid biosynthetic
genes in eggplant, a fruit known to accumulate health-promoting
phenylpropanoids. Analysis of the promoters of the biosynthetic
genes (SmPAL1, SmHQT1, SmANS, and SmMyb1) revealed the
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presence of several MYB regulatory elements. Furthermore, the
authors also determined that deletion of the C-terminal region of
SmMYB1 does not limit its capability to regulate chlorogenic acid
accumulation, but impairs anthocyanin biosynthesis, proposing
therefore a functional role of the C-terminal domain of this
transcription factor.

Genomics resources were exploited in order to identify
candidate genes underlying antioxidants content in tomato
(Calafiore et al.). The authors used Solanum pennellii
introgression lines harboring quantitative trait loci (QTL)
that increase the content of these bioactive compounds in
the fruit. The differential expression of six candidate genes
associated to ascorbic acid and one with carotenoids’ metabolism
together with polymorphisms in the sequences of the wild and
the cultivated alleles of these genes may account for increased
content in these metabolites. In another work from the same
group, two genotypes carrying loci from the same wild species
were crossed and two genotypes carrying introgressions at the
homozygous condition (DHOs) were shown to present increased
antioxidants content, revealing a positive interaction between
the two wild regions pyramided in DHO genotypes (Rigano
et al.). In these genotypes, occurs a putative redirection of
the phenylpropanoid flux toward the biosynthesis of phenolic
acid glycosides. Gene mapping, transcriptional profiling
and biochemical analyses suggested a central role of the 4-
coumarate:CoA ligase in redirecting the phenylpropanoid
pathways whereas Myb4 and bHLH transcription factors may
regulate these pathways. This work highlighted that interaction
effects between QTLs must be studied in order to design an
efficient pyramiding strategy for increasing fruit nutritional
quality.

On the other hand, Barrantes et al. evaluated the
breeding potential of introgression lines from the Solanum
pimpinellifolium accession TO-937 into the genetic background
of the “Moneymaker.” The authors identified using a genomic
library chromosomal regions associated with both vegetative
and fruit-related traits. QTLs were detected for fruit weight and
organoleptic traits whose stability across generations depended
on the trait. Ballester et al. characterized fruits grown in two
locations of a population of introgression lines derived from
a cross between Solanum lycopersicum and the wild species
Solanum chmielewskii. Robust metabolite QTLs were identified
for content in flavonoids, phenylpropanoids and alkaloids.
Furthermore, chalcone isomerase 1 was identified as the key gene
underlying the variation in quercetin- and kaempferol glycosides.
Altogether, the results demonstrated that by combining genetic
and genomic resources in tomato with bioinformatics tools and
metabolomics, dissection of QTLs and mQTLs can be achieved
in order to improve the nutritional value and attributes of
tomato.

The need to improve organoleptic characteristics in fruits
is driving attention toward wild relatives but also traditional
fruit varieties. Baldina et al. studied the content of several
metabolites in tomato landraces categorized into three broad fruit
type classes. The round/elongate types showed a higher content
in glycoalkaloids, whereas flattened types had higher levels of
phenolic compounds and were rich in aminoacids in particular

glutamate, a compound directly related to organoleptic quality.
The positions of several SNPs markers showed correspondence
with already described genomic regions and QTLs. This work
indicated that the future detection of mQTLs for important
metabolites will give valuable tools to improve traditional tomato
varieties by assisted breeding.

Aroma compounds are key elements in fruit quality. Chen
et al. explored the involvement of Cucumis melo alcohol
dehydrogenases (ADHs) and alcohol acyl-transferase (AAT) in
the formation of volatile organic compounds. Ethyl acetate
and hexyl acetate (E,Z)-3,6-nonadien-1-ol were found to be
the principle aroma compounds of two cultivars whereas (E,
Z)-3,6-nonadien-1-ol was the most abundant volatile in the
non-aromatic cultivar. Several CmADH genes were specifically
expressed in ripe fruits and differences were noticed between
aromatic and non-aromatic varieties; these genes may code
for isoenzymes with different substrates preference. Total AAT
activity but not ADH seems to regulate esters abundance. Finally,
CmADH3 and CmADH12 were selected as putative candidates
involved in the synthesis of aroma compounds of oriental melon.

In two grape varieties (one white and one red) the
emission of volatile and non-volatile compounds during berry
maturation was investigated (Rambla et al.). Early stages
were characterized in both cultivars by higher levels of some
apocarotenoids, terpenoids and several furans, while the final
stages were characterized by the highest amounts of benzenoid
phenylacetaldehyde, 2-phenylethanol, 3-methylbutanol, among
others. The study also highlighted that different varieties
may have different content in certain volatile precursors. By
also monitoring the expression of genes putatively involved
in the synthesis of these compounds, the authors explored
gene-metabolite networks of volatile metabolism and establish
candidate genes involved in aroma formation. Furthermore,
correlation analysis showed a higher degree of overall correlation
in precursor/volatile metabolite-metabolite levels in the white
variety, highlighting the different mechanism occurring in white
varieties to develop an enriched aroma bouquet.

One of the characteristics that makes the fruits attractive
to human consumption is the soluble sugar concentration that
depends on sugar import, sugar metabolism, and water dilution
(Dai et al.).These authors performed an inter-species comparison
in order to identify common and/or species specific modes
of regulation in sugar accumulation. By using a mathematical
framework for the analysis of 104 combinations of species (grape,
peach, and tomato), genotypes, and growing conditions, the
authors concluded that different regulation modes of soluble
sugar concentration operate being either import-based, dilution-
based, or shared. The distinctmodes appear to be species-specific,
but the intensity of the effect may depend on the genotype and
management practices. These results provided novel insights into
the drivers causing the inter-species variability in soluble sugar
concentration in fleshy fruits.

Increased sugar concentration in ripe fruits leads to increased
susceptibility toward pathogens as reviewed by Prusky et al.
and Alkan and Fortes. During fruit ripening physiological
shifts occur: cell wall remodeling, decrease in the amount
of phytoanticipins and phytoalexins, decline of inducible host
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defense responses, cuticle biosynthesis and changes in the
ambient host pH. These changes are regulated by a complex
interplay of hormonal signals that involve ethylene, ABA,
jasmonic acid, and salicylic acid, among others and they
release the fungus from its quiescent state and promote a
necrotrophic life style (Alkan and Fortes). Recent data suggests
that carbon availability in the environment (sugar levels)
is a key factor triggering the production and secretion of
small pH-modulating molecules (ammonia, gluconic acid) that
contribute to colonization by postharvest pathogens (Prusky
et al.). These pathogens modulate the expression of genes
contributing to pathogenicity according to environmental pH-
inducing conditions. The authors emphasized that knowledge
on the processes responsible for the onset of necrotrophic stage
may lead to strategies aiming at enhancing fruit defense and
decreasing fungal virulence that will result in increased quality
of fruits.

IMPACT OF ENVIRONMENTAL CUES,

CULTURAL PRACTICES, AND

POSTHARVEST STRATEGIES ON FRUIT

QUALITY

Environmental factors such as water deficit may negatively
impact fruit yield and quality. The effect of three successive cycles
of moderate water deficit and recovery was analyzed during the
plant reproductive period in parental accessions of Multi-Parent
Advanced Generation Inter-Cross population which presents
the largest allelic variability observed in tomato (Ripoll et al.).
Independent responses were observed in the leaf and fruit
whereas negative effects on fruit fresh weight were dependent on
stress intensity. Fruit quality was improved under water deficit
mainly through concentration effects. The authors concluded
that responses to drought are strongly genotype-dependent as
well as highly variable depending on the stage of development
at the time water deficit was applied. However, repeated cycles of
water deficit and recovery may be used to improve fruit taste if
the full variability of genotypic responses and crop performance
is explored considering developmental stages.

Joubert et al. concluded that grape berries employed
carotenoids and the associated xanthophyll cycles to acclimate
to UV exposure. The berry responses differed between high light
and low light conditions, in particular when the berries
are still photosynthetically active (green developmental
stage). Furthermore, in the highlight environment, certain
monoterpenes and norisoprenoids were decreased by UVB
attenuation confirming that UVB exposure stimulates volatile
organic compounds in exposed ripe berries. These volatile
terpenes may play a role in stress sensing and signaling
related with UVB radiation. This work extended the current
understanding of light/UV impacts in grapes and their metabolic
plasticity in response to this environmental cue providing
valuable data for stress management and improvement of grape
quality.

Phenotypic and metabolic plasticity were also addressed in
a white berry variety grown at four sites presenting different

pedoclimatic conditions (Dal Santo et al.). Several genes that
control transcription, translation, transport, and carbohydrate
metabolism showed different expression depending on the
environmental conditions. An important conclusion from this
work was that genes representing the phenylpropanoid/flavonoid
pathway showed highly plastic responses to the environment
mirroring the accumulation of the corresponding metabolites.
Furthermore, phenotypic plasticity varies among cultivars and
may depend on whether the berries are white or red, highlighting
the importance of conducting these studies in order to
understand how grape and wine characters are developed in
different environments from the same genotype.

Not only the epigenome and the RNA transcriptome
but also the small RNA transcriptome participates in the
dynamic regulatory network occurring in genotype-environment
interactions (Paim Pinto et al.). These authors studied grapevine
berries at four developmental stages from two varieties growing
in three different environments. The results indicated that the
distribution of small RNA-producing loci is variable between
the cultivars, with the two cultivars showing a completely
different small RNA profile across environments. On the other
hand, the profile of miRNA accumulation mainly depends on
the developmental stage. Several known vvimiRNAs and novel
vvimiRNA candidates presented an accumulation in the berries
modulated by at least one of the variables studied. The in silico
prediction of miRNA targets suggests their involvement in berry
development and in secondary metabolism.

Grafting commercial grapevine varieties on interspecific
rootstocks is a common cultural practice for improving stress
resistance and vigor. Corso et al. reported on the acceleration
of grape ripening under the influence of a new rootstock
comparing to a commercial one. Molecular and biochemical
analyses revealed that auxin signaling is strongly affected by the
rootstock genotype and the existence of a link between the rate
of berry development and the modulation of auxin metabolism
which is more pronounced in skin tissue. On the other hand,
Habran et al. addressed the combined effects of nitrogen supply
and rootstock on berry composition. The authors used four
rooststock/scion combinations fertilized with three different
levels of nitrogen. The results showed complex responses of
the metabolites’ content (sugars, organic acids, aminoacids,
anthocyanins, flavonols, flavan-3-ols/procyanidins, stilbenes,
hydroxycinnamicB, and hydroxybenzoicacids) that depend on
soil composition/rootstock/scion/climate interactions. These
studies are fundamental in modern viticulture in order to
clarify the impact of rootstock on berry scion development and
ripening, and how this can be affected by adjustments in nitrogen
fertilization.

The foliar exogenous application of kaolin, a radiation-
reflecting inert mineral, has been proven effective in mitigating
the negative impacts of abiotic stresses in grapevine. By
performing a combined molecular and biochemical analysis,
Conde et al. showed that kaolin treatment stimulated the
expression of genes, and the activity of enzymes involved in the
phenylpropanoid, flavonoid, and stilbenoid pathways at latter
ripening stages. Metabolomic analysis corroborated this data and
indicates that application of kaolin in grapevine leaves may be
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used as a summer stress mitigating strategy with positive impacts
on berry quality.

Postharvest decay impacts significantly fruit quality and
market value especially in climacteric fruits such as papayas that
present a short-term shelf life. Liu et al. studied the role of GH3
genes (encoding IAA-amido synthetases) in the regulation of
postharvest physiology in papaya. The observed induced IAA-
amido synthetase activities during the postharvest period may
lead to the maintenance of low levels of endogenous IAA which
is an inhibitor of ripening. Additionally, ascorbic acid treatment
seems to regulate postharvest fruit ripening and softening by
inducing a decrease in GH3 genes expression, and IAA-amido
synthetase activities, and therefore promoting endogenous IAA
levels. Fruits treated with ascorbic acid showed a relatively lower
production rate of ethylene than non-treated. These findings may
provide a way to develop novel strategies for improving fruit
quality during postharvest storage.
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Improving fruit quality has become a major goal in plant breeding. Direct approaches to

tackling fruit quality traits specifically linked to consumer preferences and environmental

friendliness, such as improved flavor, nutraceutical compounds, and sustainability,

have slowly been added to a breeder priority list that already includes traits like

productivity, efficiency, and, especially, pest and disease control. Breeders already use

molecular genetic tools to improve fruit quality although most advances have been

made in producer and industrial quality standards. Furthermore, progress has largely

been limited to simple agronomic traits easy-to-observe, whereas the vast majority

of quality attributes, specifically those relating to flavor and nutrition, are complex

and have mostly been neglected. Fortunately, wild germplasm, which is used for

resistance against/tolerance of environmental stresses (including pathogens), is still

available and harbors significant genetic variation for taste and health-promoting traits.

Similarly, heirloom/traditional varieties could be used to identify which genes contribute

to flavor and health quality and, at the same time, serve as a good source of the

best alleles for organoleptic quality improvement. Grape (Vitis vinifera L.) and tomato

(Solanum lycopersicum L.) produce fleshy, berry-type fruits, among the most consumed

in the world. Both have undergone important domestication and selection processes,

that have dramatically reduced their genetic variability, and strongly standardized fruit

traits. Moreover, more and more consumers are asking for sustainable production,

incompatible with the wide range of chemical inputs. In the present paper, we review

the genetic resources available to tomato/grape breeders, and the recent technological

progresses that facilitate the identification of genes/alleles of interest within the natural

or generated variability gene pool. These technologies include omics, high-throughput

phenotyping/phenomics, and biotech approaches. Our review also covers a range

of technologies used to transfer to tomato and grape those alleles considered of

interest for fruit quality. These include traditional breeding, TILLING (Targeting Induced
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Local Lesions in Genomes), genetic engineering, or NPBT (New Plant Breeding

Technologies). Altogether, the combined exploitation of genetic variability and innovative

biotechnological tools may facilitate breeders to improve fruit quality tacking more into

account the consumer standards and the needs to move forward into more sustainable

farming practices.

Keywords: fruit quality, germplasm, grape, omics, new plant breeding techniques, tomato, QTLs

INTRODUCTION

Since the dawn of agriculture in Neolithic communities some
12,000–10,000 years ago, the selection of plants exhibiting
the most desirable traits has never ceased. This, so-called,
domestication process appears to have been instrumental in our
ancestors’ transition from a hunter-gatherer to an agricultural
lifestyle (Gepts, 2014), and was characterized by the low number
of plant species to succeed as widely-grown crops in modern
societies. Initially an intuitive process, selection was made on
a few easy-to-observe desirable traits (e.g., fruit size, shape and
color, or seed quality; Chalhoub et al., 2014; Vogel, 2014). As in
species reduction, only a few genes exercising large phenotypic
effects within this limited number of species were selected (Tang
et al., 2010).

In fruit crops, initial selection was probably based on
nutritious, non-toxic, and palatable features. Hedonic and
culinary qualities, including flavor, succulence, juiciness, and
other consumer-desirable characteristics were added later
(Table 1). However, since the 1930s breeders, including tomato
breeders, have centered their efforts on productivity and have
basically neglected fruit quality, including traits of interest to
consumers (e.g., flavor or nutritious). This can be explained
in many ways: one is the fact that it is difficult to breed for
complex multigene traits such as flavor; another is our lack of
understanding of the molecular genetic basis of fruit quality

TABLE 1 | Quality standards according to the different stakeholders in the

Agri-Food chain.

Standards Quality traits

Producer Resistant against biotic and abiotic stresses.

High yield (size...).

Easy to harvest and handle.

Synchronization of flowering or flowering time.

Market Shelf-life.

Less prone to handling and shipping damages.

Biochemical products (soluble solid concentration for processing

tomatoes, resveratrol for grapes).

Consumer Flavor/succulent/juicy.

Crispness/chewiness/oiliness.

Appearance/color.

Healthy/sustainably produce.

Nutritious.

Environmental Reduction of synthetic fertilizers and pesticides.

(Klee, 2010; Lim et al., 2014). Together with changes in consumer
habits, this has led to lower fruit quality and loss of flavor, which
indirectly have a negative impact on fruit consumption (Klee,
2010; Orzaez et al., 2010). Hence, scientists and breeders are faced
with a real challenge to improve grapes and tomatoes so that
they meet the needs both of producers, i.e., productivity, and
consumers, i.e., taste and healthiness (Handa et al., 2014). The
relevance of this goal lies in the importance of nutrition (i.e.,
vitamins, antioxidants, and minerals) to remedy physiological
disorders and reduce the incidence of human diseases (Klee,
2010). Today, regarding what quality parameters are crucial to
improve, yield, and sustainability are the first, because of their
role to ensure food security and healthiness. So, we need to
maintain the yield per hectare, reducing fertilizers, and pesticides
and increasing resilience to biotic and abiotic stresses in a
global climate change scenario. The next objective should be
increasing nutritional content, especially for crops that will be
cultivated in poor areas. Enable crop diversification in poor
areas could be a solution. Moreover, depending on the crop,
different nutritional contents will be easier to increase. In the
case of tomato, carotenoid related compounds are a clear target.
For grapes, polyphenols are the main topic of studies. Finally,
consumer preferences and taste should be taking into account.

Grape (Vitis vinifera L.) and tomato (Solanum lycopersicum L.)
are the focus of the present review. Both produce fleshy, berry-
type fruit, and have undergone important domestication and
selection processes that have dramatically reduced their genetic
variability. Tomato and grapevine have been selected to satisfy
the quality standards required by humans. This has entailed
a preference for varieties that were more productive, gave
larger fruits or displayed defined organoleptic characteristics.
In grapevine, despite the thousands of cultivars available, the
market is dominated by a few and these are classified as a
function of the final product: table grapes or raisins, or their
use in winemaking (This et al., 2006). In tomato, there has also
been a progressive/dramatic reduction in variability during the
domestication process in the original centers of diversification
and, later, when introduced into Europe, and then reintroduced
into North America (Blanca et al., 2015). Initially, selection was
performed by farmers; later, breeders and researchers became
involved. Ultimately, this has led to the development of tomato
cultivars yielding fruits of the shape, color, and size of choice. For
a long time, tomatoes have been used both as a fresh product and
as a processed commodity in soups, juices, sauce, pastes, powders,
or concentrates, all of which require different characteristics
(Bai and Lindhout, 2007; Bergougnoux, 2014). While grape and
tomato share a past history of reduced variability, important
differences exist: loss of flavor has more dramatically affected
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tomato, in part, due tomore active breeding for productivity than
in grapevine. Knowledge of the molecular genetic basis of fruit
quality traits and of environmental impact on these traits will
facilitate the maintenance of and/or an increase in production
while enabling us to improve or change flavor at will.

Despite the biotechnological advances of recent decades,
breeding programs often fail when dealing with complex quality
traits (Handa et al., 2014). Progress in biotechnology and omics
technologies applied to the variability available are likely to
help us decode the underlying genetic basis of complex traits.
Best alleles could subsequently be transferred into cultivars by
crossing, genetic engineering, or NPBT (New Plant Breeding
Technologies), to improve the quality of tomato or grape fruit.
The present review is based on four fundamental approaches
to increase fruit quality: (i) to enhance/maintain germplasm
diversity as the source for best alleles; (ii) to understand the
biochemical and genetic basis of fruit quality traits using this
genomic and phenotypic diversity; (iii) to develop and use tools
to dissect fruit quality traits, including improved computational
technologies and network analysis; and (iv) to conduct functional
studies of cultivar improvement. In conclusion, we will present
an up-to-date view of the genetic resources and technologies that
can improve fruit quality.

THE CONTRIBUTIONS OF
BIOTECHNOLOGICAL TOOLS TO LINK
GENOMIC VARIABILITY PRESENT IN
IN-SITU AND EX-SITU GERMPLASM
COLLECTIONS WITH THE DERIVED
PHENOTYPIC DIVERSITY

Germplasm Diversity
Sources of germplasm, here defined as the collection of genes and
their alleles available for plant improvement, include cultivated
species and sexually-compatible wild species but could also
include sexually-incompatible species harboring genes that can
impact on fruit quality and be transferred through genetic
engineering. Only a minimal part of the wide variability present
in wild germplasm was domesticated and resulted in selective
gain of phenotypical or physiological traits of interest for
humans. Similarly, the domestication process also resulted in a
loss of genes that were left behind in non-selected wild relatives,
but were needed to improve crop adaptation to environmental
changes. Modern plant breeding programs are based on a
process of human selection which differs dramatically from that
of natural evolution: selective pressure is no longer defined
primarily by a multifactorial changing environment but by
narrow human standards that focus on a few traits. Hence, even
if the number and nature of genes under selection may vary
across the different domesticated species, phenotypic, and genetic
diversity are more heavily reduced in “domesticated” germplasm
than in their wild relatives. These so-called bottlenecks occurred
during domestication and cultivar development, and have
recently been confirmed by sequencing (Tang et al., 2010;
Abbo et al., 2014; Amini et al., 2014; Andersen et al., 2015).
This reduction in genetic variability is particularly evident in

cultivated grapevine, in part, as a consequence of its vegetative
propagation (Roby et al., 2014), but it also occurs in tomato.
On the whole, as the (agronomical) traits selected by humans
differed from those oriented toward optimal adaptation to the
natural environment, a clear dichotomy arose between crops
and their wild progenitors (Gepts, 2014). This particular genetic
bottleneck, known as genetic erosion, could compromise modern
cultivars as they may be unable to cope with global warming or
newly emerging diseases (Prada, 2009; Chen et al., 2013; Bai et al.,
2016). For instance, the wild North American grapevine species
Muscadinia rotundifolia is known to be resistant to both powdery
and downy mildew (Feechan et al., 2013). This resistance was
mapped to a single locus that contains a family of seven
TIR-NB-LRR genes known to be involved in effector-triggered
immunity. Therefore, these wild species could constitute a source
of resistance-related genes to be introgressed into susceptible
cultivars.

In light of the consequences of genetic erosion and the
importance of preserving sources of genetic and phenotypic
diversity in crops, the scientific community has developed
germplasm banks (Prada, 2009). Nowadays, there are more than
a thousand seed banks distributed all over the world. Tomato
genetic resources in gene banks have been reviewed by (Bai and
Lindhout, 2007; Di Matteo et al., 2011) (Table 2) and altogether
may account for over 20,000 accessions. Grapevine germplasm
also exhibits great diversity with up to 10,000 cultivars predicted
(Laucou et al., 2011). In this context, many seed centers have
been dedicated specifically to grapevine species—especially in
countries with a tradition of viticulture (Table 2). Furthermore,
the Svalbard Global Seed Vault conserves in permafrost the seeds
of over four thousand plant species (>774,601 accessions, of
which 7,382 correspond to tomato or wild relatives of tomato
clade) (www.seedvault.no) (Fowler, 2008; Westengen et al.,
2013).

Genetic resources include wild, landraces (heirlooms and old
cultivars of local importance), modern cultivars, and synthetic
populations, and constitute the ground material for breeders.
Populations of wild relatives offer breeders untapped genetic
and phenotypic diversity that has evolved over millions of
years to adapt to a wide range of environmental niches
(Honnay et al., 2012). It is very much in our interest to
study this in depth (Khan et al., 2012). Landraces/heirlooms
or traditional varieties represent old cultivars that may be of
more or less local importance and were developed/selected by
traditional farmers over hundreds or a few thousand years
to best fit their needs. Landraces (local varieties) generally
display greater diversity than modern cultivars as they have been
selected to adapt to local, sometimes hostile environments, at
a time when agronomic technology (i.e., irrigation, fertilizers,
pesticides) was not yet widely available. Cultivar uniformity
was not desirable when varieties had to successfully adapt
to a range of environmental conditions (Fernie et al., 2006;
Cebolla-Cornejo et al., 2013). Modern agronomic practices often
result in more homogeneous environmental conditions: tomato
cultivation in greenhouses entails controlled watering, facilitating
the selection/development of genetically uniform cultivars to
enhance yield performance. Hence, landraces constitute a source
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TABLE 2 | Main seed bank collections worldwide where tomato and grapevine germplasm can be found.

Name Plants Resources Website References

The Solanaceae

database

Non-tuberous Solanaceae

germplasm collection

Ex situ plant collections http://www.bgard.science.ru.nl/ Bai and Lindhout, 2007

The isogenic tomato

‘mutation library’

Solanaceae About 3,500 tomato monogenic mutants

from the genetic background of the inbred

variety M82 by treatment with EMS (ethyl

methane sulfonate) and fast-neutron

mutagenesis

http://zamir.sgn.cornell.edu/mutants/ Menda et al., 2004

French Network of

Vine Conservatories

Grapevine (Vitis vinifera L.) 7,000 accessions from 40 countries http://www1.montpellier.inra.fr/vassal/ French Network of Vine

Conservatories

The

EuropeanVitisdatabase

Grapevine (Vitis vinifera L.) 27,000 Vitis accessions from 13 european

wine-growing countries

http://www.eu-vitis.de/index.php

FAO/IAEA Mutant

Variety Database

(MVD)

Wide range of plant

mutant including tomato

and grapevine

http://mvd.iaea.org/#!Home FAO/IAEA

of allelic variants lost to modern breeding (i.e., over the last
80 years) but potentially available for variety improvement
(Mazzucato et al., 2008; Prada, 2009; Leida et al., 2015).
Because of their greater proximity to modern cultivars than their
wild relatives, landrace cultivars with the desired phenotypes
hold great potential for cultivar improvement (Zhu et al.,
2008; Prada, 2009; Biasi and Brunori, 2015). For example,
Corrado et al. (2013), studied variability in a set of 214 tomato
accessions which included wild relatives, cultivated landraces,
and commercial varieties. They identified a number of loci
which were under strong positive selection among landrace and
commercial cultivars. Although the diversity present in wild and
landrace populations makes them useful for the identification of
genotypes carrying genes of agronomic importance, they are of
less use when we attempt to accurately dissect the underlying
genetic basis. To overcome these difficulties, researchers and
breeders have developed a wide range of cross populations
such as Recombinant Inbred Lines (RILs), Near Isogenic Lines
(NILs) or Introgression Lines (ILs), Double Haploid Lines
(DHLs), Induced Mutant Lines (IMLs), TILLING (Targeting
Induced Local Lesions in Genomes) Lines (TLs) (Varshney
et al., 2014; Henikoff et al., 2004), Multiparent Advanced
Generation Intercross (MAGIC, Cavanagh et al., 2008) and
Nested Association Mapping (NAM, McMullen et al., 2009;
Table 3). In grape, as in other perennial/long generation time
and/or self-incompatible species, for which it is difficult or
impossible to generate inbred lines, F1 segregating populations
(also termed Cross-Pollinators, CP) have been developed
for genetic mapping (Grattapaglia and Sederoff, 1994) and
propagated by grafting. Finally, germplasm collection can also
be used directly as a mapping population in Genome-Wide
Association Studies (GWAS; Rosenberg et al., 2010).

One way to unravel the genetic basis of fruit quality traits is
by analyzing spontaneous/natural or induced mutant lines (Di
Matteo et al., 2011; Bauchet and Causse, 2012). For tomato,
several natural mutants have been identified but these resources
are limited in comparison with induced mutant collections
(Bauchet and Causse, 2012; and Table 1). The carotenoid

pathway, for example, is one of the best elucidated metabolism in
tomato fruit due to the availability of a series of well-characterized
mutations (Figure 1). These mutants provide distinct berry color
phenotypes: apricot, at, loss of function in the isopentenyl
diphosphate 1 (ID11) gene (Pankratov et al., 2016); yellow flesh,
r, knockout of the phytoene synthase 1 (PSY1) gene (Fray and
Grierson, 1993); tangerine, t, loss of function in the carotenoid
isomerase 1 (CrtISO1) enzymatic activity (Isaacson et al., 2002);
Beta, B, and Delta, Del, gain of function in the lycopene β- and
ε-cyclase (CYC-b; LCY-e) genes (Gil et al., 1999; Ronen et al.,
2000); high-pigment 3, hp3, loss of function in the transcript
coding for the zeaxanthin epoxydase (ZEP) (Galpaz et al., 2008);
neoxanthin deficient 1, nxd1, defected in the neoxathin synthase
(NXS) enzymatic activity (Neuman et al., 2014). In this context,
the only known exception of a carotenoid structural gene which,
if mutated, does not affect the berry color is represented by
the β-carotene hydroxylase 2 (CHY2), whose knock out produce
the, so called, white flower (wf ) mutant, displaying, respectively,
regular and not pigmented fruits and flowers (Galpaz et al.,
2006). Additionally, a series of well-known mutants in ABA
biosynthesis are also available thanks to the studies carried out
by the german scientist Hans Stubbe: notabilis, not, loss of
function in the 9-cis-epoxycarotenoid dioxygenase (NCED) gene
(Burbidge et al., 1999); flacca, flc, knockout of the gene coding
for a molybdenum cofactor (MoCo) (Sagi et al., 2002); sitiens,
sit, deficient in the aldehyde oxidase (AAO) enzymatic activity
(Harrison et al., 2011). More recently, the first mutant in the
strigolactone pathway (ORT1) has been identified, although the
source of the mutation has not yet been elucidated (Kohlen et al.,
2012) (Figure 1). In addition, The Solanaceae genome network
(SGN) and the Tomato Genetic Resource Center (TGRC) host
large collections of tomato genotypes and mutants, which are
available to researchers (Di Matteo et al., 2011; Saito et al., 2011;
Bauchet and Causse, 2012; Sacco et al., 2013). More recently, a
collection of ethyl methanesulfonate (EMS) and γ-ray-derived
tomato mutants in the Micro-Tom dwarf background has been
generated (Saito et al., 2011; Shikata et al., 2016). To date, it
comprises over a thousand genotypes which have been used to
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FIGURE 1 | Carotenoid/Apocarotenoid (Volatiles, VOCs; Abscisic acid, ABA; Strigolactones, SL) biosynthesis and overview of tomato natural (mutants)

and metabolically engineered (ME) resources. Light red arrows and light green crosses refer to, respectively, gain and loss of function mutants. Dark red arrows

and dark green crosses pinpoint overexpression and knockout ME interventions, respectively.

create the TOMATOMA database, representing an interesting
resource to research scored traits/phenotypes easily. Other
EMS tomato mutant collections include the M82 processing
tomato collection (http://zamir.sgn.cornell.edu/mutants/) and
the Red Setter collection (http://www.agrobios.it/tilling/). These
monogenic mutant populations could be directly screened to
identify the genes responsible for a specific function (Menda
et al., 2004; Long et al., 2006), or individual mutant lines could be
analyzed to confirm the function of a gene previously identified
by other means, such as QTL analysis (Goldsbrough et al., 1994).

Unlike tomato, collections of grapevine-induced mutants
are quite rare (Fortes et al., 2015). Consequently, almost all
studies in grape aimed at deciphering the molecular basis of
traits use natural mutants (This et al., 2006). The FAO/IAEA
Mutant Variety Database (MVD) maintains a wide range of
plant mutant cultivars including tomato and grapevine. In
grape, the counterpart of the conspicuous tomato/carotenoid
system is represented by the phenylpropanoid pathway and,

more specifically, by the synthesis of high-value sub-classes
of phenypropanoid compounds (anthocyanins, stilbenes etc).
An overview of grape genes and genetic resources for
important phenylpropanoids affecting fruit quality is shown
in Figure 2. While, contrary to the situation in tomato,
it is not possible to clearly define grapevine monogenic
mutants, several studies have unraveled the genetic basis of the
difference between red and white cultivars, which is mainly
due to a group of MYB transcription factors (MYBA1-1/2,
MYBA2, MYB5a/b), mutated in the latter and, thus, preventing
anthocyanin synthesis (Kobayashi et al., 2002; Deluc et al.,
2006, 2008; Walker et al., 2007; Rinaldo et al., 2015; Figure 2).
Similarly, Rinaldo et al. (2015) have reported that the acylated-
anthocyanin phenotype is associated to the expression of the
3AT gene, coding for an ANTHOCYANIN 3-O-GLUCOSIDE-6′′-
O-ACYLTRANSFERASE, which is lacking in white cultivars, as
well in some red varities as Pinot-Noir, that do not accumulate
acylated anthocyanins. TILLING was also used to screen the
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FIGURE 2 | Phenylpropanoid biosynthesis in grapevine and survey of structural and regulative genes engineered by genetic modification (GM).

Transcription factors positively (activators) or negatively (repressors) affecting phenylpropanoid pathway are represented by “Play” and “Stop” symbols, respectively.

Red arrows and green crosses pinpoint overexpression and knockout GM interventions, respectively. Asterisks indicate genes and metabolites previously reported to

be not/low expressed and accumulated, respectively, in white genotypes. Degrees refer to ME studies in which grapevine genes were ectopically expressed only in

heterologous systems.

tomato mutant database (Kurowska et al., 2011) for validation
of gene function and as a source/tool for crop improvement
(Minoia et al., 2010). Furthermore, it can also be applied to the
identification of SNPs in spontaneous mutants (EcoTILLING)
making it, thus, extremely useful in characterizing the variability
present in germplasm banks (Mba, 2013).

Genome and Epigenome Sequencing and
Genotyping Methods
Genomic variations can be the result of SNPs,
insertions/deletions (Indels), copy number variations (CNV),
and presence absence variations (PAV); they are responsible
for crop evolution and domestication (Xu and Bai, 2015).
Historically, to decipher genomic diversity, two types of
molecular markers were developed (reviewed by Yang et al.,
2015). The first were generated before the genomic era and
were able to identify genetic diversity in a wide range of

genotypes (and different conditions) without the need for
DNA or genome sequences. For example, the first markers
developed in the 1980s were the restriction fragment length
polymorphism (RFLP). Anonymous PCR-based markers such
as Random Amplified Polymorphic DNA (RAPD) markers
and Amplified fragment length polymorphism (AFLP) were
developed later. Single Sequence Repeat (SSR) or microsatellite
markers were more popular during the 1990s and the early
2000s, when a large source of reliable medium-throughput
markers was generated. However, even with these markers,
molecular mapping remained time-consuming, expensive,
and yielded relatively low mapping resolution (Xu and Bai,
2015). While several QTLs were identified on large genomic
regions, few have been used in breeding programs (Bernardo,
2008).

Three generations of sequencing technologies resulting in
three “waves” of genome sequencing facilitated the study of
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germplasm diversity and, thus, the production of new markers
and high-throughput genotyping technologies that impact on
breeding methods (Bolger et al., 2014; Varshney et al., 2014;
Xu and Bai, 2015; Yang et al., 2015). In 2007, the genomes
of an inbred line (PN40024) derived from Pinot Noir (Jaillon
et al., 2007) and a heterozygous genotype nowadays used by
winemakers (Velasco et al., 2007), were published by two
groups independently. Both studies used whole genome shotgun
(WGS) methods and predicted around 30 k protein-coding
genes (Jaillon et al., 2007; Velasco et al., 2007) distributed
around 38 chromosomes (n = 19). On the other side, a
high quality, well-annotated reference genome is available for
tomato (Sato et al., 2012). From this genome (around 900
Mb divided up to 12 chromosomes), 34,727 protein-coding
genes were identified and 30,855 of these were confirmed
by RNA sequencing. Moreover, using comparative genomics
with grape and A. thaliana genomes, this study highlighted
that two consecutive genome triplication events might have
occurred during its evolution (Sato et al., 2012). The use
of NGS methods is not limited to sequencing and de novo
assembly but, thanks to an increase in high-throughput read
lengths, single-base accuracy, reduced costs, and assembling
methods, NGS enables whole-genome resequencing to identify
genetic variations on a genome-wide basis (Xu and Bai, 2015).
A number of resequencing projects have already identified
genomic variations by resequencing and identifying a huge
number of DNA markers (cited above). Divergence between the
wild (S. pimpinellifolium) and domesticated tomato genomes
was estimated at around 0.6%, representing 5.4 million SNPs,
distributed along the chromosomes mostly in the gene-poor
regions (Sato et al., 2012). Despite this, more than 12,500 genes
carry non-synonymous changes. Another study has revealed
that the Micro-Tom genome presents about 1,230,000 SNPs
and 190,000 indels, by comparison with the “Heinz 1706”
genome (Aoki et al., 2013). Using a high-density polymorphism
array (7,720 SNPs, also known as the SolCAP array), Sim
et al. (2012) genotyped a collection of 426 tomato accessions,
which revealed that over 97% of the markers in the collection
were polymorphic. Currently, several hundred resequenced
genomes of tomato varieties, S. lycopersicum vr cerasiformes, and
S. pimpinellifolium are available for marker and variability studies
at https://solgenomics.net/jbrowse_solgenomics/. They are being
used to gain an understanding of genetic base domestication
and improvement, and for GWAS (Lin et al., 2014). WGS of
induced tomato mutants reveals many DNA markers, such as
SNPs (Menda et al., 2004; Saito et al., 2011; Xu and Bai, 2015).
In some cases, NGS can be applied to a limited number of
sites in the genome and the throughput can be increased using
Genotyping By Sequencing (GBS) (Kumar and Khurana, 2014;
Xu and Bai, 2015). For example, Víquez-Zamora et al. (2014)
used GBS on a RIL population of a cross between S. lycopersicum
cv. Moneymaker and S. pimpinellifolium G1.1554 to develop
a linkage map of 715 unique genetic loci from 1,974 SNPs.
These results were subsequently used to map QTL responsible
for TYLCV (Tomato yellow leaf curl virus) resistance. A similar
strategy based on the SolCAPwas used by Rambla et al. (2017a) to
define a volatile QTL map in an RIL population derived from the

cross between S. lycopersicum (Money maker) and the TO-937
accession of S. pimpinellifolium.

Recent studies have shown the differential regulation of
genes encoding epigenetic regulators as well as local chromatin
and DNA methylation changes in response to a variety of
abiotic stresses including cold, salinity, drought, osmolality,
or mineral nutrition (reviewed by Fortes and Gallusci, 2017).
Epigenetics constitutes another process that greatly influences
gene expression and, therefore, contributes to genetic plasticity.
DNA methylation represents a layer of regulatory complexity
beyond that encoded in the basic structure of the plant genome
(Harrigan et al., 2007). Using techniques such as bisulfite Sanger
sequencing, whole-genome bisulfite sequencing, and chromatin
immunoprecipitation sequencing (ChIP-seq), Zhong et al. (2013)
have shown that tomato ripening involves specific epigenetic
remodeling. They found that binding sites for RIN, one of
the key ripening transcription factors, were frequently localized
in the demethylated regions of the promoters of numerous
ripening genes. This binding process occurred in concert with
demethylation. The binding of RIN to regulate fruit ripening
genes is attenuated in the cnr ripening mutant. In addition,
they found that DNA regions near the 5′ ends of genes were
hypermethylated in the cnrmutant (Zhong et al., 2013). In amore
recent study (Liu et al., 2015), a direct relationship between DNA
demethylase (SlDML2) activity and tomato fruit ripening was
reported. Briefly, silencing SlDML2 caused ripening inhibition
via hypermethylation. Simultaneously, a drastic reduction in
the expression of both transcription factors controlling fruit
ripening and of down-stream pathways (e.g., carotenoids)
occurred. Consequently, crop-improvement strategies should
take account of both DNA sequence variation between plant
lines and information encoded in the epigenome. In this context,
the grape was recently proposed as an essential model for
epigenetic and epigenomic studies in agriculturally-important,
woody perennials to enable so-called epigenetic breeding (Fortes
and Gallusci, 2017). Currently, a Tomato Epigenome database
(http://ted.bti.cornell.edu/epigenome/1196099620) is available to
investigate the presence of DNA methylation phenomena for
each tomato gene. Epigenetic mechanisms have also been
reported as being involved in defining the levels of Vitamin E
accumulation in tomato fruits (Quadrana et al., 2014). Epigenetic
marks may participate in the priming mechanisms to better
withstand biotic and abiotic stresses, a topic that deserves
attention in order to moderate stress susceptibility and increase
climate change resilience in grapevine and tomato (reviewed by
Fortes and Gallusci, 2017).

Phenomics
While sequencing and genotyping technologies have leaped
forward significantly, limited progress in the throughput and
price affordability of phenotyping technologies has slowed the
identification of genetic-phenotypic associations (Fiorani and
Schurr, 2013; Bolger et al., 2014).

Phenotype-based selection came long before DNA discovery
and the use of genotyping technologies. However, sequencing
and molecular biotechnologies made rapid progress while
phenotyping biotechnologies still need to be improved. Indeed,
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while the sequence of genonic DNA gives a comprehensive view
of genetic capacity, the information it contains is cryptic and does
not directly explain the differences between cells and all plant
phenotypes (Angel et al., 2012). When it comes to fruit such
as tomato or grape, it is the phenotype that is directly linked
to our interest. Until now, plant phenotyping mainly focused
on a single scale (molecule, cell, organ, plant, field, or canopy)
depending on the organ of interest (shoots or roots) and the
technology used. However, Rousseau et al. (2015) insist on the
importance of multi-scale analysis. Indeed, genome expression
can be observed at multiple microscopic and macroscopic
levels including proteomics, metabolomics, physiological traits,
and others that are visible/invisible to the naked eye. Hence,
phenotypic traits provide more direct information about plant
production and health than genomic data do. Nevertheless,
because few technologies are available, phenotyping methods
have traditionally been restricted to macroscopic traits.

Fortunately, the recent improvement in phenotypingmethods
(reviewed by Fiorani and Schurr, 2013) enable us to broaden the
concept of phenotyping and include both molecular mechanisms
(proteomic and metabolomic) and all intermediate layers that
result in macroscopic physiological and phenological traits
(architecture, yield, taste). Progress is mainly related to the
development of a wide range of sensors, their automatization
and adaptation to both indoor and outdoor conditions. Hence,
advances in phenotyping technologies, including cost reductions
and time gains, facilitate an increase in throughput phenotyping
for multi-level traits under control or field conditions (reviewed
by Fiorani and Schurr, 2013; Araus and Cairns, 2014). In fact,
the global phenotype can be considered the result of all the
measurable traits, influenced in a complex and dynamic manner
(time and space) by both genome expression and environmental
effects.

Macroscopic shoot phenotyping improvements have mainly
been due to the development of new sensors (Table 4) (Araus
and Cairns, 2014; Fahlgren et al., 2015). For root phenotyping,
new technologies were recently established (Wasson et al., 2012;
Fiorani and Schurr, 2013; Kuijken et al., 2015) by easily accessing
the roots (artificial growth medium and dynamic 2D or 3D
imaging), and by indirect methods which phenotype roots in
the soil (Table 5). For example, using a time-lapse scanning
system, Dresbøll et al. (2013) demonstrated that the growth rate
of tomato roots decreased under waterlogging. More recently, a
series of platforms that integrate morphological parameters and,
in some cases, gene expression have been developed. Among
these, for example, MorphoGraphX is able to quantify several
morphogenetic processes in 4D (Barbier de Reuille et al., 2015).
New sensors were also developed to improve post harvested
practices such as shelf life (Abano and Buah, 2014). For example,
NIR spectroscopy was used to optimize the storage time of apple
lots (Giovanelli et al., 2014).

On the other hand, automated facilities have evolved into
high-throughput phenotyping platforms providing a powerful
tool to fundamental research that can be conducted at growth
chamber, greenhouse or field levels. In order to reduce
error variance under field conditions, most of the sensors
described above could be adapted to allow high-throughput

measures, thus increasing the number of samples under analysis
(reviewed by Araus and Cairns, 2014). Ground vehicles equipped
with sensors were used in several studies (Andrade-Sanchez
et al., 2014), while aerial vehicles with dedicated instruments
facilitate rapid plant characterization in many plots, notably for
phenotyping canopy traits (Araus and Cairns, 2014; Sankaran
et al., 2015). Among them, due to their reduced cost, user-
friendly flying control, and high autonomy, polycopters also
called Unmanned Aerial Platforms (UAPs) could constitute
the future of field phenotyping. The laboratory of plant-
microbe interactions (INRA, Toulouse, France) set up a low cost
phenotyping platform so called “Heliaphen,” which allows the
growth and the high throughput phenotyping of 1,300 plants
in outdoor semi-natural conditions (https://www.youtube.com/
watch?v=VZSvgeWuhlw). The development of plants in high
capacity pots (15 L) makes possible the study of crops during
their entire life cycle. In this way, the effect of soil heterogeneity
is reduced compared to field conditions. The use of a mobile
robot, which phenotypes and monitors hydric conditions for
each plant, is one of the original aspects of this platform (personal
communication from N. Langlade).

In microscopic imaging technologies, improvements in
time acquisition, automatization, and user-friendly interface
make high-throughput phenotyping possible on a microscopic
scale (Sozzani et al., 2014; Rousseau et al., 2015). In a
recent study, Legland et al. (2012) coupled microscopic and
macroscopic approaches to create a synthetic representation
of cell morphology variations at the whole fruit level. The
complexity and the high volume of data produced by high-
throughput phenotyping platforms require computing power
and robust bioinformatic tools (Araus and Cairns, 2014).
Furthermore, to date, phenotyping data are still dispersed in
different file types, programs, and databases and, therefore,
efforts to comply with defined standards, which enable
comparison and information exchange between phenotyping
experiments and conditions, are needed (Krajewski et al., 2015).

Proteomics
The proteome integrates environmental and genetic information
and is, therefore, fundamental. Knowledge of the proteome
permits a more direct connection between proteins and the
corresponding phenotypes (Boggess et al., 2013). Nowadays,
significant improvements have been achieved in this field
(reviewed by Angel et al., 2012). For example, coupling liquid
chromatography (LC) separations with mass spectrometry (MS)-
based technologies that enable the characterization of a protein at
the proteome and sub-proteome levels, such as post-translational
modifications (PTMs) of proteins like, for instance, lysine
succinylation (Jin and Wu, 2016). Hence, many studies have
used proteomic analyses to highlight the link between proteomic
and phenotypic variations (Tanou et al., 2009; Zhao et al.,
2013; Kumar and Khurana, 2014). Several studies of tomato
proteome have provided both qualitative and quantitative data
(reviewed by Kumar and Khurana, 2014). For example, using
shotgun proteomic analysis of fruit tissues, Shah et al. (2012)
presented data about the interaction between tomato fruit and
Botrytis cinerea showing that the proteins produced by the
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TABLE 4 | New sensors and their application to plant macroscopic phenotyping.

Sensor technology Measure Applications References

Sensitive cameras in the

visible spectral range of the

electromagnetic spectrum.

Produce raw data in the RGB or in the

HSV (hue, saturation, value) spaces.

Shoot phenology and color. Fiorani and Schurr, 2013; Araus and

Cairns, 2014

Fluorescence cameras. Analysis of fluorescence parameters. Photosynthesis status. Maxwell and Johnson, 2000; Berger

et al., 2004; Bélanger et al., 2008;

Chaerle et al., 2009; Fiorani et al.,

2012; Fiorani and Schurr, 2013;

Araus and Cairns, 2014

Identification of biotic and abiotic stresses before

visible phenotypes could be detected.

Thermal cameras. Measure the leaf temperature. Identification of abiotic (Fuentes et al., 2012; Mishra

et al., 2012), and biotic (Calderón et al., 2014; Raza

et al., 2015) stresses.

Review by (Fiorani and Schurr, 2013;

Meron et al., 2013; Araus and Cairns,

2014; Calderón et al., 2014; Prashar

and Jones, 2014)

Evaluation of fruit maturity and bruise (Vadivambal

and Jayas, 2011; Ishimwe et al., 2014).

Imaging spectroscopy. Scanning specific wavebands of interest

through high resolution cameras.

Water status by the analysis of the Near-Infrared

(NIR) to the mid-infrared wavebands.

Fiorani and Schurr, 2013; Giovanelli

et al., 2014

Photosynthesis status by the analysis of the peak of

green reflectance at 550 nm.

Determination of nitrogen content and pigment

composition (Fiorani and Schurr, 2013).

Estimation of storage time for apple using NIR.

I-sensor. Measurement of electrical impedance. Estimation of cuticule and wax characteristics on

vine berries and the link with disease resistance.

Herzog et al., 2015

TABLE 5 | 3D imaging technology for plant phenotyping.

3D sensor Measures Application

Stereo camera. 3D imaging. Biomass and shoot structure.

High resolution volumetric imaging (X-ray tomographs, Magnetic resonance

imaging, and positron emission detectors).

3D imaging of physiological status. Water content, morphometricparameters.

Laser scanning technologies such as Light Detection And Range (LIDAR)

(Menzel et al., 2009; Eitel et al., 2011; Hosoi and Omasa, 2012; Araus and

Cairns, 2014; Deery et al., 2014; Raza et al., 2015; Rousseau et al., 2015).

Measures the distance between a

target and the sensor by analyzing

the reflected light of a laser.

Canopy characterization such as phenology, and

leaf area index (Llorens et al., 2011; Rinaldi et al.,

2013; Sanz et al., 2013; Hosoi et al., 2011).

fungus include those that facilitate the pathogen’s penetration
and growth on the plant tissue, those that inhibit resistance
responses by the plant, and those that enable the pathogen to
use the nutrient resources within the plant. On the other hand,
the proteins produced by the plant include those that limit
pathogenic infection and protect the plant tissue from additional
damage.

A similar study by (Parker et al., 2013) analyzed the interaction
between tomato and the Pseudomonas syringae bacteria through
an iTRAQ (isobaric tags for relative and absolute quantification)
quantitative proteomic approach. Proteomic data could also be
used as biomarkers to facilitate the rapid identification of biotic
or abiotic stress before it becomes visible through diagnostic
tools (Angel et al., 2012). An interesting, novel approach involves
the use of combined genomic-proteomic data to predict DNA-
binding proteins (like transcription factors), integrated through
computational models which can greatly promote functional

annotation of tomato or other plant genomes (Motion et al.,
2015). However, in contrast to the genomic data common
to all cells of the same organism, proteomic data could be
highly tissue-, cell-, or compartment-specific, making it more
difficult to access the overview offered by plant proteome. In
this context, another important issue is represented by the
characterization of the protein fraction at sub-cellular level,
like those specifically synthesized in plastids (Barsan et al.,
2012), which can significantly influence a series of physiological
processes such as fruit ripening. In another example, the
characterization of proteomic changes induced during ripening
processes into grape fruit skin provided important information
to determine the skin parameters which could impact on wine
quality (Deytieux et al., 2007). Furthermore, alterations in
sugar and phenylpropanoid metabolism due to thermal stress
were revealed by a quantitative proteomic study of Cabernet
Sauvignon grape cells (George et al., 2015).
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Metabolomics
Metabolomics has played a remarkable role in assessing
genotypic and phenotypic diversity in plants, in defining
biochemical changes associated with developmental changes
during plant growth and, increasingly, in compositional
comparisons. Furthermore, metabolic information is often
viewed as a more accurate reflection of biological endpoints
than transcript or protein analysis (Harrigan et al., 2007).
Therefore, metabolomic data may strongly support breeding and
selection of novel yield-enhanced and nutritionally improved
crops (Harrigan et al., 2007). It also seems that metabolite
composition, although genetically based, is heavily influenced by
environmental factors, much more, even, than enzyme activity
(Biais et al., 2014). Reassuring results have proved that the
hereditability of the tomato fruit metabolome, including that
part of the metabolome affecting flavor, in terms of mQTL,
was relatively high, in both primary metabolites (sugars and
acids) (Schauer et al., 2008) and volatiles (Rambla et al., 2016).
Obviously, flavor-related traits have attracted much attention.
The combination of a taste panel and other omics technologies
have facilitated the definition of sugars, organic acids, and
volatile compounds underlying flavor and consumer preferences
(Mathieu et al., 2009). Furthermore, the robustness of the
mQTL and the release of flavor compounds often depend on
enzymatic activities that cleave the chemical bond between
the flavor compound and a glycosyl moiety. One example is
represented by the non-smoky glycosyltransferase1 (NSGT1) gene,
that takes part in the phenylpropanoid pathway, which was
shown to prevent the “smoky” aroma attribute (Tikunov et al.,
2013). Similar glycosylation/glycosidation mechanisms operate
in grape varieties that usually accumulate large amounts of
volatile precursors as conjugated compounds that are released
following tissue maceration (Rambla et al., 2016, 2017b). Using
target approaches based on knowledge of metabolic pathways
has led to the characterization of several genes involved in the
biosynthesis of phenylpropanoids (Tieman et al., 2010; Mageroy
et al., 2012), fatty acid-derived volatiles (Speirs et al., 1998; Chen
et al., 2004; Matsui et al., 2007; Shen et al., 2014), apocarotenoids
(Simkin et al., 2004), esters (Goulet et al., 2015), and other
phenylalanine-derived volatile compounds (Tieman et al., 2010),
and in the conjugation and/or deconjugation and emission of
volatiles (Tikunov et al., 2013). Moreover, Schauer et al. (2005)
performed one of the first GC–MS-based surveys of the relative
metabolic levels of leaves and fruits of S. lycopersicum and five
sexually-compatible wild tomato species (S. pimpinellifolium,
S. neorickii, S. chmielewskii, S. habrochaites, and S. pennellii).
Interestingly, several biochemical markers associated with the
desired traits (stress resilience, nutritional quality) were identified
in the wild species. A series of robust LC–MS-based protocols
for tomato metabolome have been developed at WUR (De Vos
et al., 2007) and KAZUSA (Iijima et al., 2008), and exploited
in several studies of fruit development and physiology (Yin
et al., 2010; Mounet et al., 2012), and stress response (Etalo
et al., 2013; Lucatti et al., 2013). In a recent study (D’Esposito
et al., 2017), genotype × environment interaction, particularly
related to sensorial attributes, was investigated in three tomato
varieties using a combination of genomic, transcriptomic and

metabolomic technologies. The varieties in question included
the “cosmopolitan” Heinz 1706—which showed high resilience
in the different environments tested—and two Italian Protected
Designation of Origin (DOP) ecotypes—San Marzano and
Vesuviano—which displayed high plasticity to environmental
variations.

In grape, studies focusing on ripening and using
complementary platforms such as NMR and GC–MS to
identify metabolic markers of pre-ripening and ripening stages,
are available (Fortes et al., 2011; Agudelo-Romero et al., 2013).
Using an integrated transcriptomic/metabolomic approach,
Agudelo-Romero et al. (2013) provided hints about how the
development of a grape cultivar-specific aroma is controlled
at transcriptional level. In the same context, the distinctive
processes regulating the accumulation of polyphenols in
berry skins of Cabernet Sauvignon and Shiraz cultivars were
investigated at gene expression and metabolite levels (Degu et al.,
2014).

One important phenological aspect, the terroir (i.e., the
complex of all environmental factors responsible for the qualities
of a grapevine cultivar grown in a specific habitat), was studied
for the Corvina variety using volatile/non-volatile metabolomics,
and transcriptomics. On the whole, a strong terroir-specific
effect was revealed in clones grown in different vineyards—an
effect that persists over several vintages (Anesi et al., 2015).
The primary aromatic profile of a wine is mainly due to the
genotype × environment-derived relationship between volatile
metabolites and their precursors. Volatiles have been extensively
studied in grape (reviewed in: González-Barreiro et al., 2015),
whereas volatile precursors have scarcely been investigated
(Martin et al., 2012). Recently, Rambla et al. (2016) performed an
in-depth analysis of volatile and precursor metabolites in white
(Airén) and red (Tempranillo) grape variety berries at different
developmental stages. The use of a series of bioinformatic
approaches—such as correlation networks—proved the existence
of complex metabolite-metabolite patterns that were more
complex in Airén, as would be expected given the enriched aroma
bouquet typical of white varieties. Metabolomics has contributed
much to our increased understanding of the molecular basis
of biotic stress resistance. A series of metabolites, including
quercetin-3-O-glucoside and a trans-feruloyl derivative, have
been shown to underlie cultivar resistance to downy mildew
infection (Kashif et al., 2009). More recently, Agudelo-Romero
et al. (2015) concluded that berries infected with B. cinerea,
reprogram carbohydrate and lipid metabolisms toward increased
synthesis of secondary metabolites like trans-resveratrol and
gallic acid, which are involved in plant defense.

Furthermore, metabolomic approaches have been used to
assess the impact on the metabolome and fruit quality
traits of mutations or genetically engineered approaches in
structural/regulatory genes. Of special significance are the
metabolic boost identified in tomato fruit by the light-
hyperresponsive high-pigment (hp) gene (Bino et al., 2005). The
authors concluded that fruits from hp plants overproduced many
metabolites with antioxidant or photoprotective activities. A
number of additional tomato fruit color mutants that affect
the metabolite profile have been identified (list available at
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http://kdcomm.net/∼tomato/Tomato/color.html). However, not
all of these them resulted in the accumulation of quality
molecules (with positive health or organoleptic effects) in the
fruit. Among these mutants are the B (Beta) and Bc/B◦g

mutants, yielding high amounts in β-carotene and lycopene,
respectively, due to a gain or loss of function in chromoplast-
specific lycopene β-cyclase (Cyc-B) activity (Ronen et al., 2000,
and Figure 1). Similarly, the Abg (Aubergine), Aft (Anthocyanin
fruit) and Atv (Atroviolaceum) loci result in anthocyanin-
accumulating fruits (Mes et al., 2008; Schreiber et al., 2012),
phenotypes associated with a perturbation in the expression
of the transcription factors controlling anthocyanin synthesis,
such as ANTHOCYANIN 1 (ANT1) and ANTHOCYANIN 2
(AN2). In contrast to classical mutants, metabolic engineering
overcomes a number of classic breeding constraints, including
a limited gene-pool, time consuming processes, etc. Against
this broader scenario, tomato fruits have been engineered to
accumulate large amounts of many high-value nutrients (in an
approach known as metabolic engineering, ME): vitamins such
as folate (Díaz de la Garza et al., 2007) and ascorbate (Nunes-
Nesi et al., 2005); secondary metabolites such as carotenoids, for
which tomato represents a model system. An overview of ME
studies of carotenoids in tomato is shown in Figure 1: so far,
transgenic fruits enriched in lycopene [(Fraser et al., 2002, 2007);
(ectopic expression of the bacterial (CrtB) or the tomato (PSY1)
phytoene synthase genes); (Rosati et al., 2000) (down-regulation
by antisense technology, of the lycopene-b-cyclase 1 (LCY-
b1) gene)], β-carotene [(Apel and Bock, 2009); transplastomic
expression of the bacterial lycopene-β-cyclase (CrtY) activity];
(D’Ambrosio et al., 2004, 2011) (stable transgenics for the tomato
LCY-b1 gene); (Römer et al., 2000) [ectopic expression of the
bacterial carotenoid isomerase (CrtI); (Rosati et al., 2000) (stable
transformants espressing the arabidopsis LCY-b1 gene), lutein
(Giorio et al., 2013; over-expression of the endogenous lycopene
ε-cyclase (LCY-ε-) activity)], and β–xanthophylls [Dharmapuri
et al., 2002; simultaneous expression of the arabidopsis LCY-b1
and of a pepper β-carotene hydroxylase 1 (CHY1)]; (D’Ambrosio
et al., 2011) [overexpression of the tomato β-carotene hydroxylase
2 (CHY2)] have been achieved. Furthermore, ME tomatoes
accumulating high-value ketocarotenoids (e.g., astaxanthin)
have been obtained by the simultaneous expression of the β-
carotene hydroxylase (CrtZ) from Haematococcus pluvialis and
the algal β-carotene ketolase (CrtW) from Chlamydomonas
reinhardtii (Huang et al., 2013) (Figure 1). In some cases, it
is not possible to achieve stable silenced transgenic plants for
a specific activity, likely due to the occurrence of a lethal
phenotype in the transformant cells; in this context, an useful
alternative is represented by virus induced gene silencing (VIGS),
which allows to study a specific enzymatic step by transient
transformation assays. In tomato fruits, this tool has been
exploited to investigate the functions of all the genes involved
in lycopene biosynthesis (PSY1, 2, 3; phytoene desaturase, PDS;
15-cis-ζ -carotene isomerase, Z-ISO; ζ -carotene desaturase, ZDS;
carotenoid isomerase 1, like-1, like-2,CrtISO1, CrtISO-LIKE1,
CrtISO-LIKE2), and the presence of three functional units,
comprising PSY1, PDS/ZISO, and ZDS/CrtISO has been found
(Fantini et al., 2013). ME has also been used to elucidate

enzymatic activities taking place in carotenoid catabolism:
with this purpose, apocarotenoid emission has been strongly
reduced by the down-regulation, via RNAi technology, of
the carotenoid cleavage dioxygenase 1b (CCD1b) gene (Simkin
et al., 2004). Similarly, ABA biosynthesis has been investigated
by through the production of RNAi plants for the 9-cis-
epoxycarotenoid dioxygenase (NCED1) gene (Sun et al., 2012);
and two CCD (CCD7 and CCD8) transcripts, involved in
strigolactone pathway, have been characterized by tomato stable
transformants, in which the two enzymatic functions had been
knocked out (Vogel et al., 2010; Kohlen et al., 2012). Engineering
tomatoes for high flavonoids in the fruit is a biotechnology goal
as theise types of healthy metabolites are deficient in the fruit.
To this end, successful efforts for flavonoid increase (Schijlen
et al., 2006) and de novo anthocyanin accumulation (Zhang et al.,
2013) have been reported; in a recent study, Zhang et al. (2015)
used the AtMYB12 transcription factor to engineer high levels
of novel phenylpropanoids in tomato. This up-regulation of
specific branches of phenylpropanoid metabolism was disclosed
by a combination of RNA sequencing and LC–MS analyses.
Phenylpropanoids have also been the target molecules of the
few ME attempts reported in grape (illustrated in Figure 2):
interestingly, while only limited studies have modified the
expression of structural genes, most efforts have focused on the
identification of biosynthetic transcriptional regulators. Within
the formers, flavonoid 3′-hydroxylase (F3′H) and flavonoid 3′,5′-
hydroxylase (F3′5′H), key genes for flavonoid hydroxylation (and,
thus, for their stability, color and antioxidant capacity) have
been cloned in red grapevine, cv Shiraz, and their functionality
has been proved by ectopic expression in Petunia hybrida (Bogs
et al., 2006); in another study, Giovinazzo et al. (2005) have
achieved stilbene accumulation in tomato fruits by expressing
a grape stilbene synthase (STS). In the latter, a vast range of
MYB transcription factors acting as activators or repressors
of the pathway have has been described: interestingly, some
of them have been found to perturb the whole biosynthesis
[positively: MYBA1-1/2, MYBA2, MYB5a/b (Kobayashi et al.,
2002; Deluc et al., 2006, 2008; Walker et al., 2007; Rinaldo
et al., 2015); negatively: MYB4a/b (Cavallini et al., 2015)], while
another group looks to affect distinct phenylpropanoid sub-
classes [MYB14/15, directly activating STS genes (STSs)] (Höll
et al., 2013); MYBF1, positively regulating flavonol synthase
(FLS) expression (Czemmel et al., 2009); MYBPA1/2 and
MYBC2-L1/3, respectively boosting or repressing flavan-3-ols/
proanthocyanidin synthesis (Bogs et al., 2007; Cavallini et al.,
2015; Figure 2). Besides MYBs, additional transcription factors
affecting phenylpropanoid metabolite pool have been isolated
and characterized in grape: Wang et al. (2016), for instance,
have identified a VvbHLH1 factor, whose ectopic expression in
Arabidopsis resulted in increased flavonoid content, although
this factor looks to be also associated to ABA-related processes,
like drought and salt stresses; similarly, Malacarne et al. (2016)
have recently described a new bZIP factor, named VvibZIPC22,
whose ectopic expression in tobacco has proved its role in
triggering flavonoid synthesis and accumulation (Figure 2).
Once synthesized, flavonoids and anthocyanins are rapidly
transported to the vacuole: basically, three mechanisms including
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vesicle trafficking, membrane transporters and glutathione S-
transferase (GST)-mediated transport have been described. In
grape, in particular, two kinds of anthocyanin active transporters,
and localized to the tonoplast, have been discovered: two
belonging to the Multidrug And Toxic Extrusion (MATE) family
and called anthoMATE1-3 (AM1 and AM3), which can bind
acylated anthocyanins and translocate them to the vacuole in
the presence of MgATP (Gomez et al., 2009); and an ABC-
type transporter, ABCC1, shown to perform the transport
of glucosylated anthocyanidins (Francisco et al., 2013). More
recently, three GSTs (VviGST1, VviGST3, VviGST4) have been
tested for their ability to bind glutathione and monomers of
different phenylpropanoids (anthocyanin, PAs, and flavonols):
interestingly, all the three genes displayed the binding activity,
although with distinct specificity according the phenylpropanoid
class (Pérez-Díaz et al., 2016).

HOW KNOWLEDGE OF THE GENETIC
BASIS OF THE OBSERVED VARIABILITY
COULD CONTRIBUTE TO IMPROVE FRUIT
QUALITY

Over the last 25 years, a number of papers have started to
dissect the genetic basis of fruit quality traits by means of QTL
analysis (Duchêne et al., 2012; Klee and Tieman, 2013). In
tomato, fruit morphology, yield, fruit color, and soluble solid
concentration were the major focus of attention during the
early QTL mapping years but recently, more complex traits
such as primarymetabolites, nutritional, antioxidant, and volatile
compounds have received more attention (reviewed by Grandillo
et al., 2013; see Table 6). The translation of those early studies
into gene discovery and/or application to breeding programs
remains slow. This low impact can be explained in several ways,
including the limited accuracy of QTL mapping experiments due
to the lack of sufficient markers; the accuracy of phenotypic
evaluations; or the limitations or poor suitability of mapping
population designs (Collard et al., 2005), among others.

In spite of these shortcomings, genes involved in tomato
fruit morphology and sugar content QTLs have been isolated
(Fridman et al., 2000; Monforte et al., 2014). Recent advances
in sequencing, genotyping, and phenotyping technologies,
combined with the development of a wide range of plant
germplasm collections and populations, facilitate more accurate
QTL detection (Chen et al., 2015; Li and Sillanpää, 2015).
Today, these technologies permit the fine mapping of QTLs
and candidate genes for a wide range of complex traits such as
seed characteristics (Doligez et al., 2013), developmental stages
(Duchêne et al., 2012), or tolerance to root chilling (Arms et al.,
2015). In this last study, Arms et al. (2015) took advantage of a
sub-NILs population in order to identify and functionally test
candidate genes. Recently, Houel et al. (2015) worked on QTLs
related to leaf area and berry quality using high-throughput
genotyping technology from the Illumina R© 18K SNP chip and a
mapping population of 129 microvines derived from Picovine ×
Ugni Blanc flb. The compact size, early flowering, and continuous
production of reproductive organs make the Microvine or Dwarf

and Rapid Cycling and Flowering (DRCF) mutant a valuable
tool for QTL mapping (Houel et al., 2015). Combined with the
6,000 SNP markers given by the 18K SNP chip, this microvine
population has facilitated the identification of 10 QTLs of the 43
traits analyzed simultaneously (Houel et al., 2015). In tomato,
the development of the Illumina R© 8K SNP chip (Sim et al.,
2012) gave the research community access to affordable high-
throughput genotyping. The combination of bulk segregant
analysis with whole genome sequencing (i.e., QTL-seq) is another
approach that has proved a cost-effective method of identifying
QTLs involved in tomato fruit morphology (Illa-Berenguer et al.,
2015).

Hence, several studies insist on the importance of the
populations used to permit QTL fine mapping (Nicolas et al.,
2016). Indeed, the choice of an appropriate genotype panel from
the vast germplasm available is particularly relevant for QTL
identification either in the case of using a segregating mapping
population (Table 2) or in GWASenome Wide Association
Studies (GWAS). Take, for example, one of the biggest collection
of grapevine cultivars: that of the Institut National de la
Recherche Agronomique (France). The 2,486 unique grapevine
cultivars in this collection can be used to identify new QTLs
(Nicolas et al., 2016). From this huge population, Nicolas et al.
(2016) designed a diversity core panel of 247 grapevine cultivars
with limited relatedness to use in identifying new QTLs with
the GWAS approach as it captures most of the genetic and
phenotypic diversity present in the original collection. Even
though GWAS is a very promising strategy, the development of
bi-/multi-parent populations is still highly relevant (Pascual et al.,
2016) when comparing QTL detection in tomato RIL, MAGIC
populations and GWAS, to find significant differences between
the populations. RILs and MAGICs are especially powerful tools
for rare allele mappings, whereas GWAS provides a more general
view of common variants. An integration of different populations
and mega QTL analysis (Monforte et al., 2014), would help
detect an increasing number of small effect loci. High-throughput
genotyping methods also help speed up the construction of time-
consuming populations as IL collections (Barrantes et al., 2014).
We would encourage the development of a larger number of
these populations (especially ILs and MAGICs/NAMs) in the
near future, to allow easy access to a wide range of germplasm
resources.

One critical issue following QTL identification is to determine
the stability and robustness of their genetic basis in different
backgrounds and environments. Several studies have addressed
the stability of QTLs over time and generation, as well as across
environments (Monforte et al., 2001; Gur and Zamir, 2004; Chaïb
et al., 2006; Doligez et al., 2013; Arms et al., 2015; Houel et al.,
2015). These authors have shown that selecting stable QTLs to
introgress into agronomic cultivars is feasible, a finding that
must especially be taken into account considering issues relating
to global warming. Introgression lines have been proved to be
a highly suitable population design to address these questions
(Monforte et al., 2001; Gur and Zamir, 2004).

Quantitative trait loci maps have been published for most
descriptors of tomato fruit quality (color, texture, flavor) and also
for specific metabolites associated with these quality descriptors.
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TABLE 6 | QTL analysis in tomato and grape.

Species QTL or Candidate

Genes (CG)

Characters References

Tomato QTL and CG Tolerance to chilling Oyanedel et al., 2001; Elizondo and Oyanedel, 2011; Arms et al., 2015

Tomato QTL Shot turgor maintenance Truco et al., 2000

Tomato QTL Flavor and gustative

quality of berries

Saliba-Colombani et al., 2001; Causse et al., 2004; Schauer et al., 2006; Tieman et al., 2006;

Mathieu et al., 2009; Zanor et al., 2009; Zhang et al., 2015; Calafiore et al., 2016

Tomato QTL Flowering characteristics Tanksley et al., 1996; Doganlar et al., 2002; Jiménez-Gómez et al., 2007; Nakano et al., 2016

Tomato QTL Fruit Morphology, color,

soluble solid

concentration, yield

Eshed and Zamir, 1995; Fulton et al., 1997; Bernacchi et al., 1998; Saliba-Colombani et al., 2001;

Monforte et al., 2001; Van der Knaap et al., 2002; Gur and Zamir, 2004; Huang and van der Knaap,

2011

Tomato QTL Carotene/nutritional/vitamins Saliba-Colombani et al., 2001; Liu et al., 2003; Rousseaux et al., 2005; Schauer et al., 2006; Capel

et al., 2015

Grape QTL Disease resistance Fischer et al., 2004; Marguerit et al., 2009; Riaz et al., 2006, 2011

Grape CG Disease resistance Barker et al., 2005; Coleman et al., 2009; Barba et al., 2014; Feechan et al., 2013

Grape QTL Pest resistance Doucleff et al., 2004; Fischer et al., 2004; Zyprian et al., 2016; Krivanek et al., 2006; Xu et al., 2008

Grape QTL

For these tomato fruit volatiles, QTLs have been identified
in experimental populations obtained from crosses between
tomato cultivars and different germplasm sources used as donor
parents—e.g., cherry tomato (Saliba-Colombani et al., 2001;
Zanor et al., 2009) or the distantly related, green-fruited, wild
tomato species Solanum pennellii (Tadmor et al., 2002; Tieman
et al., 2006) and Solanum habrochaites (Mathieu et al., 2009).
In some cases, QTL validity (Zanor et al., 2009; Rambla et al.,
2016, 2017a) has been confirmed in other populations which are,
therefore, useful for breeding. Genomics has been successfully
used in a limited number of cases to narrow down the regions
of several hundreds of genes to a plausible candidate gene, as in
the aforementioned case of the “smoky” aroma (Tikunov et al.,
2013), and the gene for Brix (Zanor et al., 2009). In most cases,
however, the gene underlying the QLT has yet to be identified.

NEW PLANT BREEDING TECHNIQUES
(NPBT) FOR FRUIT QUALITY STUDIES

Over the past 10 years, the introduction of so-called, new plant
breeding techniques (NPBT) has constituted a breakthrough
in the field of crop improvement. A number of technologies
have been developed to produce new plants with desired
traits, in which the main bottlenecks to standard genetic
modification (i.e., the presence of foreign DNA in the modified
food plant) are no longer an issue. In this context, several
different strategies, based on the exploitation of chimeric
nucleases have been applied. Overall, they rely on a system
composed of sequence-specific DNA-binding domains coupled
to a non-specific DNA cleavage module (reviewed in: Gaj,
2014; Sprink et al., 2015; Schaart et al., 2016) that expedite
efficient genomic modifications through the introduction of
sequenced specific/targeted DNA double-strand breaks (DSBs),
which boost all the DNA repair components, like error-prone
non-homologous end joining (NHEJ), and homology-directed
repair (HDR). To date, the most widely utilized NPBTs are:

zinc finger nucleases, ZFNs; transcription activator-like effector
nucleases, TALENs; and Clustered Regulatory Interspaced
Short Palindromic Repeats (CRISPR)/CRISPR-associated (Cas)
system, CRISPR/Cas. Each strategy has its own advantages and
disadvantages, as illustrated in Table 7. To date, no TALEN
and ZNF studies of grape are available, whereas two proof-
of-concept trials have been described in tomato: Lor et al.
(2014) knocked out the PROCERA (PRO) gene involved in
the negative regulation of gibberellin signaling; in contrast,
Hilioti et al. (2016) have shown the effectiveness of the
ZFN approach by targeting the expression of the LEAFY-
COTYLEDON1-LIKE4 (L1L4) transcription factor, coding for
the β subunit of nuclear factor Y and severely affecting plant
development.

Currently, the most promising NPBT is based on the
exploitation of the CRISPR/Cas9 system. Involved in the
immune response processes of the prokaryotes (Barrangou et al.,
2007), CRISPRs have been identified in 90% of sequenced
archaea (Grissa et al., 2007). A simplified CRISPR system,
relying on a single protein (Cas9), has been shown capable
of modulating expression of specific one-by-one targets in
human cells, insects and plants (Shalem et al., 2014; Konermann
et al., 2015). More recently, a powerful tool for multi-modular
expression of several plant genes in a single construct (with
so-called “Goldenbraid” technology; Sarrion-Perdigones et al.,
2011, 2013) has been adapted to CRISPR/Cas9 technology to
build constructs able to modify the expression of a series
of targets of interest (Vazquez-Vilar et al., 2016). Examples
of efficient modifications of specific target genes have been
reported both for tomato and grape: by using the CRISPR/Cas9
system. In fact, the ripening inhibitor (RIN) gene, encoding
a MADS-box transcription factor regulating ethylene synthesis
and, thus, fruit ripening, has been successfully mutagenized (Ito
et al., 2015); simultaneously, the efficient knockout of the L-
idonate dehydrogenase gene (IdnDH), involved in the tartaric
acid pathway, has been achieved in both grape cell suspension
and plants (Ren et al., 2016). Additionally, still in grape, a
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computational survey of all the CRISPR/Cas9 sites available in
the genome has been performed. This has revealed the presence
of 35,767,960 potential CRISPR/Cas9 target sites, distributed
across all chromosomes with a preferential localization at the
coding region level (Wang et al., 2016). A Grape-CRISPR website
of all possible protospacers and target sites has been created and
made available to the public (http://biodb.sdau.edu.cn/gc/index.
html).

New plant breeding techniques have already proved successful
in the potential improvement of apple and citrus fruit quality (Jia
and Nian, 2014; Nishitani et al., 2016), although the feasibility
of the technology has been exploited as proof-of-concept by the
knockout of the PDS gene, acting on carotenoid biosynthesis at
vegetative and reproductive levels. In contrast, to date, only two
advanced studies in tomato have been described: precise targeting
of the pectate lyase (PL) gene, which resulted in delayed fruit
softening without perturbing other ripening-related parameters
(Uluisik et al., 2016); and editing the SlAGAMOUS-LIKE6
(SlAGL6), a MADS-box transcription factor which provides
tolerance to heat stress conditions and results in parthenocarpic
fruits (Klap et al., 2016).

Taking into consideration the potential of these technologies,
a more precise metabolic refinery is expected to come by
selecting specific targets for nutritional and anti-nutritional
molecules. This would imply the loss (knock out) and/or
gain of function (activation) of selected enzymatic activities,
respectively. Overall, these technologies potentially represent a
powerful, innovative opportunity to introduce fine modifications
in specific target genes. However, although the effect of
knocking out genes has already proved successful, more work
is needed for other kinds of gene remodeling (e.g., activation,
production of allelic variants, etc.). To this end, significant
contributions are likely to be provided by combining the
CRISPR systems with additional enzymatic activities acting on
DNA, such as recombinases, transposases, and DNA histone
methyltransferases/acetyltransferases. These additional editing
capabilities could potentially enable a vaster array of gene changes
that, in the case of the fruit quality trait, may lead to a revolution
in efficiency and respond better to consumer interests.

CONCLUSION AND PERSPECTIVES

Three elements required to identify the genetic basis responsible
for suitable phenotypes, and to use them to improve fruit
quality produced in fields, have experienced huge technological
progresses in the recent years. The first one is the constitution
of germplasm banks in order to conserve the existing
genetic diversity, including both natural and artificialy-induced
variability. The second one is the ability to identify suitable
phenotypes, notably innovations from wild genotypes, and
to decipher their genetic basis. Finally, the third element is
represented by the capacity to introduce the genetic elements into
agronomic germplasm, remarkably through NPBT or selection
assisted by markers. Altogether, the important advances in plant
biotechnologies described in this review could last for long time,
further facilitating plant breeding.

Indeed, biotechnologies are often praised for assuring food
security to a growing Human population, through their
impact on crop yield, and de facto, hunger has diminished
drastically. Nevertheless, malnutrition still remains a global
health problem, which also concerns developed countries (e.g.,
obesity) (FAO, 2015 hunger report; Steiber et al., 2004),
suggesting that access to balanced and quality food is a
combination of multiple factors besides agronomic yield as food
allocation, waste and nutritional quality (Foley et al., 2011;
Tilman and Clark, 2015). Hence, the responsibility of plant
scientist is to develop solution in order to try to solve the
society concerns. This could be achieved by a wide range of
biotechnologies, dedicated to setting up the best suited genotypes,
and producing knowledge that enables the optimization of
agronomic practices (Chappell and LaValle, 2011; Amini et al.,
2014).

However, in the context of recent societal mistrust about
biotechnologies, sustainability of fruit production is becoming
a quality trait more and more demanded by consumers, and
awareness by research institutes. If one wants biotechnologies
to be synonym of sustainability, improving yields and fruit
quality in a long run on diverse field conditions, the notion
of cost-benefits should be weighted ensuring that (i) Human
and environmental health are not threatened, (ii) scientist
and farmer self-reliance is not jeopardized by monopoles hold
by international conglomerates including seed, chemical, and
processing companies (Francis et al., 2003; Altieri and Nicholls,
2005; Chappell and LaValle, 2011; Guillemaud et al., 2016), and
(iii) biotechnologies bring real benefits compared to existing
processes (Temple et al., 2011; Abbo et al., 2014; Amini et al.,
2014; Andersen et al., 2015; Reganold and Wachter, 2016).
This debate around biotechnology use is well-illustrated by the
debate around GMOs whose use could be more problematic
than genetic manipulation itself (Altieri and Rosset, 1999;
Chappell and LaValle, 2011; Amini et al., 2014; Guillemaud et al.,
2016).

Therein, biotechnologies have their place within agroecology
which bases the design of agricultural systems on the valorization
of ecosystemic services to set up agri-food system economically
viable, socially fair, and sustainable for the environment (Francis
et al., 2003; Altieri and Nicholls, 2005; Wezel et al., 2009,
2014; García et al., 2013; Kershen, 2013). In this frame,
evaluation of of biotechnologies relevance taking into account
their global impact on all components of our societies, could be
considered as a sustainable way to integrate biotechnologies to
agriculture.
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Fruit ripening is a developmental process that results in the leaf-like carpel organ of the
flower becoming a mature ovary primed for dispersal of the seeds. Ripening in fleshy
fruits involves a profound metabolic phase change that is under strict hormonal and
genetic control. This work reviews recent developments in our understanding of the
epigenetic regulation of fruit ripening. We start by describing the current state of the art
about processes involved in histone post-translational modifications and the remodeling
of chromatin structure and their impact on fruit development and ripening. However, the
focus of the review is the consequences of changes in DNA methylation levels on the
expression of ripening-related genes. This includes those changes that result in heritable
phenotypic variation in the absence of DNA sequence alterations, and the mechanisms
for their initiation and maintenance. The majority of the studies described in the literature
involve work on tomato, but evidence is emerging that ripening in other fruit species may
also be under epigenetic control. We discuss how epigenetic differences may provide
new targets for breeding and crop improvement.

Keywords: DNA methylation, epigenetics, ripening, tomato, crop improvement

INTRODUCTION

The fruit is an organ that is unique to the Angiosperms or flowering plants and a true fruit is
defined as a mature ovary, although accessory tissues can form the bulk of the fleshy fruit tissue in
some cases (Seymour et al., 2013). Ripening in fleshy fruits involves a profound phase change in
the leaf-like tissues that encase or are associated with the mature seeds and it can completely alter
the metabolic state of a carpel organ or associated tissues. Recent discoveries indicate that ripening
is under both strict genetic and epigenetic control.

Epigenetics refers to heritable changes in gene expression that occur without modification
of the underlying DNA sequence. It involves histone Post-Translational Modifications (PTMs)
and DNA methylation which are transmitted through DNA replication and cell propagation,
thereby determining and maintaining cell-type specific gene expression patterns (Vermaak et al.,
2003; Chan et al., 2005; Reyes, 2006; Li et al., 2007; Eichten et al., 2014; Pikaard and Mittelsten
Scheid, 2014). We do not discuss alterations in small RNA composition or abundance in any
detail because the relationship between inherited small RNA levels and fruit development and
ripening has been little studied and their general role in plant development has been the subject
of recent reviews (for example Borges and Martienssen, 2015). Studies in Arabidopsis and other
plants, including tomato have demonstrated the relevance of epigenetic mechanisms in the
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control of plant developmental processes (Choi et al., 2002; Hsieh
and Fischer, 2005; Lauria and Rossi, 2011) and their potential
impact on traits of agronomical interest such as flowering time
(for a review He G. et al., 2011), heterosis (Dapp et al., 2015), and
fleshy fruit ripening (Manning et al., 2006; Zhong et al., 2013; Liu
et al., 2015). So far, much of the work analyzing the impact of
epigenetic regulation on fleshy fruit quality has been undertaken
mainly in tomato (Solanum lycopersicum), because this is the
model system for investigating the molecular basis of ripening in
fleshy fruits. Even in this fruit the extent and role of the epigenetic
regulation of ripening is still relatively poorly understood. Here,
we review the available literature and identify areas for further
investigation. The limited information on the potential role of
histone PTMs in fruit development and ripening is discussed, but
the review focuses on recent evidence demonstrating that DNA
methylation plays a crucial role in ripening. Major questions that
need to be addressed include the nature, extent and stability
of epigenetic variation that may impact ripening and whether
epigenetic control of this process is a common feature of all
fruit bearing species. A better understanding of epigenetic control
of ripening has the potential to provide novel strategies for
generating sources of variation for crop improvement.

HISTONE POST-TRANSLATIONAL
MODIFICATIONS MAY HAVE
IMPORTANT FUNCTIONS IN FLESHY
FRUITS

Post-translational modifications of histones influence chromatin
organization and contribute to the epigenetic regulation of gene
expression. Histone PTMs include phosphorylation, methylation,
acetylation, or ubiquitination and depend on a wide range of
enzymes that determine their genome wide distribution and
abundance (reviewed in Berr et al., 2011). So far, four major
chromatin states, corresponding to specific combinations of 11
different histone PTMs and of DNA methylation, have been
determined in Arabidopsis that are preferentially associated with
active or repressed genes, intergenic regions and transposons
(Roudier et al., 2011). These chromatin states appear similar
to the situation described in Drosophila, although five different
chromatin states were defined in this case (Filion et al., 2010).
In addition, some marks seem preferentially associated to
specific chromatin states. For example, histone acetylation is
preferentially linked to gene expression whereas dimethylation
at lysine 9 of histone H3 seems to correlate with constitutive
heterochromatin and trimethylation of lysine 27 with gene
repression (Roudier et al., 2011). There are many enzymes that
participate in PTMs and the functions of a few of them are
starting to be deciphered, mainly in the model plant Arabidopsis
(For a review, Berr et al., 2011). In this case, it is becoming clear
that histone PTMs are critically important for several aspects
of plant development and adaptation to stress (for reviews see
Ahmad et al., 2010; Mirouze and Paszkowski, 2011; Eichten et al.,
2014), but no direct effect on Arabidopsis fruit development has
been documented so far.

Several recent studies have described the expression pattern
of histone modifiers, including histone deacetylases (HDACs),
histone acetyltransferase (HATs), or histone methyl transferases
(HMT) in a range of fleshy fruits including apple (Janssen
et al., 2008), citrus (Xu et al., 2015a), grape (Aquea et al.,
2010, 2011; Almada et al., 2011), and tomato (Cigliano et al.,
2013; Zhao et al., 2014). The results indicate that some of
the genes involved in histone PTMs are preferentially or
specifically expressed in fruits and may present stage preferential
expression, suggesting their recruitment for the regulation of
fruit development. For example, a few tomato HMT genes,
among which those encoding the ENHANCER OF ZESTE [E(z)]
proteins, were shown to be expressed during early phases of
tomato fruit development (How Kit et al., 2010; Cigliano et al.,
2013) suggesting an early programming of chromatin structure
necessary for proper fruit development. This is consistent with
the functional analysis of the two tomato SlEZ1 and SlEZ2
genes which encode the tomato E(z) proteins orthologous
to the Arabidopsis SWINGER and CURLY LEAF, respectively
(How Kit et al., 2010; Boureau et al., 2016). E(z) proteins,
together with EXTRA SEX COMB protein, FERTILISATION
INDEPENDENT ENDOSPERM DEVELOPMENT (FIE) and the
SUPPRESOR OF ZESTE 12; FERTILISATION INDEPENDENT
SEED DEVELOPMENT 2 (FIS2) are the core elements of the
POLYCOMB REPRESSIVE COMPLEXES 2 (PRC2s, Table 1),
that govern transition phases during the development of
Arabidopsis plants and determine cell type specificity (for a recent
review: Mozgova and Hennig, 2015). Knock down of SlEZ1 had
no impact on tomato plant and fruit development, and resulted
in alteration of flower shape and development of fruits with a
moderate increase in carpel number suggesting that SlEZ1 is
mainly involved in flower formation (How Kit et al., 2010). In
contrast, SlEZ2 repression led to fruits with modified shapes,
texture and color, eventually presenting ectopic carpels (Figure 1;
Boureau et al., 2016). Color alteration was due to reduced cutin
content rather than to changes in carotenoid composition, and
these cutin changes also resulted in a rapid shrinking of fruits
when left overripe on plants. In addition, ripe SlEZ2 RNAi fruits
were characterized by a high trichome density as compared
to WT fruits of the same age consistent with SlEZ2 being
involved in the control of tomato fruit epidermal cell identity.
It is noteworthy that, fruit shape, aspects of texture and cutin

FIGURE 1 | (A) Red ripe SlEZ2-RNAi tomato fruits are characterized by
modified shape, colour, and surface aspect (right) compared to the WT fruits
(left; bar = 1 cm). (B) SlEZ2-RNAi plants occasionally develop fruits with extra
carpels. In some cases ectopic flowers and/or leaves (left) are also observed.
(A) Courtesy from P Gallusci and E Teyssier (B) Adapted from Boureau et al.
(2016).

Frontiers in Plant Science | www.frontiersin.org June 2016 | Volume 7 | Article 807 | 36

http://www.frontiersin.org/Plant_Science/
http://www.frontiersin.org/
http://www.frontiersin.org/Plant_Science/archive


fpls-07-00807 June 10, 2016 Time: 12:31 # 3

Gallusci et al. Epigenetic Regulations in Fleshy Fruits

TABLE 1 | Tomato genes encoding the proteins of the Polycomb Repressive Complex 2.

Gene accession
(Solgene)

Gene id (NCBI) Proposed names: actual review Proposed Arabidopsis ortholog (gene id) Reference

Solyc01g079390 100134891 SlEZ1 AtSWN (828165) How Kit et al., 2010

Solyc03g044380 100134892 SlEZ2 AtCLF (816870) How Kit et al., 2010;
Boureau et al., 2016

Solyc02g093190/
Solyc02g093200

101267964 SlEZ3 AtCLF (816870) How Kit et al., 2010;
Boureau et al., 2016

Solyc03g093640 100134887 SlEMF2 AtEMF2 (835198)

Solyc07g064090 100136877 SlFIE AtFIE (821622)

content are dependent on events occurring early during fruit
development (Chaïb et al., 2007; Mintz-Oron et al., 2008; van der
Knaap et al., 2014) and these events occur contemporaneously
with the highest expression level of SlEZ2 (How Kit et al., 2010;
Boureau et al., 2016). These results indicate a more prominent
role of the SlEZ2 protein in the control of fruit development and
are consistent with polycombs being primarily involved in early
stages of fruit development (Boureau et al., 2016). Interestingly,
repression of the gene encoding the tomato FIE protein had a
stronger effect than either of the SlEZ RNAi lines described above
and resulted in parthenocarpic fruit development, modified
flower and fruit shapes. As FIE is encoded by a unique gene in the
tomato genome (Liu et al., 2012; Boureau et al., 2016), this protein
is likely to participate in all PRC2 complexes; which may result in
effects stronger than those caused by knocking down single EZ
genes.

Other evidence of chromatin regulation during fruit
development and ripening comes from the study of the high
pigment mutants in tomato, hp1 and hp2. These are caused
by lesions in the genes encoding the UV-damaged DNA
binding protein 1 (DDB1) and de-etiolated-1 protein (DET1),
respectively, and result in enhanced fruit color and levels of
carotenoids in the pericarp (Mustilli et al., 1999; Liu et al.,
2004). Both the DDB1 and DET1 gene products associate with
Cullin 4 (CUL4) to form the CUL4-DDB1-DET1 complex
(Chen et al., 2006), which plays a central role in controlling
protein degradation. Evidence indicates that DET1 also binds
to non-acetylated amino-terminal tails of the core histone H2B
in the context of the nucleosome and is likely to be involved in
transcriptional repression (Benvenuto et al., 2002; Fisher and
Franklin, 2011). Interestingly, a methyl CpG binding domain
protein (SlMBD5) was recently shown to physically interact with
DDB1 in tomato. Overexpression of SlMBD5 in tomato plants
led to a fruit phenotype similar to the hp1 loss of function mutant
indicating that this protein and DDB1 have antagonistic effects
in fruits. DDB1 together with DET1 and CUL4 inhibits gene
expression whereas SlMBD5, following it’s binding to methylated
CG, would act as a transcriptional activator (Li et al., 2015).
Although the precise mechanisms and targets of the CUL4-
DDB1-DET1 complex and SlMBD5 have not been identified yet,
these results suggest a complex interplay between histone marks
and DNA methylation in the regulation of fruit development and
ripening (Li et al., 2015). Indeed, there is also strong evidence
that DNA methylation per se plays an important role in the
control of fruit development and ripening, as discussed below.

DNA METHYLATION IN PLANTS: AN
OVERVIEW

Epigenetic modifications involving changes in DNA methylation
are the main focus of this review, because these types of changes
have been demonstrated to be major regulators of fruit ripening.
In eukaryotes, DNA methylation refers to the addition of a methyl
group to the carbon 5 of cytosine [5-Methylcytosine (5mC)].
Changes in DNA methylation are associated with a wide range
of biological processes such as gene and transposon silencing
(Law and Jacobsen, 2010; He G. et al., 2011; He X.-J. et al.,
2011). These also include the control of maternal imprinting
(FitzGerald et al., 2008; García-Aguilar and Gillmor, 2015) and
homologous recombination during meiosis (Mirouze et al., 2012;
Yelina et al., 2015). Indeed, plants with experimentally induced
hypomethylated genomes present several developmental defects
(Finnegan et al., 1996) consistent with DNA methylation being
essential for proper plant growth. It is only recently, however,
that an understanding of the central role for DNA methylation in
controlling traits of agronomical relevance has begun to emerge,
among which its role in responses to biotic and abiotic stresses
(Baulcombe and Dean, 2014; Probst and Scheid, 2015), heterosis
(Shen et al., 2012), and ripening in tomato and other fleshy fruits
(Manning et al., 2006; Teyssier et al., 2008; Msogoya et al., 2011;
Zhong et al., 2013; Liu et al., 2015; Xu et al., 2015b) are important
examples.

Genomic DNA methylation in plants can occur at
cytosines in a symmetrical context, CG or CHG, where H
is any nucleotide except G or a non-symmetrical context
CHH. Cytosine methylation is maintained by a variety
of different methyltransferases during DNA replication.
Pathways for maintenance of symmetric methylation involve
DNA METHYLTRANSFERASE 1 (MET1) which, together
with Variant in Methylation proteins 1 and 2 maintains CG
methylation (Woo et al., 2008) and CHROMOMETHYLASE
(CMT3) which is targeted to specific sequences through its
interaction with KRYPTONITE (KYP), SUVH5 and SUVH6,
maintains the CHG context (Jackson et al., 2002; Law and
Jacobsen, 2010; Du et al., 2014). Asymmetric CHH methylation,
which unlike symmetrical methylation, is not found in both
daughter DNA molecules, needs an siRNA trigger and requires
re-establishment following each cycle of DNA replication
and is maintained through persistent de novo methylation by
the DOMAINS REARRANGED METHYLTRANSFERASE 2
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(DRM2) or following a different pathway by CMT2. This requires
the nucleosome remodelers DRD1 and DDM1, respectively
(Figure 2, Kanno et al., 2004; Zemach et al., 2013; Matzke and
Mosher, 2014). In the model plant Arabidopsis, the mechanism
underlying the initiation of methylation marks by DRM2 has
been deciphered. This mechanism, known as the RNA-directed
DNA methylation (RdDM), is specifically directed at transposons
and notably at small and recently acquired transposons in
euchromatin. This includes those transposons or repeats in the
promoters, introns or coding regions of genes (Matzke and
Mosher, 2014). The currently accepted mechanisms of RdDM
are summarized in Figure 3, and their detailed description is
covered in a number of recent publications (Matzke and Mosher,
2014; Bond and Baulcombe, 2015; Matzke et al., 2015).

DNA methylation can also be either lost when active
maintenance of DNA methylation is not functional or actively
reversed by DNA Glycosylase-Lyases (DNA-GL). DNA-GL,
also called DNA demethylases, catalyze the removal of 5mCs
which are subsequently replaced by a non-methylated cytosines
(Figure 2; Gong et al., 2002; Zhu, 2009; Law and Jacobsen,
2010). In Arabidopsis, DEMETER, DEMETER-LIKE (DML),
and REPRESSOR OF SILENCING 1 (ROS1) recognize and
remove methylated cytosines from DNA at specific loci thereby
impacting gene expression in developmental processes such as
maternal imprinting (Choi et al., 2002; Zhu, 2009; Gehring
et al., 2009), male gametophyte development (Schoft et al.,
2011), epidermal cell differentiation (Yamamuro et al., 2014)
or in response to pathogen attack (Yu et al., 2013). ROS1
activity appears to be regulated through the action of the histone
H3 acetyltransferase, INCREASE in DNA METHYLATION 1
(IDM1), an alpha crystalin protein, IDM2, and a Methylcytosine
Binding Protein, MBD7 (Qian et al., 2012, 2014; Wang et al.,
2015). Recent work has also shown that the final level of DNA
methylation is determined by the combined action of both
methyltransferases and demethylases in a regulatory loop where
ROS1 gene expression is determined by its methylation level (Lei
et al., 2015; Williams et al., 2015).

EPIALLELES CAN GENERATE FLESHY
FRUIT PHENOTYPIC VARIATIONS

The potential importance of DNA methylation in sculpting
phenotypic variation in tomato was recognized 25 years ago
in a study by Messeguer et al. (1991). This study focused on
the level, target sites and inheritance of cytosine methylation
in nuclear DNA and revealed significant differences in 5mC
content between tomato tissues, with highest levels in seeds.
Methylation polymorphisms were found between the cultivated
tomato (S. lycopersicum cv. VF36) and the wild tomato species,
S. pennellii (LA716) and these polymorphisms were inherited in
a normal Mendelian fashion (Messeguer et al., 1991). Hadfield
et al. (1993) then reported that a decrease in DNA methylation
(DDM) in genes highly expressed in tomato fruits was coincident
with the onset of ripening, but the first demonstration that DNA
methylation marks could impact ripening was reported in tomato

as a result of the cloning of the gene at the Colourless non-ripening
(Cnr) locus (Manning et al., 2006).

The Cnr mutant has a non-ripening phenotype where the
fruits turn white and then yellow and remain firm (Thompson
et al., 1999). The Cnr fruits show none of the usual features
associated with ripening such as accumulation of carotenoids
in the pericarp, softening, or flavor changes (Thompson et al.,
1999; Eriksson et al., 2004). The CNR gene was cloned using a
genetic map-based approach (Manning et al., 2006). Positional
cloning delineated a mapping interval of 13 kb containing theCnr
locus. This 13 kb region of tomato chromosome 2 harbored three
open reading frames and the regulatory region of a fourth gene
model. However, there were no sequence differences between
mutant and wild-type genomic DNA within the mapping
interval. Only one gene model in the 13 kb interval showed
strong differential gene expression between mutant and wild
type fruits. This gene encoded a SQUAMOSA Promoter Binding
Protein (SBP-box/SPL) transcription factor, which are normally
associated with control of the expression of SQUAMOSA class of
MADS-box genes (Manning et al., 2006). Further investigation
revealed that part of the regulatory region of this gene was
hypermethylated in a 286-bp contiguous region 2.4 kb upstream
from the first ATG and this epimark only occurred in lines
harboring the Cnr mutation (Manning et al., 2006). Cnr was
a spontaneous mutation and this demonstrates that natural
methylation polymorphisms can, under certain circumstances,
dramatically affect tomato fruit phenotypes, supporting the
potential importance of epigenetic variation in this species as
postulated earlier by Messeguer et al. (1991).

A range of natural epialleles affecting fruit phenotypes
have now been reported in addition to Cnr in tomato and
in other plants. A gene encoding a 2-methyl-6-phytylquinol
methyltransferase underlying a quantitative trait locus (QTL) for
vitamin E from the wild tomato species S. pennellii was shown
to be associated with differential methylation (Quadrana et al.,
2014). Both in apples and pears changes in skin color were
associated with hypermethylation of the MYB10 gene promoter
region resulting in repression of this gene expression and the
absence of anthocyanin accumulation (Telias et al., 2011; Wang
et al., 2013; El-Sharkawy et al., 2015). Very recently, it has been
reported that methylation of a CACTA transposon underlies
the mantled somaclonal variant of oil palm (Elaeis guineensis)
fruit (Ong-Abdullah et al., 2015) which is characterized by
feminization of flower organs and reduced oil yield.

HOW ARE EPIALLELES GENERATED
AND MAINTAINED?

Epialles as contributors of phenotypic diversity in plants
have been produced in the model plant Arabidopsis through
the generation of EpiRils (Epigenetic Recombinant Inbred
lines). Crossing of ddm1 or met1 mutants, characterized by
hypomethylated genomes, with isogenic wild type parents were
used to generate an F1 progeny which were genetically identical,
but with contrasting sets of DNA methylation marks. The
EpiRIL populations were obtained from the F1 after seven or
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FIGURE 2 | Continued
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FIGURE 2 | Continued

DNA methylation control in plants. Methyltransferases and DNA demethylases are involved in 5mC de novo methylation, maintenance methylation, and
demethylation in higher plants. De novo DNA methylation is set up by the RNA directed DNA Methylation (RdDM) pathway involving the DRM1/2 methyltransferases,
DRD1 and 24 nt long small RNAs, and by the chromomethylase CMT2 with DDM1 in the CHH sequence context at heterochromatic regions (Zemach et al., 2013).
Details of the RdDM pathways are shown in Figure 3. After replication, newly produced DNA will be hemi-methylated at CG and CHG symmetrical sites, but at CHH
sites one of the two newly synthesized DNA molecules will not be methylated. Maintenance methylation in the CG context depends on MET1 and VIM1, 2 and 3,
and maintenance in the CHG context is catalyzed by CMT3. CHH methylation maintenance depends both on the RdDM pathway and on CMT2 activity. Both CMTs
are dependent on histone methylation mediated by KYP and SUVH5 and 6. DNA demethylation can occur passively in a replication dependant way, when the
methylation machinery is not or poorly active. 5mC cytosine can be actively removed by DNA glycosylase lyase independently from DNA replication. Newly
synthesized DNA strands are highlighted in gray Enzymes names are based on the Arabidopsis model. DRM1/2, CMT2/3 (CHROMOMETHYLASE 2/3), MET1
(cytosine-DNA-methyltransferase 1), VIM1–3 (VARIANT IN METHYLATION 1–3), KYP/SUVH4 [KYP/Su-(var)3–9 homolog 4], SUVH5/6 [Su-(var)3–9 homolog 5/6],
DRD1 (DEFECTIVE IN RNA-DIRECTED DNA METHYLATION), DDM1 (DECREASE IN DNA METHYLATION), and 24 nt siRNA (24 nucleotide small interfering RNAs).

eight generations of inbreeding leading to the demonstration
that experimentally induced epialleles could stably affect plant
traits such as flowering time and plant height, although some
reversion was observed (Johannes et al., 2009; Teixeira et al.,
2009; Cortijo et al., 2014; Hu et al., 2015; Kooke et al., 2015).
However, despite the description of several natural epialleles the
mechanisms leading to their generation have remained poorly
understood so far. Indeed, genome duplications, which are
recognized as important engines of evolution in the Angiosperms
(Paterson et al., 2010; Rensing, 2014; Vanneste et al., 2014),
might, in addition to the generation of spontaneous mutations,
result in transposon movement and in new DNA methylation
patterns through the RdDM pathway stimulated by genome
shock. It has been estimated that in unstressed Arabidopsis the
rate of spontaneous gains and losses of DNA methylation is
1000 times higher than the genetic mutation. Whether such
genome wide changes in DNA methylation patterns can generate
new stable epialleles is an appealing possibility that requires
further investigation (Matzke and Mosher, 2014; Matzke et al.,
2015). Alternatively, epialleles could be generated following
interspecific hybridization as suggested by the analysis of hybrids
between S. lycopersicum and S. pennellii. Results show that
there were significant changes in DNA methylation and siRNA
populations in the progeny (Shivaprasad et al., 2012). These
data provided evidence that phenotypic differences generated
following interspecific hybridization in tomato could be due to
both epigenetic and genetic variation, and may generate stable
epialleles. In several cases epialleles occur in the close vicinity
of transposable elements (TEs). For example, the event that
initiated the Cnr mutation although not yet known, may have
arisen because of the proximity of the CNR promoter to a
Copia-like retrotransposon (Manning et al., 2006) which could
direct RdDM to the region of the Cnr locus (see work on
maize by Gent et al., 2013). Associations between transposon
sequences and natural epialleles have also been observed for the
VTE3 gene in tomato (Quadrana et al., 2014), the FWA gene
in Arabidopsis (Lippman et al., 2004), and the CmWIP1 gene in
melon (Martin et al., 2009). All these examples are consistent with
the hypothesis that transposons may contribute to the generation
of spontaneous epialleles. However, in some cases associations
between transposon and natural epialleles were not identified,
as for the CYCLOIDEA gene in Linaria vulgarus (Cubas et al.,
1999) and the MyB A10 gene in pear (Wang et al., 2013)
suggesting a diversity of mechanisms being involved in epiallele
formation.

The maintenance of many epialleles seems to rely essentially
on the normal methylation machinery. Recently Chen et al.
(2015) have shown that a CMT that is expressed in developing
tomato fruits was up-regulated in the immature fruits of the
Cnr mutant. Virus induced silencing (VIGS) of this gene in
the mutant resulted in increased expression of the CNR gene
and triggered ripening in the epimutant. VIGS of SlDRM7,
SlMET1, and SlCMT2 also all had some positive effect on the
ripening process in the Cnr mutant background. These data
indicate that genes involved in DNA maintenance methylation
are necessary for the somatic maintenance of this epimutation.
A similar observation was made more than a decade ago
in Arabidopsis by demonstrating that the clarkent epiallele of
SUPERMAN could be reversed by a mutation in the CMT3 gene
(Lindroth et al., 2001). This mutation resulted in a depletion of
CHG methylation in Arabidopsis, although with no major effect
on plant phenotype except for the reversion of the epiallele,
demonstrating that the ability to maintain CHG methylation in
the superman promoter region was strictly linked to the stability
of the epiallele. Mutation of KYP a H3 Lys 9 methyltransferase
gene had effects similar to mutants in CMT3 with loss of cytosine
methylation at CHG sites and reversion of the clark kent epiallele
(Jackson et al., 2002). This demonstrated the requirement of
KYP for CHG maintenance methylation and further illustrates
the complex interactions between histone marks and DNA
methylation processes (Figure 3).

FRUIT RIPENING IN TOMATO INVOLVES
MAINTENANCE OF DNA METHYLATION
AND REQUIRES ACTIVE DNA
DEMETHYLATION

In the tomato genome eight 5mC methyltransferases (MTases)
and four DMLs genes have been identified (Teyssier et al.,
2008; Cao et al., 2014; Chen et al., 2015; Liu et al., 2015).
Comparing the protein coding sequences with those of related
genes from Arabidopsis allows identification of the likely tomato
orthologs of genes such as MET1 and ROS1 (Table 2). For
genes involved in maintenance methylation expression analysis
based on microarray data (Figure 4)1 and previous work by
Teyssier et al. (2008) indicated that MET1, CMTs, and several
SlDRMs are most active during early fruit development while

1ftp://ftp.solgenomics.net/microarray/
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FIGURE 3 | Mechanism for RdDM. RNA transcripts are generated from repetitive sequences (transposons and others) by an RNA polymerase known as Pol IV.
RNA-DEPENDENT RNA POLYMERASE (RDR) then converts the RNA to double stranded transcripts. These are processed into 24-nucleotide small RNAs (siRNAs)
by DICER-LIKE3 (DCL3). These are methylated at their 3′ ends by HUA ENHANCER 1 (HEN1) and the guide strand complementary to the genomic DNA, that will be
the target of the RdDM, is incorporated into ARGONAUTE (AGO4). AGO4 is recruited through interactions with Pol V and with KOW DOMAIN-CONTAINING
TRANSCRIPTION FACTOR 1 (KTF1). RNA-DIRECTED DNA METHYLATION 1 (RDM1) links AGO4 and DOMAINS REARRANGED METHYLTRANSFERASE 2
(DRM2), which catalyzes de novo methylation of DNA (after Matzke and Mosher (2014) and Matzke et al. (2015). Several mechanisms for RdRM have been reported
to deviate from this canonical pathway and these are also described in the latter reviews.

SlDRM7 expression peaks during early phases of fruit ripening.
The importance of maintenance methylation in determining the
onset of ripening was first suggested by the work of Zhong et al.
(2013). They reported that treatment of immature tomato fruit
with the methyltransferase inhibitor 5-azacytidine could induce
premature ripening. During tomato fruit development several
rounds of endoreduplication occurs with cells of mature fruits

reaching 216 to 512 C depending on the variety (Cheniclet et al.,
2005; Teyssier et al., 2008). Hence, in the absence of maintenance
methylation the genomes of fruit pericarp cells would gradually
become demethylated resulting in the premature induction of
the ripening process. The maintenance of DNA methylation
in immature fruits is therefore likely to be necessary to block
ripening induction before seed maturation.

Frontiers in Plant Science | www.frontiersin.org June 2016 | Volume 7 | Article 807 | 41

http://www.frontiersin.org/Plant_Science/
http://www.frontiersin.org/
http://www.frontiersin.org/Plant_Science/archive


fpls-07-00807 June 10, 2016 Time: 12:31 # 8

Gallusci et al. Epigenetic Regulations in Fleshy Fruits

TABLE 2 | Tomato DNA methyltransferases and DNA Glycosylase-Lyase (Demethylase).

Gene accession (Solgene) Gene id (NCBI) Proposed name: actual review Arabidopsis ortholog (Gene id) References

DNA Methyltransferase

Solyc11g030600 543721 SlMET1 AtMET1 (834975) Teyssier et al., 2008; Cao et al., 2014;
Chen et al., 2015

Solyc12g100330 101267211 SlCMT2 AtCMT3 (843313) Teyssier et al., 2008; Cao et al., 2014;
Chen et al., 2015

Solyc01g006100 101265056 SlCMT3 AtCMT3 (843313) Teyssier et al., 2008; Cao et al., 2014;
Chen et al., 2015

Solyc08g005400 101244018 SlCMT4 AtCMT2 (827640) Teyssier et al., 2008; Cao et al., 2014;
Chen et al., 2015

Solyc02g062740 100135704 SlDRM5 AtDRM2 (831315) Teyssier et al., 2008; Cao et al., 2014;
Chen et al., 2015

Solyc10g078190 101266376 SlDRM6 AtDRM1 (831390) Teyssier et al., 2008; Cao et al., 2014;
Chen et al., 2015

Solyc04g005250 101255191 SlDRM7 AtDRM1 (831390) Teyssier et al., 2008; Cao et al., 2014;
Chen et al., 2015

Solyc 05g053260 101267313 SlDRM8 AtDRM3 (820994) Teyssier et al., 2008; Cao et al., 2014;
Chen et al., 2015

Solyc08g067070∗ SlDNMT2∗ AtDNMT2∗ (832623) Teyssier et al., 2008; Cao et al., 2014;
Chen et al., 2015

DNA Gycosylase Lyases (DNA demethylase)

Solyc09g009080 101244311 SlDML1 AtROS1 (818224) Cao et al., 2014; Liu et al., 2015

Solyc10g083630 101263652 SlDML2 AtROS1 (818224) Cao et al., 2014; Liu et al., 2015

Solyc11g007580 101252835 SlDML3 AtDEMETER ( 830335) Cao et al., 2014; Liu et al., 2015

Solyc03g123440 101251080 SlDML4 ATDML2/AtDML3 (820162)/(829552) Liu et al., 2015

∗ It is unclear whether DNMT2 is an active DNA methyltransferase in plants.

The importance of DNA demethylation in regulating fruit
ripening initially suggested by Hadfield et al. (1993) was
highlighted in studies by Teyssier et al. (2008) who showed a 30%
decrease of the global DNA methylation levels in tomato pericarp,
but not in locular tissues, during tomato fruit maturation. This
work suggested tissue specific control of DNA methylation in
fruits which is consistent with the tissue dependent differential
expression of DNA MTases genes during the development and
ripening of fruit tissues (Teyssier et al., 2008). However, the
DDM observed in fruit pericarp occurred when cell division
and endoreduplication is limited, making unlikely a replication
dependent passive loss of DNA methylation (Teyssier et al.,
2008, Figure 4). This was consistent with locus-specific loss
of DNA methylation in ripening-related genes reported by
Hadfield et al. (1993) who showed a decrease in methylation
at the POLYGALACTURONASE (PG) and CELLULASE gene
promoters at the onset of tomato ripening and more recently
similar changes in the CNR promoter in the cultivar Liberto
(Manning et al., 2006).

A breakthrough study providing new insights into the
importance of DNA demethylation in ripening was reported
by Zhong et al. (2013). In a genome wide analysis of DNA
methylation in tomato they found dynamic changes in 5mC
distribution during fruit development and revealed a loss of 5mC
in the promoters of more than 200 ripening-related genes, a list
of which can be found in Zhong et al. (2013; Supplementary
Tables S10 and S12). These included genes encoding proteins
involved in carotenoid accumulation (PHYTOENE SYNTHASE:
PSY1; 15-CIS-ZETA-CAROTENE ISOMERASE), in ethylene

synthesis (ACO1, ACS2) and reception (NR, ETR4), in fruit
softening (PG; PECTIN METHYLESTERASE: PMEU1), and
several transcription factors of various classes (MADS-box,
WRKY, or NAC), among which those controlling ripening
induction such as RIPENING INHIBITOR (RIN), NON-
RIPENING (NOR), COLORLESS NON-RIPENING (CNR), and
TAGL1. The differentially methylated regions in these genes were
typically adjacent to binding sites for RIN (Zhong et al., 2013),
a MADS-box transcription factor that acts as a master regulator
of ripening in tomato (Vrebalov et al., 2002). In addition to
providing compelling evidence that ripening is governed by
epigenetic in addition to genetic and other components, these
data indicated that demethylation does not occur in a random
way, but is rather targeted at specific sites, again consistent
with active DNA demethylation being intimately involved in the
ripening process.

Liu et al. (2015) have now been able to demonstrate that active
DNA demethylation is the mechanism responsible for the loss
in 5mC at the onset of ripening. They showed that among the
four potential DNA demethylases found in the tomato genome,
there was one gene, SlDML2, which was strongly induced at
the onset of ripening concomitantly with the DDM (Teyssier
et al., 2008; Zhong et al., 2013). RNAi or VIGS mediated SlDML2
silencing resulted in extremely delayed ripening and ripening
defects associated with repression of essential ripening induced
transcription factors and of PSY1, which controls carotenoid
accumulation during ripening. Silencing of these genes was
correlated to the hypermethylation of their promoter regions
in contrast to their demethylation in WT fruits. This causal
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FIGURE 4 | Expression of methyltransferase and DNA demethylase genes in normal and mutant tomato fruits. Heat maps from normalized microarray
data (see Liu et al., 2015, Supplementary information) showing expression of methyltransferase and DNA demethylase genes in developing and ripening tomato
fruits from Ailsa Craig and near isogenic lines containing the non-ripening (nor), ripening inhibitor (rin), and Colourless non-ripening (Cnr) mutations. Fruits were
sampled at 15, 20, 25, 30, and 40 days post anthesis (dpa) and also at breaker (Br) and for 7 days post breaker (BR+1 to BR+7). Forty dpa was taken as mature
green and BR+7 was the red ripe stage. The values used to construct the maps were means of three biological replicates (individual fruits) at each stage at for each
gene. SlMET1 (Solanum lycopersicon, CYTOSINE-DNA-METHYLTRANSFERASE 1), DML (DNA DEMETHYLASE), DRM (DOMAINS REARRANGED METHYLASE).
On the heat map red is for high levels of gene expression and green for low expression. Yellow represents intermediate values.
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FIGURE 5 | Model of molecular framework linking the induction of ripening with the action of methyltransferases, DNA demethylases and DNA
methylation. (A) The RIN, NOR, and CNR genes encode master regulators of ripening. Their expression in immature tomato fruit is inhibited along with that of other
ripening genes including PSY1 by 5mC marks in their regulatory regions. Potential additional targets are listed in the Supplementary Table S10 of Zhong et al. (2013)
and include genes involved in ethylene biosynthesis and perception, fruit softening as well as many transcription factors of various classes. These are maintained in
immature green fruit. (B) However, at the onset of ripening these epi-marks are removed by DNA demethylases. Expression of the NOR, RIN, and CNR genes then
occurs and the ripening process is initiated. SlMET1 (cytosine-DNA-methyltransferase 1), CMT (CHROMOMETHYLASE), DRM. (C) Example of fruits from transgenic
RNAi plants affected for SlDML2 gene expression (adapted from Liu et al., 2015).

relationship between active demethylation and induction of fruit
ripening demonstrated that there is an epigenetic layer of control
for fruit ripening, at least in tomato.

In addition, SlDML2 was shown to be down regulated
in the Cnr and nor backgrounds, and to a lower extent
in a rin background, suggesting a regulatory loop between
transcription factors controlling fruit ripening and DNA
demethylation (Figure 5). Liu et al. (2015) also reported that
the hypermethylation of the genomic DNA of Cnr and rin fruit

occurred to a level and intensity that was correlated with the
repression level of SlDML2 in the corresponding mutant fruits.
The demonstration that SlDML2 is also repressed in the nor
mutant background indicates that genomic DNA in this mutant
may be hypermethylated to a similar extent as inCnr. It is possible
that the ripening defects in rin, nor, and Cnr may, at least in part,
be due to limited demethylation in addition to, and as a result
of, the absence of these transcription factors. Whether SlCMT2
which is upregulated in Cnr during fruit ripening (Figure 4), also
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contributes to the hypermethylated phenotype observed in these
fruits is so far unclear, as the increase in 5mC levels are not limited
to the CHG context normally mediated by CMT enzymes, but
occurs in all sequence contexts (Zhong et al., 2013).

CONCLUSION

Recent work on various plants including Arabidopsis (Zhang
et al., 2006; Zilberman et al., 2007; Cokus et al., 2008), rice (Li
et al., 2012), maize (Gent et al., 2013), and tomato (Zhong et al.,
2013) has demonstrated that remodeling of epigenomes occurs
at various stages during plant development. Indeed, Arabidopsis
plants with altered control of histones PTMs or hypomethylated
genomes present numerous phenotypes consistent with
epigenome homeostasis being critically important for proper
plant development (Finnegan et al., 1996), but also adaptation
to environmental changes (Baulcombe and Dean, 2014).
Considering the plethora of enzymes involved in the control of
histone PTMs (Kouzarides, 2007; Lauria and Rossi, 2011) and
their complex expression patterns in fleshy fruits (Janssen et al.,
2008; Aquea et al., 2010, 2011; Almada et al., 2011; Cigliano
et al., 2013; Zhao et al., 2014; Xu et al., 2015a), it is very likely
that they will be involved in several aspect of this development
process. Among them, the H3K27me3mark, established by the
Polycomb group proteins, appears to be important at early
stages of tomato fruit development (How Kit et al., 2010; Liu
et al., 2012; Boureau et al., 2016). Yet, there is still much to do
to get a clear understanding of the precise function of histone
modifications in fruits as most studies performed so far are
correlative, and functional analysis of the histone modifiers
is now necessary. It is also unclear to which extent variations
in histone PTMs will be stably inherited and impact fruit
phenotypes across generations. Alternatively, it is also plausible
that genetic diversity of histone modifiers (diversification of gene
families) as well as changes in their expression pattern could
contribute to shape epigenetic driven phenotypic changes within
or between species.

The understanding of the functions of DNA methylation
in fleshy fruits is by far more advanced than that relating to
histone PTMs, at least in the tomato plant. The results discussed
in this review clearly show that fruit ripening is under strict
epigenetic control mediated by changes in DNA methylation
levels and distribution, in addition to genetic and hormonal
controls (for review Gapper et al., 2013). The current model
of ripening proposes that active demethylation is necessary to
trigger fruit ripening (Figure 5, Liu et al., 2015), and this
process should target several hundred of genes as shown by
the methylome analysis in ripening fruits (Zhong et al., 2013).
Changes in DNA methylation patterns might therefore play a
more important role in the control of gene expression during
plant developmental processes than anticipated from previous
studies mainly based on the Arabidopsis model (Eichten et al.,
2014). Indeed, when considering DNA methylation Arabidopsis
may be an “epigenetic exception” with only 5% of methylated
cytosine in the genome (Lister et al., 2008) and very few TEs,
limiting the likelihood for DNA methylation control of gene

expression. This contrasts with TE and DNA methylation-rich
crops that contain more than 20% of methylated cytosines in their
genomes (Teyssier et al., 2008; Li et al., 2012; Gent et al., 2013)
and high transposon contents (Tenaillon et al., 2010; Lee and
Kim, 2014). In addition the distribution of DNA methylation also
differs between Arabidopsis and other plants including tomato
or maize where a substantial proportion of methylation is in the
CHH context (Gent et al., 2013; Zhong et al., 2013). Thus DNA
methylation may play more important role in plant species with
more ‘complex’ genomes as illustrated by its central function in
tomato fruit ripening.

In the context of tomato fruits, it is possible to speculate
that the regulation of ripening mediated by the DNA
methylation/demethylation balance has evolved as a ‘double-
lock’ mechanism, along with changes in gene expression as a
result of developmental cues, to prevent premature dispersal
of seeds prior to their full maturation. It remains now to be
determined whether the epigenetic control of ripening has
emerged similarly in other types fleshy fruits or is limited to the
tomato and related wild species.

In relation to crop improvement and breeding strategies, epi-
marks on gene promoter regions could be used for ‘fine tuning’
of gene expression. Examples published for tomato include
the biosynthesis of vitamin E and gene expression at the Cnr
locus. VTE3 gene expression in Andean landraces of tomato
(S. lycopersicum) and commercial cultivars is related to the
extent of methylation in the VTE3 promoter region (Quadrana
et al., 2014) and differences in the extent of methylation in
the CNR promoter are apparent in normally ripening fruits
of the cultivars Liberto and Ailsa Craig. Higher levels of
expression of CNR in Ailsa Craig, in comparison to Liberto,
are associated with reduced DNA methylation in a region of
the gene upstream of the first ATG (Manning et al., 2006).
A comprehensive analysis of the distribution of epi-marks and
DNA methylation in tomato and other fruit crops in relation
with gene expression profiles and fruit quality traits would likely
identify epialleles that could be used as important new targets for
plant breeding.
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Calcium has well-documented roles in plant signaling, water relations and cell wall
interactions. Significant research into how calcium impacts these individual processes in
various tissues has been carried out; however, the influence of calcium on fruit ripening
has not been thoroughly explored. Here, we review the current state of knowledge on
how calcium may impact the development, physical traits and disease susceptibility
of fruit through facilitating developmental and stress response signaling, stabilizing
membranes, influencing water relations and modifying cell wall properties through cross-
linking of de-esterified pectins. We explore the involvement of calcium in hormone
signaling integral to the physiological mechanisms behind common disorders that have
been associated with fruit calcium deficiency (e.g., blossom end rot in tomatoes or
bitter pit in apples). This review works toward an improved understanding of how the
many roles of calcium interact to influence fruit ripening, and proposes future research
directions to fill knowledge gaps. Specifically, we focus mostly on grapes and present a
model that integrates existing knowledge around these various functions of calcium in
fruit, which provides a basis for understanding the physiological impacts of sub-optimal
calcium nutrition in grapes. Calcium accumulation and distribution in fruit is shown
to be highly dependent on water delivery and cell wall interactions in the apoplasm.
Localized calcium deficiencies observed in particular species or varieties can result from
differences in xylem morphology, fruit water relations and pectin composition, and can
cause leaky membranes, irregular cell wall softening, impaired hormonal signaling and
aberrant fruit development. We propose that the role of apoplasmic calcium-pectin
crosslinking, particularly in the xylem, is an understudied area that may have a key
influence on fruit water relations. Furthermore, we believe that improved knowledge
of the calcium-regulated signaling pathways that control ripening would assist in
addressing calcium deficiency disorders and improving fruit pathogen resistance.

Keywords: calcium, fruit ripening, xylem, pectin, water

Abbreviations: ABA, abscisic acid; Ca2+, Calcium ion; CEC, Cation exchange capacity; GA, Gibberellic acid; IAA, Indole
acetic acid; K+, Potassium ion; OGA, Oligogalacturonide; PME, Pectin methyl-esterase; Rh, hydraulic resistance; WAK, Wall
associated kinase.
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INTRODUCTION

Fruit are economically important plant organs that face unique
challenges in terms of calcium nutrition and physiology. Fruit
are architecturally isolated; their supply of water and nutrients
changes during fruit development; they often have low rates of
transpiration and have low xylem transport rates when compared
with the rest of the plant, which limits fruit calcium delivery.
We describe how these unique circumstances can create a
situation in which calcium deficiencies can easily arise, leading
to numerous disorders that impact fruit development and reduce
crop quality. Although the strict botanical definition of fruit
includes wheat grain and bean pods we mostly restrict ourselves
in this review to discussing the multifaceted role of calcium
in the flesh-rich seed-associated structures that are commonly
referred to as fruit. In particular, this review often uses the
role of calcium in grape, tomato, and kiwifruit as a model
systems for understanding fruit calcium physiology. Much of
our current knowledge on calcium signaling in plants is drawn
from specific cell-types such as the guard cell or pollen tube.
Different tissues and cell types possess their own protein network,
developmental programming and physiology (Henderson and
Gilliham, 2015); fruit are not guard cells, mesophyll tissue or
pollen tubes – they differ in how they develop and how they
respond to stress. Therefore, despite deficiency and toxicity
symptoms often being most noticeable in fruit, generally we have
a poor understanding of the physiological roles of calcium in fruit
development.

The irreplaceable nature of the calcium ion (Ca2+) as a signal
transduction agent, and in cell wall polysaccharide interactions
is undisputed; it is through these processes that calcium is
central to stress responses, cell wall growth and remodeling,
and to plant tissue development (Dodd et al., 2010; Hepler and
Winship, 2010; Kudla et al., 2010; Gilliham et al., 2011b). As
Ca2+ is such a biologically active ion its concentration and
transport must be tightly controlled within plant tissue down
to the level of cellular and extracellular compartments. If tissue
calcium concentration is high, this can result in cellular toxicity,
in overly rigid cell walls and in developmental abnormalities
(Conn et al., 2011; Cybulska et al., 2011). When calcium supply
is low or transport is disturbed, local calcium deficiencies result.
This can lead to membrane breakdown and/or cell wall failure;
in fruit this has been proposed to result in disorders such as
blossom end rot (de Freitas and Mitcham, 2012). Whether this
is the cause of such a disorder or whether calcium deficiency
is a result of this condition has been recently debated (de
Freitas et al., 2014; Saure, 2014); further insights into how
cell wall calcium can influence tissue integrity are provided
here.

The cell wall properties of fruit epidermal cell layers are
important determinants of pathogen susceptibility. Fruit cell
walls are pectin rich, and calcium-pectin cross-links are a major
factor in determining the physical and structural properties of
fruit. The cell wall is also the source of pectin derived OGAs that
elicit pathogen defense responses (Decreux and Messiaen, 2005);
cytosolic Ca2+ signaling also occurs during defense responses
(Dodd et al., 2010), so the interactions between calcium in

the cell wall and its cytosolic signaling role warrants further
investigation from a fruit-pathogen susceptibility perspective.
Treatment of some fruit with calcium-containing sprays is a
routine horticultural practice, which can improve cell integrity
and disease resistance (Manganaris et al., 2005; Dayod et al.,
2010), demonstrating the importance of calcium in determining
fruit quality at harvest and improving post-harvest traits. Here,
we review the field, and nominate what are the most pressing
research questions in this area.

Hormonal controls on cell division and expansion are active in
the development of fruit. Many of these phytohormonal pathways
utilize changes in cytoplasmic calcium concentration ([Ca2+]cyt)
as a secondary signal messenger (e.g., ABA, jasmonic acid,
auxin, GA, ethylene, brassinosteroids, and cytokinins; Fortes
et al., 2015). Therefore, the reliance upon Ca2+ as a signaling
element in a tissue with low and variable calcium supply has
been said to create physiological disorders during development,
such as blossom end rot in tomatoes (de Freitas et al., 2012).
The case for calcium nutrition being an important consideration
in establishing normal fruit development and optimizing stress
responses is made here. As it is a phloem immobile nutrient,
calcium is mainly reliant on transpirational water flow for
its accumulation within fruit; however, calcium can regulate
water flow through modification of aquaporin activity and cell
wall properties that affect cell wall permeability to water so
calcium has the potential to affect its own delivery locally
(Gilliham et al., 2011b). The influence of calcium in pectin
modification and micro-domain gel formation is also a potential
source of influencing xylem water transport, water relations and
calcium delivery (Zsivanovits et al., 2004). Therefore, the complex
relationship between calcium, water, cell walls and signaling
pathways make calcium a significant player in fruit physiology
and development worthy of further attention.

FRUIT CALCIUM TRANSPORT

Fruit calcium nutrition is dependent upon the physical and
molecular pathways of water and calcium delivery, and the
impact that calcium signaling can have on cell wall interactions,
transpiration, and water transport. The major factors that
influence calcium delivery and distribution in aerial tissues
include: the rate of xylem water mass flow (as Ca2+ is virtually
phloem immobile), the competition between ions for binding
sites in xylem vessel walls and pit membranes (including H+,
making pH an important factor), formation of lowly soluble
or insoluble complexes (e.g., calcium oxalate) and cellular
water/ionic transport mechanisms (Franceschi and Nakata, 2005;
Saure, 2005; Gilliham et al., 2011b). Calcium concentration
in different cellular compartments can impact water transport
processes via membrane-delimited pathways. For instance,
increases in [Ca2+]cyt can decrease water transport through
aquaporins (Alleva et al., 2006; Verdoucq et al., 2008). This has
been proposed to affect the relative contribution of apoplasmic
and symplasmic water flow and the magnitude of calcium
delivery (Gilliham et al., 2011b), with symplastic pathways having
a lower capacity for long distance Ca2+ movement.
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Long-Distance Calcium Transport
The link between water and calcium transport is particularly
apparent when examining sink organs with relatively low
transpiration rates, such as those that typically occur in fruit
(Figure 1). At fruitset the transpiration rate of fruit is at its
highest, for instance in kiwifruit this can be as high as 2.3 mmol
m−2 s−1, but this quickly declines to almost a tenth of this value
later in development, whereas leaf transpiration is maintained
greater than 10 mmol m−2 s−1 (Montanaro et al., 2014). It is
at these early stages of fruit development that most Ca2+ is
delivered to fruit (Montanaro et al., 2012a,b). In most species
the delivery of water, sugar, and basic nutritional inputs during
the later stages of fruit ripening occurs largely via the phloem
(Drazeta et al., 2004; Rogiers et al., 2006b; Choat et al., 2009). As
Ca2+ has low phloem mobility, calcium accumulation in aerial
sink organs such as fruit is dependent upon its delivery by the
xylem (Rogiers et al., 2000; Drazeta et al., 2004). The low phloem
mobility of Ca2+ can create a situation that leads to localized
calcium deficiencies in fruit. The relationship between calcium
accumulation, fruit transpiration, and environmental variables
is exemplified by observations made in kiwifruit (Montanaro
et al., 2014). In kiwifruit, both phloem and xylem appear to
contribute to fruit hydration during late development, but their
relative contributions are affected by environmental conditions
(Clearwater et al., 2012). Under high vapor pressure deficit,
kiwifruit calcium accumulation is coupled to transpiration; under
low vapor pressure deficit, lower transpiration and fruit water
uptake occurs, with calcium accumulation instead more closely
coupled with fruit growth rates (Montanaro et al., 2015).

Calcium accumulation in tomato fruit has been shown to be
dependent on rates of xylem sap flow, influenced by transpiration
and growth rates (Ho et al., 1993; de Freitas et al., 2014).
The strength of other calcium sinks in the plant can affect
calcium accumulation in the tomato, and may lead to calcium
related physiological disorders such as blossom end rot (Ho
and White, 2005). ABA treatment of whole plants reduced
leaf peduncle xylem sap flow rate and leaf calcium uptake
whilst increasing fruit peduncle xylem sap flow rate and fruit
calcium uptake; these fruit demonstrated lower susceptibility
to development of blossom end rot (de Freitas et al., 2014).
However, accumulation of ionic nutrients in fruit is determined
not only by water import rates, but also by their relative
prevalence and mobility in the phloem and xylem. Unlike, Ca2+,
which is only xylem mobile, K+ is both xylem and phloem-
mobile, with K+ concentrations in the phloem being up to ten
times that found in the xylem (Hocking, 1980). Grape berry
potassium accumulation occurs throughout berry development,
reaching a maximum uptake rate during early post-veraison with
uptake continuing throughout ripening (Rogiers et al., 2006b).
In contrast, calcium content (i.e., Ca per berry) generally does
not increase after veraison (Rogiers et al., 2006a). The large
drop in xylem hydraulic conductance into the berry, which
occurs post-veraison, is correlated with a loss of cell vitality
and berry shrivel, and also results in a reduction in calcium
import (Tyerman et al., 2004; Rogiers et al., 2006b; Tilbrook and
Tyerman, 2009). A varietal survey revealed genotype differences
in the occurrence of cell vitality loss and berry shrivel in mature

grapes (Fuentes et al., 2010). It is not inconceivable that the
reduction in Ca2+ import could contribute to cell vitality, with
those grape varieties that maintain longer periods of water and
Ca2+ potentially less susceptible to shrivel. The shift away from
xylem water delivery during ripening also effectively buffers the
fruit against fluctuations in plant water status and water stress
events that may affect the plant during ripening (Thomas et al.,
2006; Choat et al., 2009). Determining the hydraulic pathways of
ionic delivery is vital for understanding patterns of distribution
and accumulation and their effects upon fruit development and
ripening.

Cation exchange within the xylem plays an important role
in Ca2+ delivery; CEC is a measure of the abundance of fixed
negative charges in the cell wall, a key determinant of the
diffusion pattern of cations through the apoplasm. However,
studies that have measured the CEC of the xylem are few. The
CEC of cell walls for calcium from different root and shoot
tissues of Picea abies has been measured using transmission
electron microscopy energy-dispersive microanalysis. Whilst
there was a wide variation between root and shoot tissue CEC
was observed, the CEC of the secondary cell wall of xylem
tracheids was consistently low (∼24 meq/kg wall material;
Fritz, 2007). This suggests that the composition of other zones
within the xylem (e.g., pit membranes) and cellular membrane
transport mechanisms may also be important for determining
Ca2+ transport and buffering fluctuations in xylem sap calcium
concentration (Figure 1).

Calcium and Hydraulic Conductivity
Compartmentation resulting in high hydraulic resistance in the
apoplasm occurs in many tissues. Examples of this include;
separation of the extracellular space of the outer root from
the root endodermis by the Casparian strip (Nawrath et al.,
2013), separation of adjacent xylem conduits by pit membranes
(Zwieniecki et al., 2001; Plavcova and Hacke, 2011; van Doorn
et al., 2011), separation of the leaf xylem from the leaf
apoplasm by bundle sheath cells, and separation of external
surfaces of the plant and the underlying apoplasm by the
cuticle (Nawrath et al., 2013). Changes in the hydraulic
resistance (Rh) of components of the bunch and berry
vascular architecture of grapes may account for some of the
observed varietal differences in susceptibility to berry shrivel.
By studying the Rh of each component the contributions
of particular variables to observed changes in xylem flows
may be identified (Tyerman et al., 2004; Choat et al., 2009;
Mazzeo et al., 2013). These variables may include; physical
barriers (i.e., pit membrane porosity and xylem vessel diameter),
structural changes (i.e., formation of pectin gels within the
xylem), and cellular water permeability (i.e., through changes
in temporal and spatial expression of aquaporins; Figure 1).
A recent study has demonstrated that hydraulic conductivity
of xylem vessels in grape pedicels decreased at veraison and
throughout ripening, potentially due to blockages formed
by pectin deposition (Knipfer et al., 2015). This effective
compartmentation of the apoplasmic space highlights the
importance of understanding physical transport barriers as well
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FIGURE 1 | Several major components determine calcium supply and distribution in fruit. Calcium is phloem immobile, accumulating through the xylem.
Hydraulic factors, particularly fruit water uptake and loss driven by cell expansion and transpiration largely determine the volume of xylem fluid supplied to the fruit
(A). Physical properties of the xylem, including xylem vessel development, vessel diameter and connectivity will influence xylem flow into different tissues of the fruit
(B). Structural properties of the cell wall, both in xylem vessels and fruit mesocarp and epidermal tissues, can affect the rate of xylem flow and calcium binding in
these compartments (C). Pectin is a major component of fruit cell walls; de-esterification of pectin enables formation of calcium crosslinked gels affecting pit
membrane porosity, xylem flows and calcium distribution. Additionally, tight regulation of cytosolic calcium concentration occurs through a network of membrane
transporters on the plasma membrane and tonoplast, including aquaporins, Ca2+-ATPases and CAX ion channels (D). These transport mechanisms can enable
accumulation of calcium in particular tissues.

as cellular transport mechanisms for controlling Ca2+ movement
and utilization.

A developmental switch to phloem water delivery from
predominantly xylem driven delivery reduces the direct hydraulic
link of fruit water status to that of the plant (Greenspan
et al., 1994). During normal grape development a decrease in
mesocarp turgor coincides with the onset of veraison, indicative
of phloem solute unloading. Water stress can also cause a
drop in fruit mesocarp turgor; however, after veraison, berry
mesocarp turgor does not appear to respond to vine water
deficit (Thomas et al., 2006). When pre-veraison berries were
physically boxed to restrict veraison associated cell expansion,
both sugar accumulation and the drop in mesocarp turgor
pressure were delayed. When the box was ventilated to allow
transpiration, delayed sugar accumulation was not observed and
the mesocarp turgor drop was less delayed (Matthews et al.,
2009). This suggests that fruit transpiration is required to assist
in phloem sugar loading into fruit (by removing excess water;

Lang and Thorpe, 1989), and that ripening related changes in
mesocarp cell turgor pressures are linked to both rapid cell
expansion and sugar accumulation (Matthews et al., 2009).
Calcium is involved in the regulation of cell expansion and
elongation during pollen tube tip growth through dynamic
pectin binding (Jiang et al., 2005; Rounds et al., 2011), binding
signaling proteins and modifying ion channel activity (Konrad
et al., 2011). Calcium may also be involved in the changes
in cell turgor pressure and cell expansion observed during
the progression of fruit ripening. The relative contributions
of turgor and cell wall changes to fruit softening are still a
major point of discussion. However, it is clear that both factors
contribute to the onset and development of ripening processes
in fruit through complex interactive pathways and feedback
mechanisms.

Fruit water relations and ripening-linked shifts in fruit
hydraulic conductance vary between species. Kiwifruit (Actinidia
chinensis) maintains positive water fluxes from both the phloem
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and xylem into the fruit throughout development, with each
pathway contributing approximately equally to the water balance
(Clearwater et al., 2012). However, when grown in high vapor
pressure deficit conditions A. chinensis var. chinensis ‘Hort16A’
exhibits late ripening shrivel, similar to the phenomenon
observed in Shiraz grapes. The high surface conductance and
transpiration rate observed in Hort16A may cause an imbalance
between water delivery to the fruit and transpiration losses
(Clearwater et al., 2012). Additionally, kiwifruit does not
accumulate sugars until late in the ripening phase; this difference
may explain its ability to maintain xylem flow from the plant
into the fruit throughout development. A study of kiwifruit
xylem hydraulic resistance (Rh) throughout development using
pressure chamber and flow meter techniques showed a general
increase in Rh during the second half of fruit development,
consistent with previous reports in grapevine and kiwifruit
(Tyerman et al., 2004; Choat et al., 2009; Mazzeo et al.,
2013). However, the increase in Rh began prior to ripening,
indicating that decreasing xylem inflows in kiwifruit may be
attributable to increasing xylem hydraulic resistance (Mazzeo
et al., 2013). This contrasts to observations in grape; xylem flow
rates into the berry drop around veraison whereas increases in
Rh are observed after veraison (Tyerman et al., 2004; Choat
et al., 2009). The parallel use of pressure chamber and flow
meter techniques (Mazzeo et al., 2013), and an evaporative
flux method (Clearwater et al., 2012), showed differences
in the magnitude of resistance measured depending on the
methodology employed. The flow meter technique may also
underestimate xylem resistance, with the calculations used for
estimation of berry hydraulic isolation and the potential for
xylem backflow being questioned (Mazzeo et al., 2013). Despite
difficulties in accurately and consistently measuring hydraulic
resistance, it is highly likely that differences in xylem sap ionic
composition and xylem physical properties will contribute to
fruit water relations.

Interactions between Membrane
Transport and Fruit Calcium Physiology
The influence of transport proteins on the long distance
transport of Ca2+ has been reviewed previously (Gilliham
et al., 2011b), and varies at both the inter- and intra-species
level (White, 2001; Cholewa and Peterson, 2004; Conn et al.,
2012); in grapevine the choice of rootstock has also been
shown to influence shoot accumulation of calcium (Kidman
et al., 2014). The presence of a suberized endodermis limits
root apoplasmic flow making symplastic transport a necessity,
and the dominant pathway of root xylem loading at low
transpiration. Regulation of Ca2+ transport across the plasma
membrane and organellar membranes is tightly controlled by the
expression pattern, interaction and post-transcriptional control
of many Ca2+ transporters (Kudla et al., 2010; Figure 1). For
example, the differentially regulated expression of a number
of membrane ion transporters is responsible for cell-specific
calcium accumulation patterns in plants (Conn and Gilliham,
2010; Conn et al., 2011; Gilliham et al., 2011a). The use of
both cell-specific ion and transcript profiling and of genomic

and transcriptional natural variation amongst varieties of certain
plant species has been useful in the identification of these
transporters (Conn et al., 2012). In Arabidopsis, knockout
of the vacuolar Ca2+/H+ antiporters AtCAX1 and AtCAX3
resulted in lower mesophyll Ca2+ sequestration and higher
apoplasmic Ca2+, with physiological impacts ranging from
reduced stomatal aperture, stomatal conductance and CO2
assimilation to reduced cell wall extensibility and leaf growth
rate (Conn et al., 2011). Constitutive expression of sCAX1,
the Arabidopsis vacuolar calcium transporter with its auto-
inhibitory region removed, in transgenic tomatoes, increased
fruit calcium concentration and vacuolar Ca2+ transport (Park
et al., 2005). Interestingly, susceptibility to blossom end rot
was also increased in these transgenic lines (Park et al., 2005;
de Freitas et al., 2011). The constitutive expression of the
sCAX1 increased vacuolar calcium accumulation, depleting
pools of apoplasmic and cytosolic Ca2+, causing increased
membrane leakage and blossom end rot (de Freitas et al.,
2011). Although some calcium transport mechanisms have been
investigated in fruit, calcium signaling in fruit has not, so the
broader impact of calcium nutrition, transport and signaling
pathways on fruit development and ripening is still largely
unknown.

Plants tightly control cellular Ca2+ transport in order to
keep [Ca2+]cyt within the range (∼0.1–10 µM) required for
signal transduction (Evans et al., 1991; White, 2000; Dodd
et al., 2010). Regulated fluctuations in [Ca2+]cyt form the
“calcium signature” which is a major determining factor in
the specificity of downstream transcriptional and physiological
responses (McAinsh and Pittman, 2009; Dodd et al., 2010;
Kudla et al., 2010). Different environmental stimuli create
specific calcium signatures in particular cell-types (Kiegle
et al., 2000; Dodd et al., 2010; Marti et al., 2013). The channels
responsible for regulating these calcium transients are still
largely unknown, with progress having been reviewed by
Swarbreck et al. (2013). Electrically induced calcium transients
with different amplitudes and frequencies were shown to
induce distinct patterns of gene expression (Whalley and
Knight, 2013), indicating that environmental stimuli can
translate into specific expression profile changes in calcium
signaling components. There is considerable evidence indicating
that Ca2+ signaling transients also occur in compartments
other than the cytosol, e.g., the nucleus, chloroplasts and
the apoplasm (Johnson et al., 1995, 2006; Tang et al., 2007;
McAinsh and Pittman, 2009). However, these mechanisms are
not nearly as well characterized as the cytosolic pathways.
Furthermore, Ca2+ transient signaling in fruit specific
cell types has not been studied. Generic models for how
transients are developed in plant tissue and which transporters
are involved in their generation are illustrated in reviews
such as Kudla et al. (2010) and de Freitas and Mitcham
(2012), these are also useful in the context of understanding
the nutritional fluxes of Ca2+ and how these may affect
compartmentation of Ca2+ apoplasmically, in the cytoplasm and
intracellularly.

Increases in apoplasmic calcium can result in increases in
[Ca2+]cyt; this has been used to control the duration and

Frontiers in Plant Science | www.frontiersin.org April 2016 | Volume 7 | Article 569 | 53

http://www.frontiersin.org/Plant_Science/
http://www.frontiersin.org/
http://www.frontiersin.org/Plant_Science/archive


fpls-07-00569 April 27, 2016 Time: 13:27 # 6

Hocking et al. Fruit Calcium: Transport and Physiology

amplitude of [Ca2+]cyt oscillations in stomatal guard cells to
affect guard cell closure (Allen et al., 2001; Webb et al., 2001).
In planta manipulation of apoplastic calcium ([Ca2+]apo) can
reduce CO2 assimilation and transpiration rate, through reducing
stomatal aperture (Conn et al., 2011). Some components of
an extracellular calcium-sensing pathway have been described;
where a plastid localized calcium sensor protein (CAS) mediates
stomatal closure in response to changes in extracellular calcium
(Han et al., 2003; Wang et al., 2012). Antisense cas lines
showed reduced water use efficiency and photosynthetic electron
transport rate, due to reduced control of stomatal aperture and
transcription of electron transport components (Wang et al.,
2014), demonstrating the importance of the extracellular calcium
signaling pathways in optimizing photosynthesis and water use.
The supply of Ca2+ to fruit is dependent upon transpirational
water flow and storage rate (i.e., Ca2+ transport into the vacuole
via CAX transporters; Conn et al., 2011), therefore [Ca2+]apo
in both leaves and fruit are likely to have an impact on
Ca2+ supply; furthermore, high [Ca2+]apo in fruit will directly
regulate [Ca2+]cyt, cell wall properties, gene expression and water
relations of the fruit, but the impact that this has on fruit quality
outcomes at harvest and during storage is totally unexplored.

Characterization of changes in apoplasmic and vacuolar
solute composition that supply grapes supports the notion
of a switch from symplasmic to apoplasmic unloading of
phloem solutes during late ripening. The table grape variety
Concord maintains high apoplasmic pH (relative to vacuolar
pH) late into ripening, whereas, in the shrivel susceptible
variety Merlot the pH difference between these compartments
is reduced to zero during late ripening, indicating a loss
of membrane selectivity in this variety (Keller and Shrestha,
2014). This is supported by recent measurements of electrical
impedance in Shiraz berries (Caravia et al., 2015). The switch
to apoplasmic phloem unloading enables accumulation of high
sugar levels in ripening fruit but also modifies the conditions
of the apoplast with potential impacts on cell wall modification
and calcium binding. Merlot demonstrates a dramatic jump
in apoplasmic glucose and fructose concentrations during the
transition from red to ripe berries (Keller and Shrestha, 2014).
The accumulation of sugars in the apoplasm activates cell wall
localized invertases and hexose/proton transport pathways in
berries (Hayes et al., 2007). The loss of cell turgor, vitality,
and membrane integrity in the locular tissues during ripening
may be related to apoplasmic unloading and the ongoing
accumulation of solutes from the adjacent central vasculature
(Tyerman et al., 2004; Krasnow et al., 2008). However, the
onset of berry death normally occurs after the transition to
apoplasmic unloading. Additionally, cell membrane capacitance
in the berry is maintained through the cell death phase, indicating
intact membranes (Caravia et al., 2015). This suggests that
rather than ‘cell death,’ the loss of cell vitality often observed
may actually represent a loss of membrane selectivity allowing
distribution of some solutes (e.g., sugars, ions, and perhaps the
cell vitality stain fluorescein diacetate) into the apoplasm. The
effect of solute accumulation in the apoplasm and associated
changes in cell turgor on fruit water relations requires further
investigation.

CALCIUM-CELL WALL INTERACTIONS
DURING FRUIT DEVELOPMENT

The cell wall is composed of a diverse array of complex
polysaccharides. In dicots, the primary cell wall consists
of cellulose microfibrils bound in a matrix of pectins and
hemicelluloses. The Cellulose is extruded through the plasma
membrane by cellulose synthase complexes, whereas pectins
and hemicelluloses are synthesized within the Golgi apparatus,
and are transported to the cell surface where further synthesis
and modification may take place (Gendre et al., 2013). The
matrix polysaccharides are very diverse in their composition,
with a variety of sugar residues, linkages and side chains present;
their synthesis and modification is therefore accomplished by
a large number of genes (Burton et al., 2010). The cell wall is
a dynamic structure that responds to both developmental and
environmental stimuli by structural remodeling; environmental
perturbations include pathogen attack, light, and touch (Hoson,
1998; Seifert and Blaukopf, 2010). Cell wall modifying enzymes
activated at different stages of development, and under certain
conditions (e.g., heat, pH changes in the apoplasm), are
responsible for modification and degradation of cell wall
polysaccharides (Grignon and Sentenac, 1991; Brummell, 2006).
The chemical changes that occur in fruit cell walls during
development include; modification of pectin side chains,
depolymerisation of pectins, and degradation of xyloglucan (a
hemicellulose), and the activity of non-catalytic proteins such
as expansions and AGPs. Together with other ripening related
processes (such as the accumulation of solutes) this leads to
a number of physical and textural changes in fruit that can
help us to classify different types of fruit by their ripening
mechanisms. Physical changes in fruit cell walls are associated
with ongoing modification and solubilisation of pectins; calcium-
pectin cross-links are a key factor in determining pectin physical
properties.

General Calcium and Pectin Interactions
Pectins are a complex family of polysaccharides that are
structurally related by the occurrence of (1,4)-α-linked
galacturonan in the backbone, commonly as homogalacturonan,
or as the rhamnose/galacturonan disaccharide repeat
rhamnogalacturonan-I (Mohnen, 2008). The galacturonan
residues of the backbone may be methyl-esterified or acetylated;
homogalacturonan is secreted into the cell wall in an esterified
form (Willats et al., 2001). A wide variety of linear and
branched side chains are also observed, forming the pectin
structural classes rhamnogalacturonan-II, xylogalacturonan,
and apiogalacturonan. Rhamnogalacturonan-II is the most
complex pectin, it can include up to 12 different sugar residues
and more than 20 different linkage types. These have been
reviewed previously (Vorwerk et al., 2004; Mohnen, 2008;
Burton et al., 2010). The structural complexity of pectin, driven
by the expression of a range of pectin synthesizing and modifying
enzymes throughout development, implicates pectin in an array
of potential interactions and functional roles.

The prevalence of ionic and ester bonds between adjacent
pectins play an important role in the physical properties
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of fruit cell walls. These bond interactions influence the
solubility of pectins. Suitable ions for cross-linking adjacent
pectins include calcium-forming junctions between de-esterified
homogalacturonans and boron forming di-ester bonds between
rhamnogalacturonan II units. Associations between adjacent
homogalacturonans ionically linked by calcium ions have been
characterized as forming an “egg-box” structure. Although this
structure has been demonstrated in pectin extracts (Tibbits et al.,
1998), the diversity of side chains and modifications within the
pectic polysaccharides, as well as the complexity of other cell wall
components makes such interactions difficult to characterize in
planta. The importance of pectin structure for determining the
hydraulic and elastic properties of pectin gels has been examined
mostly in vitro; understanding the complexity of these cell wall
interactions in planta requires further research.

The majority of pectins occur in the middle lamella (outermost
part of the extracellular matrix; where cell junctions occur),
with smaller amounts observed in the primary cell wall (Lee
et al., 2011). Micro-domain localization of calcium in particular

extracellular domains is hypothesized to affect cell wall loosening
and cell separation (Figure 2). This may be particularly relevant
at three way cell junctions where turgor pressure is driving
the separation of cells and the formation of large intra-cellular
spaces (Willats et al., 2001). It has been suggested that the
major physical effects of pectin modification will therefore be
in cell-cell adhesion rather than strength of the primary cell
wall (Ferguson, 1984). However, species and tissue differences
in patterns of pectin deposition and modification (through
controlled expression of an array of cell wall modifying enzymes)
indicate that the situation may be much more complex.

Cell wall acidification promotes cell growth and expansion by
displacing pectin-bound calcium through protonation of pectin
carboxyl groups. The pH of the apoplasm may be affected
by the pH of the xylem sap when water delivery is high,
depending on the buffering capacity of the xylem solutes. Control
of apoplasm pH occurs through the activity of the plasma-
membrane localized H+-ATPase and is buffered by the CEC of
the apoplasm. When exposed to high concentrations of NaCl

FIGURE 2 | Cell wall changes and calcium-pectin crosslink formation affects fruit mechanical properties, water relations and pathogen susceptibility.
Upregulation of cell wall modifying and hydraulic regulatory genes (e.g., pectin methyl esterases, polygalacturonases, and aquaporins) occurs in the mesocarp at
veraison. The majority of pectins occur in the middle lamella, with smaller amounts observed in the primary cell wall. Localization of calcium in particular extracellular
domains is hypothesized to affect cell wall loosening and cell separation. This may be particularly relevant at three way cell junctions where turgor pressure is driving
the separation of cells and the formation of large intra-cellular spaces. Cuticle composition is an important variable in determining both fruit physical properties and
transpiration water losses throughout berry development. Processes affecting polysaccharide solubilisation and movement into the cuticle, such as pectin
de-esterification and calcium crosslinking, and production of oligogalacturonides will modify fruit mechanical properties and pathogen susceptibility.
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in the growth media a decrease in leaf growth rate of a salt-
sensitive maize cultivar is correlated with a reduction in H+-
ATPase activity, resulting in increased apoplasmic pH whilst a
tolerant hybrid cultivar showed none of these effects (Pitann
et al., 2009). This finding is contrasted by work measuring ion
fluxes in bean leaf, which showed H+ efflux from the mesophyll
upon addition of NaCl directly to the mesophyll (Shabala, 2000),
although this may be in part related to the displacement of
H+ from the cell wall by Na+. Amelioration of the effects of
salinity on growth by high calcium has been observed; this may
result from interactive effects with plasma membrane transport
proteins (such as H+/cation exchangers), or through a reduction
in the rate of Ca2+ displacement from pectin cross links by Na+
and H+ ions (Shabala, 2000). Additionally, cell wall localized
expansions show optimal activity at low pH. They are believed
to act by reducing hydrogen bonding between primary cell wall
components, allowing slippage between adjacent polysaccharides
and hence cell wall expansion (Sampedro and Cosgrove, 2005;
Dal Santo et al., 2013). Thus, changes in apoplasmic pH can have
significant effects on the dynamics and composition of the cell
wall.

Calcium, Pectin, and Fruit Softening
Fruit softening is often attributed to changes in the composition
of the cell wall, and particularly to the impact of pectin de-
esterification and calcium crosslink formation on cell wall
physical properties including strength and elasticity, cell wall
loosening and swelling (Figure 2). Changes in [Ca2+]apo and
the secretion and modification of pectins are important for the
physical development of fruit. Some species (e.g., strawberry and
plum) exhibit cell wall swelling during ripening which results in
a soft textured fruit, whereas other species (e.g., watermelon and
apple) do not exhibit swelling and maintain crisp textured fruit
(Redgwell et al., 1997).

Throughout fruit ripening, pectin de-esterification occurs by
the action of PMEs. This exposes the carboxyl residues that
can be cross-linked by calcium. The level of PME activity and
Ca2+ availability within the apoplasm has a direct impact on
cell wall strength and expansion (Conn et al., 2011). Studies
in grapes suggest that PME expression begins before veraison
and continues throughout ripening (Barnavon et al., 2001;
Schlosser et al., 2008; Figure 2). Mesocarp and skin tissues
exhibit different patterns of PME expression in grapes (Nunan
et al., 1998; Schlosser et al., 2008; Lacampagne et al., 2010).
During the initiation of ripening a raft of cell wall modifying
and hydraulic regulatory genes in grape (including expansions
EXP3 and EXPL, pectate lyase, a pectin methyl esterase, and
aquaporin PIP2;1) are upregulated (Schlosser et al., 2008). This
occurs initially in mesocarp; the delayed activation of these genes
in the skin suggests a role for the skin in moderating berry growth
during ripening. The degree of pectin de-esterification also varies
between varieties (Ortega-Regules et al., 2008).

The expression and activity patterns of cell wall modifying
enzymes in grapes change throughout development, as well
as varying between varieties. In both Cabernet Sauvignon and
Semillon, polygalacturonase activity appears correlated with
ABA levels, reaching a maximum at veraison (Deytieux et al.,

2005). Polygalacturonase activity in skin was not detected,
however, transcripts of two isoforms showed different expression
patterns, with a common feature being greater expression late
in development (100 days after anthesis), indicating a variety
of roles for the polygalacturonase family, and a concerted role
in cell wall disassembly at maturity (Deytieux-Belleau et al.,
2008). However, other research has also indicated that transcript
expression of polygalacturonases does not necessarily translate to
detectable enzyme activity (Nunan et al., 2001). In vitro calcium
has an inhibitory effect on polygalacturonase activity; a reduction
in calcium concentration and availability following veraison
may be linked to a concurrent increase in polygalacturonase
activity (Cabanne and Doneche, 2001). In grape skin tissue pectin
methylesterase is present throughout ripening with enzyme
activity reaching a peak at the beginning of veraison, then
decreasing sharply in the subsequent 10 days and increasing
steadily thereafter (Deytieux-Belleau et al., 2008). Low levels
of polygalacturonase and pectate lyase activity are observed
during some stages of ripening; however, hormonal cues may
regulate the targeted expression of specific isoforms to drive the
depolymerisation of pectin observed during ripening (Nunan
et al., 2001).

In addition to the de-esterification of pectins observed in
fruit cell walls during ripening, depolymerisation of pectins to
shorter sub-units is also an important factor. By using a chelator
(e.g., CDTA) followed by size exclusion chromatography to
extract and characterize ionically bound pectins, the diversity
in timing and degree of depolymerisation that occurs between
species can be observed. Some species show almost no change
in pectin composition or solubilisation throughout development
(e.g., capsicum), whilst others (e.g., tomato) show high degrees
of depolymerisation and high levels of chelator soluble pectins
(i.e., high levels of calcium bound pectins; Brummell, 2006).
This depolymerisation is achieved through the action of
polygalacturonases and pectate lyases. Polygalacturonases are
absent or detected at very low levels in the fruit of some species
which may account for some of the differences in levels of
pectin solubilisation. Additionally, it has been demonstrated that
reduced expansion activity (normally responsible for loosening of
xyloglucan and cellulose networks in the primary cell well during
cell expansion) decreases solubilisation of primary cell wall
pectins, possibly through reduced access of polygalacturonases to
their substrates in this space (Brummell et al., 1999). This finding
suggests that it is important to consider more than just transcript
levels or enzyme activity when assessing potential for degradation
of particular components; calcium availability and activity of
other cell wall enzymes may influence substrate accessibility.

The combinatorial effects of pectin modifying enzyme activity,
apoplasm pH and calcium concentration determine various
mechanical properties of pectin gels including compressive
strength, water holding capacity, porosity, and elasticity (Tibbits
et al., 1998; Willats et al., 2001; Ngouemazong et al., 2012). The
strength of calcium crosslinks is pH dependent, with the strongest
bonds forming at apoplasmic pH 6–7. Formation and dissolution
of pectin gels by calcium crosslinks is highly dependent on the
level of de-esterification (i.e., available carboxyl groups) and free
calcium ion concentration (Tibbits et al., 1998). Gel swelling can
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be observed during cell wall dissolution, due to both the osmotic
pressure created by free carboxyl groups in the pectin matrix
(occurring when ionic strength is low), and the disassociation
of calcium cross-linked pectins. This can be expressed as the
ratio of free calcium ions to carboxyl groups (i.e., if [Ca2+]
free: COO− < 0.05 significant swelling is likely to occur). As
gel dissolution and swelling occurs, the breakdown of calcium
crosslinks reduces the stiffness of the gel. Swelling of a gel is
generally at maximum around pH 3, which is also the pH at which
calcium crosslinking and gel shear strength are at a minimum
(Tibbits et al., 1998). Reported work with pectin concentrations
similar to those observed in plant cell walls (films with ∼30%
pectin), demonstrate that pectin hydration status (or degree of
swelling) has a linear inverse relationship with tensile strength
(Zsivanovits et al., 2004). Additionally, the hydraulic properties
and susceptibility to swelling of the pectin matrix are determined
by both the pectin composition and the ionic composition of
the space (Zsivanovits et al., 2004). Through understanding the
pectin ion interaction effects on gel properties in vitro it is likely
we will advance our comprehension of fruit ripening processes.

Calcium, Pectin and Pathogens
Plant and fungal PMEs have different modes of function;
plant PMEs generally operate in a blockwise manner, de-
esterifying multiple homogalacturonan residues along a single
chain, whereas fungal PMEs operate in a non-blockwise
manner (Willats et al., 2001). Patterning of pectin modification
and calcium binding may affect the attachment and rate
of pectin cleavage by polygalacturonases (Figure 2). Three
botrytis (Botrytis cinerea) isolates exhibited calcium inhibition of
polygalacturonase activity. The calcium concentration required
to inhibit enzyme activity varied between isolates (Chardonnet
et al., 2000). The pathogenicity of these isolates also varied
between four apple varieties, indicating that the interaction
between the pathogen cell-wall degrading enzymes and the
composition of the fruit cell wall is important for determining
pathogenicity (Chardonnet et al., 2000). It has been demonstrated
that the calcium content of grape skin cell walls is negatively
correlated with susceptibility to botrytis enzymatic digestion
(Chardonnet and Doneche, 1995). Calcium infiltration reduced
the level of pectin degradation by botrytis in grapes (Chardonnet
et al., 1997), and reduced the level of decay in apples (Chardonnet
et al., 2000). Complex interactions between calcium nutrition and
the diversity of pectin profiles seen in different species, varieties,
tissues, organs, and developmental points influence susceptibility
to fungal pathogens. These studies indicate that calcium
treatments may be worthwhile exploring as a management option
for some fruit pathogens (Dayod et al., 2010).

Degradation of pectic homogalacturonan backbones generates
short chain molecules known as OGAs; these have been
implicated in pathogen defense signaling activation. This role
is carried out through OGA binding by the wall-associated
kinase (WAK) family (Decreux and Messiaen, 2005). It is likely
that functional OGAs may be prevalent in fruit, and often
affect ripening, as ripening fruit has high pectin content and
is attractive to a variety of pathogens. Many factors influence
the defense response eliciting capacity and specificity of OGAs,

including; calcium availability, length of OGA, degree of methyl-
esterification and degree of acetylation (Decreux and Messiaen,
2005; Vallarino and Osorio, 2012; Figure 2). The extracellular
domain of Arabidopsis WAK1 binds OGAs only in the presence
of calcium and calcium crosslink forming conditions (Decreux
and Messiaen, 2005). Transgenic expression of a fruit-specific
PME from cultivated strawberry in wild strawberry (Fragaria
vesca) resulted in a modified pattern of OGA esterification in
the transgenic fruit. This change was sufficient to constitutively
activate defense responses in the transgenic plant, thereby
increasing botrytis resistance (Osorio et al., 2008). A variety of
evidence suggests that, in addition to WAKs binding specific
OGAs during pathogen responses, they also bind cell wall pectins
during normal development to regulate cell expansion (e.g.,
reduction in WAK expression via antisense has been shown to
reduce cell size) reviewed in Kohorn and Kohorn (2012). It is
apparent that the specificity of calcium-pectin-WAK interactions
may facilitate multiple signaling pathways important in pathogen
defense activation as well as during the normal developmental
control of cell expansion.

The Influence of the Cuticle
Changes in cuticle composition (e.g., relative abundance of
polysaccharides) can affect fruit mechanical properties and
transpiration rate. Fruit cuticles are typically thicker (but also
more water permeable) than leaf cuticles; the scarcity of stomata
on fruit also suggests that cuticle composition is important
for fruit water relations (Martin and Rose, 2014). A study
modeling the impacts of environmental variables on kiwifruit
transpiration revealed both seasonal and diurnal variation in
transpiration rates, with skin conductance being the key fruit
variable in determining fruit transpiration rates (Montanaro
et al., 2012b). A tomato cultivar (‘Delayed Fruit Deterioration’)
with altered cuticle architecture was shown to have low fruit
transpiration and increased cell turgor pressure, leading to
delayed softening despite undergoing normal ripening related
cell wall modifications (Saladie et al., 2007), and application of
gibberellins was shown to increase cuticle thickness in tomato
(Knoche and Peschel, 2007). In grapes (cv. Riesling), a drop in
the transpiration permeability of the cuticle occurs from pre-
veraison to post-veraison (Becker and Knoche, 2011), and this
drop is strongly correlated with increased cuticle deposition
(Becker and Knoche, 2012). Indeed, recent work has identified
both varietal differences and developmental changes in the
cuticular conductance of grape berries, possibly attributable to
cuticle composition (Keller et al., 2015). The composition of
the cuticle changes throughout development in cherry tomato
(cv. Cascada); cuticle mass per unit fruit surface area increased
rapidly from 10 days after anthesis to reach a maximum 15 days
after anthesis (subsequent increases in cuticle thickness were
attributed to reduced cuticle density; Dominguez et al., 2008).
Interestingly, another study in the same cultivar looking at
the cuticle mechanical properties found a shift from elastic to
predominantly viscoelastic behavior from 10 to 15 days after
anthesis. These changes in the cuticle mechanical properties
were correlated with the ratio of cutin:polysaccharide present;
high ratios were associated with cell enlargement growth stages,
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and lower ratios (approaching 1:1) were associated with stages
where cell expansion is minimal (i.e., early cell division and later
ripening phases; Espana et al., 2014). As such, it is hypothesized
that polysaccharides in the cuticle contribute elastic properties,
and cutin confers viscoelastic properties. It is clear that cuticle
composition is an important variable in determining both fruit
physical properties and transpiration water losses.

CALCIUM–HORMONE INTERACTIONS
DURING FRUIT DEVELOPMENT

Calcium is a secondary messenger during hormone signaling.
Calcium is known to participate in GA, auxin, and ABA signaling
to regulate fruitset, initiation of ripening, cell division, cell
expansion, and fruit softening (Ferguson, 1984; Saure, 2005; Yu
et al., 2006). Additionally, hormonal regulation of cell expansion,
cell wall modification, xylem development, and sugar unloading
from the phloem can affect calcium distribution within the fruit
(Saure, 2005; de Freitas et al., 2014). Although the physiological
pathways and interactions of plant hormones and calcium are
still being uncovered, many hormone and calcium treatments are
already used for horticultural improvement. The role of plant
hormones in fruit development and ripening processes has been
extensively reviewed (Ruan et al., 2012; McAtee et al., 2013;
Osorio et al., 2013; Wang and Ruan, 2013; Kumar et al., 2014;
Leng et al., 2014). As both are components of an array of complex
signaling pathways, the accumulation and activity of calcium
and phytohormones is tightly controlled at the tissue level.
Subsequently, perturbed calcium nutrition may create multiple
plant hormonal responses that are difficult to characterize. This
section will therefore articulate the current knowledge and gaps
in our understanding of calcium and hormone interactions in
fruit.

Auxin
Auxin has key roles in fruitset, cell division and cell expansion.
These developmental pathways both utilize calcium as a
secondary messenger and affect patterns of calcium distribution.
Fruitset and early development are triggered by auxin synthesis
in the ovules during fertilization, which induces GA synthesis,
reviewed in Kumar et al. (2014). GA signaling in the pericarp
of Arabidopsis fruit has been demonstrated to activate a pathway
degrading the growth inhibiting DELLA proteins (Fuentes et al.,
2012; Kumar et al., 2014). The relationship between GA and
auxin is complex, with a GA independent pathway for fruitset
being demonstrated in tomato (Serrani et al., 2008; McAtee et al.,
2013). High levels of GA are commonly associated with rapid
cell expansion and this has also been linked to low or reduced
calcium concentrations by disrupting calcium transport (Saure,
2005); the mechanism through which this occurs requires further
investigation.

Calcium acts as a secondary messenger downstream of
auxin through the acid growth pathway. This pathway has
been demonstrated in Arabidopsis; auxin efflux from cells is
facilitated by PIN-FORMED (PIN) membrane proteins. PIN
activity and targeted endocytotic transport of PIN are regulated

by PINOID (PID) protein kinase and PP2A phosphatase complex
mediated phosphorylation (Fozard et al., 2013). Extracellular
auxin (possibly though the binding of ABP1) activates plasma
membrane calcium transport in wheat embryos, creating
[Ca2+]cyt transients that activate the plasma membrane localized
H+-ATPase to reduce apoplasmic pH. Lower apoplasmic pH
activates pH sensitive cell wall loosening enzymes (Rober-Kleber
et al., 2003; Shishova and Lindberg, 2010; Wang and Ruan,
2013). This proton influx into the cell wall compartment also
increases competition with calcium for binding sites on de-
esterified pectin, resulting in looser cell walls; as such higher levels
of calcium can inhibit auxin-activated acid growth (Ferguson,
1984). H+-ATPase transport also activates voltage dependent
inward rectifying K+ channels, this results in an increase in K+
content, causing osmotically driven movement of water into the
cell, increasing cell turgor pressure. This acid growth pathway
is responsible for cell elongation and expansion; it has been
observed during growth and hormone-stimulated cell expansion
of many tissues. Examples of auxin-calcium interactions in fruit
growth are given below.

Auxin is also involved in calcium uptake and distribution
in fruit. Application of CME (an auxin transport inhibitor)
reduced calcium uptake into developing fruit of some tomato
cultivars differing in susceptibility to blossom end rot (Brown
and Ho, 1993). This reduced calcium uptake may occur through
modification of cellular transport activity or perturbed cell
expansion (disrupting xylem development). Calcium is also
involved in fruit basipetal auxin transport. CME induced
reductions in basipetal IAA efflux were only observed in tomato
fruit grown under high salinity conditions where calcium uptake
was reduced (Brown and Ho, 1993). In kiwifruit, light induction
of higher levels of auxin-protecting hydroxycinnamic acids
decreased auxin degradation, resulting in increased calcium
uptake (Montanaro et al., 2007). These results suggest that tomato
susceptibility to blossom end rot may be determined not just by
differences in capacity for calcium uptake and distribution, but
also by related factors such as auxin transport and metabolism,
and rate of cell enlargement (Bangerth, 1976).

Abscisic Acid
Fruit ripening processes typically involve ABA and ethylene
signaling. Non-climacteric fruit show a greater reliance upon
ABA for initiation of ripening processes and do not demonstrate
the same extent of ethylene responsiveness as climacteric fruit.
ABA signaling in Arabidopsis acts through a network of calcium
binding signal receptors (PYR/PYL/RCAR) and phosphorylation
status modifiers including PP2C protein phosphatases ABI1 and
ABI2 (Leung et al., 1994; Allen et al., 1999), and an array of
CBL (Pandey et al., 2004), CIPK (Kim et al., 2003), and CDPK
(Zhu et al., 2007) protein kinases (Fortes et al., 2015). A systems
biology approach has been applied to understand the complexity
of interactions and crosstalk between these networks (Cramer
et al., 2011).

The concentration of ABA in grapes increases dramatically
at the beginning of veraison; it is possible that the drop in cell
turgor that occurs at this time triggers increases in ABA content
(Castellarin et al., 2011). There are varietal differences in the time
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during veraison (measured as % color change) at which maximal
berry ABA is reached; Merlot (10% color change), Cabernet
Sauvignon (50% color change), and Semillon (100% color change;
Deytieux-Belleau et al., 2008). The partitioning of ABA between
mesocarp and skin shifts from 100% in mesocarp prior to
veraison, to approximately 40% in skin by maturity (Deytieux-
Belleau et al., 2008). In non-climacteric fruit (e.g., strawberries
and grapes) several other factors have been identified as potential
ripening signal elements; auxin treatment of unripe fruit delays
ripening (Boettcher et al., 2011) whilst reactive oxygen species
accumulate in grape berries at the onset of ripening (Pilati et al.,
2014). The transduction of these ripening triggers through the
calcium signaling network suggests that calcium also plays a role
in sugar accumulation and fruit softening and evidence for these
functions are examined below.

Higher ABA levels at ripening leads to hexose accumulation
through up-regulation of hexose transporters and increased
apoplasmic invertase activity (Pan et al., 2005; Deluc et al.,
2009; Hayes et al., 2010). ABA activates sugar cell wall bound
invertases at the initiation of grape ripening, catalyzing sucrose
cleavage, decreasing the apoplasmic sucrose concentration,
and thereby allowing for continued phloem unloading of
sucrose into the berry apoplasm (Pan et al., 2005). Phloem
unloading of sugars becomes crucial for driving expansion,
as well as efficiently maintaining the accumulation of sugars
in the fruit. ABA and sugar responsive elements involved
in these pathways have been identified, including an ABA
and sugar responsive protein (VvMSR1) that forms part of a
complex regulating expression of monosaccharide transporter
VvHT1 (Cakir et al., 2003). Microarray expression analysis of cells
overexpressing an ABA response element binding transcription
factor (VvABF2) demonstrate elevated transcript levels of a
vacuolar invertase, a hexose transporter, and cell wall modifying
genes linked to fruit softening (i.e., polygalactuonase, pectin
methyl esterase and rhamnogalacturonase; Nicolas et al., 2014). It
has been demonstrated that ABA activates the calcium dependent
protein kinase (ACPK1) in grape mesocarp through a complex
mechanism involving influx of apoplasmic calcium to the cytosol
(Yu et al., 2006). ACPK1 in turn activates plasma membrane
H+-ATPase in the berry mesocarp, possibly energizing the cell
for solute uptake (Yu et al., 2006). A transient decrease in
calcium concentration is observed in the apoplasm of Vicia faba
leaves following ABA treatment, providing further evidence for
apoplasmic calcium as a transducer of ABA signaling (Felle et al.,
2000). The timing of ABA accumulation, metabolic responses and
the drop in turgor varies between varieties with differing ripening
profiles (Deluc et al., 2009; Castellarin et al., 2011).

Combined Effects of Hormones
Endogenous hormone levels influence fruit softening by altering
expression levels of enzymes that modify cell turgor pressure,
apoplasm solute accumulation, and cell wall modification.
Application of GA has been shown to increase berry firmness
and shelf life in the table grape variety Thompson Seedless
(Marzouk and Kassem, 2011). Suppression of a key enzyme
involved in tomato ABA biosynthesis (9-cis-epoxycarotenoid
dioxygenase) resulted in the transcriptional down regulation of

polygalacturonase, pectin methylesterase, expansion, and many
other cell wall modifying enzymes (Sun et al., 2012; Osorio
et al., 2013). In Cabernet Sauvignon berries treated with sucrose
or sucrose and ABA, a drop in berry firmness (as occurs at
the onset of ripening in the field) was only observed in the
sucrose and ABA treated berries (Gambetta et al., 2010). The
combined effect of ABA-activation of sugar invertases and cell
wall modifying enzymes in the apoplasm is to simultaneously
reduce cell turgor pressure and loosen cell walls (Pan et al.,
2005; Gambetta et al., 2010). Auxin and ABA pathways utilize
calcium as both a protein binding secondary messenger and in
membrane transport mechanisms that modify turgor and solute
accumulation to drive cell expansion and ripening.

IMPLICATIONS OF CALCIUM NUTRITION
FOR FRUIT DISEASE SUSCEPTIBILITY

Understanding the role of calcium in fruit development is
important for addressing ripening disorders (e.g., berry shrivel
in Shiraz grapes), tissue localized calcium deficiencies (e.g.,
blossom end rot in tomatoes, bitter pit in apples), and pathogen
susceptibilities (e.g., botrytis). Improved understanding of the
calcium nutritional requirements of plants may also aid in
optimizing fruit quality outcomes as both calcium deficiency and
toxicity can affect the productivity of horticultural systems, and
the post-harvest characteristics of the crop. Calcium deficiency
can occur due to an insufficient mobilization of calcium from
internal stores or a reduced supply of calcium through the xylem
(often a result of low transpiration rates; White and Broadley,
2003). Calcium toxicity can occur due to high concentrations of
available calcium in the soil solution; this can result in reduced
growth rates and the ectopic deposition of calcium oxalate
crystals (White and Broadley, 2003).

An ABA deficient tomato mutant (sitiens; which exhibits
botrytis resistance) exhibits a lower degree of epidermal cell wall
pectin de-esterification, reduced cuticle thickness, and increased
cuticle permeability, when compared to wild type (Asselbergh
et al., 2007; Curvers et al., 2010). The consequent reduction in
botrytis susceptibility of sitiens may be as a result of: (a) plant
detection of defective cuticle, prompting constitutive expression
of chitinases and β-glucosidases into the cell wall, enabling
rapid release of fungal elicitors upon infection, and/or (b) a
lower level of de-esterification in sitiens cell walls providing a
source of more bio-active OGA elicitors upon infection; thereby
producing a more rapid and effective response to pathogen
attack (Curvers et al., 2010). The level of esterification in
OGAs is one of several factors that determine their activity and
specificity in triggering plant responses; it has been shown that
the level of de-esterification in strawberry OGAs contributes to
their capacity to elicit defense responses (Osorio et al., 2008).
Although the exact mechanism of botrytis resistance in sitiens
is unknown, it is clear that the interaction between epidermal
cell wall derived pectins and the cuticle, either as defense
signaling OGAs or as structural components, is important. In
addition to the processes controlling deposition of cutin into
the cuticle, processes affecting polysaccharide solubilisation and
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movement into the cuticle, such as pectin de-esterification and
calcium crosslinking, will modify fruit mechanical properties and
pathogen susceptibility.

Blossom end rot in tomatoes is often cited as being a result
of calcium deficiency. Tomatoes grown in low calcium nutrient
solution show an increase in the incidence of blossom end
rot (Coolong et al., 2014). Pericarp elasticity increased with
calcium levels in the growth solution (Coolong et al., 2014).
GA treatment of tomatoes leads to increased occurrence of
blossom end rot while treatment with GA biosynthesis inhibitor
prohexadione-calcium eliminated blossom end rot (de Freitas
et al., 2012). GA treated tomatoes showed increased expression
of CAX and Ca-ATPase genes and reduced apoplasmic [Ca2+],
whereas GA inhibitor treated fruit showed higher pericarp total
calcium levels and an increased number of functional fruit xylem
vessels (de Freitas et al., 2012). GA-induced gene expression
for CAX and putative endoplasmic reticulum localized Ca-
ATPase results in depletion of the apoplasmic calcium pool,
possibly below the critical concentration required for pectin-
calcium crosslinks in the cell wall to maintain membrane
stability and moderate cell expansion. Similarly, constitutive
expression of an Arabidopsis CAX gene with its autoinhibitory
region removed (sCAX1) in tomatoes led to increased calcium
accumulation in the fruit pericarp, but lower calcium levels
in apoplasm and cytosol compartments (de Freitas et al.,
2011). The sCAX1 line showed leakier plasma membranes,
with 100% of fruit demonstrating blossom end rot by 15 days
after pollination (de Freitas et al., 2011), highlighting the
need for targeted approaches to address localized calcium
deficiencies. In addition to the localized decrease in calcium
concentration, rapidly expanding tissue (such as the blossom
end of tomatoes) may further impede normal fruit calcium
distribution due to cellular intrusions causing obstruction or
breakage of xylem vessels (Drazeta et al., 2004; de Freitas
et al., 2012). Apogee-treated fruit showed increased numbers
of functional xylem vessels; the impact of GA on xylem
differentiation and development modifies normal pathways for
calcium distribution (Saure, 2005). Additionally, GA triggers
increased cuticle deposition (Knoche and Peschel, 2007),
potentially modifying fruit water relations and calcium uptake.
All of these factors provide possible linkages between GA
responses and changes in calcium localization leading to blossom
end rot.

Other examples of complications arising from sub-optimal
calcium nutrition occur in apples and melons. Calcium
accumulation in apples is also reduced by progressive breakdown
of xylem connectivity as the result of growth related damage,
potentially increasing occurrence of bitter pit disorder (Drazeta
et al., 2004). In contrast, dye studies in post-veraison grapes
indicate that the xylem not only remains relatively intact, but
also continues to develop and mature (Chatelet et al., 2008).
Application of exogenous calcium has also been proposed as
a way to increase apple sugar content and post-harvest shelf
life. However, the relationship between calcium and sugar
accumulation is complex and many factors appear to affect the
effectiveness of this strategy including soil calcium availability,
timing of spray/application, apple variety, tree calcium status

and in planta interactions with other ions (e.g., boron; Lu et al.,
2013). Levels of apple tree shading also have a complex effect,
with conflicting reports as to whether apple calcium uptake is
increased or decreased with shading (Chen et al., 1997; de Freitas
et al., 2013). Melons suffer from a water-soaking condition that
has been linked to apoplasmic calcium deficiency where it has
been hypothesized that depletion of apoplasmic calcium supply
can lead to insufficient pectin crosslinks in the middle lamella
of the mesocarp, resulting in water-soaked tissue (Madrid et al.,
2004; Nishizawa et al., 2004).

FUTURE PERSPECTIVES

Whilst advances in the understanding of water relations in the
fruit vasculature are being made, interactions between water and
specific extracellular domains are still largely uncharacterised.
This review has discussed much of the existing literature
that explores the interplay between cell wall composition,
calcium binding, and water movement through plants. The
observed diversity of ripening patterns demonstrates that, even
within a species, inferences from these studies should be made
with caution when looking at different species, varieties, or
conditions.

Target areas for further research

How do calcium-pectin interactions affect water movement through fruit xylem
vasculature? Are there critical ‘control points’ in the apoplasm that contribute
to fruit water or nutrient deficiencies?

How does the developmental switch from phloem to xylem unloading of solutes
affect apoplastic calcium levels, cell wall properties and membrane integrity?

How can our knowledge of calcium delivery, calcium-pectin binding conditions,
and calcium signaling pathways during ripening be utilized to address calcium
deficiency disorders and improve pathogen resistance?

The relative contributions of xylem and phloem to fruit water
influx (or loss) are still a subject of contention. Studies of phloem
flows and sap composition are notoriously difficult due to the
fine and fragile nature of the compartment. Structural changes,
the influence of ionic interactions, and osmotic effects within
the xylem also make it a complex and dynamic compartment.
It is hoped that a more holistic approach which incorporates
not only measures of bulk tissue water balance and molecular
mechanisms, but also knowledge of osmotic effects, changes in
calcium distribution, pectin gels, and diffusion barriers, will help
understand some of the idiosyncrasies of fruit water relations
during ripening.

Further studies of calcium distribution in the cell wall
and xylem vessels would increase our comprehension of the
interactions between calcium nutrition, cell wall processes,
and berry water relations. Techniques utilizing fluorescent
and luminescent chemical or genetic indicators (e.g., Fluo-
4, aequorin, CaR-GECO1 and pHlourin) could be used
for quantifying calcium and pH differences (and treatment
responses) across different fruit cell types. These techniques
have already been applied in other plant tissues (e.g., pollen
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tubes) to characterize the role of transport and signaling pathway
components (e.g., CDPKs; Michard et al., 2008). Application
of microscopy techniques for mapping ion concentrations and
histochemical localization of cell wall component modifications
throughout fruit ripening would also be beneficial. Particularly,
combining calcium localization at a sub-cellular level using
X-ray microanalysis, or equivalent techniques, with localization
of esterified and de-esterified pectins using antibody probes
could describe patterns of calcium movement and accumulation
in fruit as well as identifying the location of calcium-pectin
binding and gel formation (Conn et al., 2011). These results
could be correlated with physical properties of fruit (e.g.,
fruit firmness, elasticity, and skin strength) determined by
standard and high throughput methodologies on materials
testing devices. This type of approach would bridge the
gap between understanding of molecular mechanisms of
ion transport and cell wall modification, and observations
of fruit physiology impacts on harvest and post-harvest
traits.

As the molecular mechanisms of calcium and water transport
across cellular membranes are elucidated, and more RNA
expression studies in particular fruit and cell types become
available (e.g., Fasoli et al., 2012; Sato et al., 2012; Karlova
et al., 2014; Palumbo et al., 2014), understanding of the
influence of molecular mechanisms on pathways of water and
calcium distribution will be improved. Additionally, these studies
would help to describe the expression of genes involved in
the developmental and stress-induced changes to cell wall
composition and modification. This includes elucidation of
transcription factor controls, pathogen responses through OGA
release from the cell wall and binding by WAKs. The transduction
of hormonal signals through calcium dependent kinase networks
is also gaining more attention; translation of the functions of
these networks in fruit will be an important future development.

With this data in hand, a more informed comprehension of the
relationships between different components of these pathways
will be established.

Although many of the individual roles of calcium in fruit
are now being demonstrated, the effect of changes in calcium
nutrition on fruit development, susceptibility to pathogens
and calcium-related disorders is still lacking. The importance
of calcium nutrition in determining susceptibility to major
horticultural disorders has been established. However, the
amelioration of these disorders and improvement in pathogen
resistance through calcium fertilization does not deliver reliable
results. Further studies that modify calcium nutrition without
affecting other ionic interactions may improve the understanding
of optimum plant calcium nutrition and enable better strategies
for avoiding fruit physiological disorders and improving fruit
physical traits at harvest.

AUTHOR CONTRIBUTIONS

BH wrote the majority of the manuscript with input from MG.
MG, ST, and RB supervised BH’s Ph.D. from where this review
originated. All authors edited and commented on the manuscript.

ACKNOWLEDGMENTS

We would like to thank the University of Adelaide for
supporting the Ph.D. research by BH, which produced this
review. This research was conducted in the Australian Research
Council funded Centre of Excellence in Plant Energy Biology
(CE140100008) and Centre of Excellence in Plant Cell Wells
(CE110001007); MG is supported by an ARC Future Fellowship
(FT130100709).

REFERENCES
Allen, G. J., Chu, S. P., Harrington, C. L., Schumacher, K., Hoffman, T.,

Tang, Y. Y., et al. (2001). A defined range of guard cell calcium oscillation
parameters encodes stomatal movements. Nature 411, 1053–1057. doi: 10.1038/
35082575

Allen, G. J., Kuchitsu, K., Chu, S. P., Murata, Y., and Schroeder, J. I. (1999).
Arabidopsis abi1-1 and abi2-1 phosphatase mutations reduce abscisic acid-
induced cytoplasmic calcium rises in guard cells. Plant Cell 11, 1785–1798.
doi: 10.2307/3871054

Alleva, K., Niemietz, C. M., Maurel, C., Parisi, M., Tyerman, S. D., and Amodeo, G.
(2006). Plasma membrane of Beta vulgaris storage root shows high water
channel activity regulated by cytoplasmic pH and a dual range of calcium
concentrations. J. Exp. Bot. 57, 609–621. doi: 10.1093/jxb/erj046

Asselbergh, B., Curvers, K., Franca, S. C., Audenaert, K., Vuylsteke, M., Van
Breusegem, F., et al. (2007). Resistance to Botrytis cinerea in sitiens, an abscisic
acid-deficient tomato mutant, involves timely production of hydrogen peroxide
and cell wall modifications in the epidermis. Plant Physiol. 144, 1863–1877.
doi: 10.1104/pp.107.099226

Bangerth, F. (1976). A role for auxin and auxin transport inhibitors on the Ca
content of artificially induced parthenocarpic fruits. Physiol. Plant. 37,191–194.
doi: 10.1111/j.1399-3054.1976.tb03956.x

Barnavon, L., Doco, T., Terrier, N., Ageorges, A., Romieu, C., and Pellerin, P.
(2001). Involvement of pectin methyl-esterase during the ripening of grape
berries: partial cDNA isolation, transcript expression and changes in the

degree of methyl-esterification of cell wall pectins. Phytochemistry 58, 693–701.
doi: 10.1016/S0031-9422(01)00274-6

Becker, T., and Knoche, M. (2011). Water movement through the surfaces
of the grape berry and its stem. Am. J. Enol. Vitic. 62, 340–350.
doi: 10.5344/ajev.2011.10056

Becker, T., and Knoche, M. (2012). Deposition, strain, and microcracking of the
cuticle in developing ‘Riesling’ grape berries. Vitis 51, 1–6.

Boettcher, C., Harvey, K., Forde, C. G., Boss, P. K., and Davies, C. (2011). Auxin
treatment of pre-veraison grape (Vitis vinifera L.) berries both delays ripening
and increases the synchronicity of sugar accumulation. Aust. J. Grape Wine Res.
17, 1–8. doi: 10.1111/j.1755-0238.2010.00110.x

Brown, M. M., and Ho, L. C. (1993). Factors affecting calcium-transport and
basipetal IAA movement in tomato fruit in relation to blossom-end rot. J. Exp.
Bot. 44, 1111–1117. doi: 10.1093/jxb/44.7.1111

Brummell, D. A. (2006). Cell wall disassembly in ripening fruit. Funct. Plant Biol.
33, 103–119. doi: 10.1071/FP05234

Brummell, D. A., Harpster, M. H., Civello, P. M., Palys, J. M., Bennett, A. B., and
Dunsmuir, P. (1999). Modification of expansin protein abundance in tomato
fruit alters softening and cell wall polymer metabolism during ripening. Plant
Cell 11, 2203–2216. doi: 10.1105/tpc.11.11.2203

Burton, R. A., Gidley, M. J., and Fincher, G. B. (2010). Heterogeneity in the
chemistry, structure and function of plant cell walls. Nat. Chem. Biol. 6,
724–732. doi: 10.1038/nchembio.439

Cabanne, C., and Doneche, B. (2001). Changes in polygalacturonase activity and
calcium content during ripening of grape berries.Am. J. Enol. Vitic. 52, 331–335.

Frontiers in Plant Science | www.frontiersin.org April 2016 | Volume 7 | Article 569 | 61

http://www.frontiersin.org/Plant_Science/
http://www.frontiersin.org/
http://www.frontiersin.org/Plant_Science/archive


fpls-07-00569 April 27, 2016 Time: 13:27 # 14

Hocking et al. Fruit Calcium: Transport and Physiology

Cakir, B., Agasse, A., Gaillard, C., Saumonneau, A., Delrot, S., and Atanassova, R.
(2003). A grape ASR protein involved in sugar and abscisic acid signaling. Plant
Cell 15, 2165–2180. doi: 10.1105/tpc.013854

Caravia, L., Collins, C., and Tyerman, S. D. (2015). Electrical impedance of Shiraz
berries correlates with decreasing cell vitality during ripening. Aust. J. Grape
Wine Res. 21, 430–438. doi: 10.1111/ajgw.12157

Castellarin, S. D., Gambetta, G. A., Wada, H., Shackel, K. A., and Matthews, M. A.
(2011). Fruit ripening in Vitis vinifera: spatiotemporal relationships among
turgor, sugar accumulation, and anthocyanin biosynthesis. J. Exp. Bot. 62,
4345–4354. doi: 10.1093/jxb/err150

Chardonnet, C., and Doneche, B. (1995). Relation between calcium content and
resistance to enzymatic digestion of the skin during grape ripening. Vitis 34,
95–98.

Chardonnet, C., Lhyvernay, A., and Doneche, B. (1997). Effect of calcium treatment
prior to Botrytis cinerea infection on the changes in pectic composition of grape
berry. Physiol. Mol. Plant Pathol. 50, 213–218. doi: 10.1006/pmpp.1996.0075

Chardonnet, C. O., Sams, C. E., Trigiano, R. N., and Conway, W. S.
(2000). Variability of three isolates of Botrytis cinerea affects the
inhibitory effects of calcium on this fungus. Phytopathology 90, 769–774.
doi: 10.1094/PHYTO.2000.90.7.769

Chatelet, D. S., Rost, T. L., Shackel, K. A., and Matthews, M. A. (2008). The
peripheral xylem of grapevine (Vitis vinifera). 1. Structural integrity in post-
veraison berries. J. Exp. Bot. 59, 1987–1996. doi: 10.1093/jxb/ern060

Chen, K., Hu, G. Q., and Lenz, F. (1997). Training and shading effects on vegetative
and reproductive growth and fruit quality of apple. Gartenbauwissenschaf 62,
207–213.

Choat, B., Gambetta, G. A., Shackel, K. A., and Matthews, M. A. (2009). Vascular
function in grape berries across development and its relevance to apparent
hydraulic isolation. Plant Physiol. 151, 1677–1687. doi: 10.1104/pp.109.143172

Cholewa, E., and Peterson, C. A. (2004). Evidence for symplastic involvement in
the radial movement of calcium in onion roots. Plant Physiol. 134, 1793–1802.
doi: 10.1104/pp.103.035287

Clearwater, M. J., Luo, Z. W., Ong, S. E. C., Blattmann, P., and Thorp, T. G. (2012).
Vascular functioning and the water balance of ripening kiwifruit (Actinidia
chinensis) berries. J. Exp. Bot. 63, 1835–1847. doi: 10.1093/jxb/err352

Conn, S., and Gilliham, M. (2010). Comparative physiology of elemental
distributions in plants. Ann. Bot. 105, 1081–1102. doi: 10.1093/aob/mcq027

Conn, S. J., Berninger, P., Broadley, M. R., and Gilliham, M. (2012). Exploiting
natural variation to uncover candidate genes that control element accumulation
in Arabidopsis thaliana. New Phytol. 193, 859–866. doi: 10.1111/j.1469-
8137.2011.03977.x

Conn, S. J., Gilliham, M., Athman, A., Schreiber, A. W., Baumann, U., Moller, I.,
et al. (2011). Cell-specific vacuolar calcium storage mediated by CAX1 regulates
apoplastic calcium concentration, gas exchange, and plant productivity in
Arabidopsis. Plant Cell 23, 240–257. doi: 10.1105/tpc.109.072769

Coolong, T., Mishra, S., Barickman, C., and Sams, C. (2014). Impact
of supplemental calcium chloride on yield, quality, nutrient status,
and postharvest attributes of tomato. J. Plant Nutr. 37, 2316–2330.
doi: 10.1080/01904167.2014.890222

Cramer, G., Urano, K., Delrot, S., Pezzotti, M., and Shinozaki, K. (2011). Effects of
abiotic stress on plants: a systems biology perspective. BMC Plant Biol. 11:163
doi: 10.1186/1471-2229-11-163

Curvers, K., Seifi, H., Mouille, G., De Rycke, R., Asselbergh, B., Van Hecke, A.,
et al. (2010). Abscisic acid deficiency causes changes in cuticle permeability and
pectin composition that influence tomato resistance to Botrytis cinerea. Plant
Physiol. 154, 847–860. doi: 10.1104/pp.110.158972

Cybulska, J., Zdunek, A., and Konstankiewicz, K. (2011). Calcium effect on
mechanical properties of model cell walls and apple tissue. J. Food Eng. 102,
217–223. doi: 10.1016/j.jfoodeng.2010.08.019

Dal Santo, S., Vannozzi, A., Tornielli, G. B., Fasoli, M., Venturini, L., Pezzotti, M.,
et al. (2013). Genome-wide analysis of the expansin gene superfamily
reveals grapevine-specific structural and functional characteristics. PLoS ONE
8:e62206. doi: 10.1371/journal.pone.0062206

Dayod, M., Tyerman, S. D., Leigh, R. A., and Gilliham, M. (2010). Calcium storage
in plants and the implications for calcium biofortification. Protoplasma 247,
215–231. doi: 10.1007/s00709-010-0182-0

de Freitas, S. T., Do Amarante, C. V. T., Dandekar, A. M., and Mitcham,
E. J. (2013). Shading affects flesh calcium uptake and concentration, bitter

pit incidence and other fruit traits in “Greensleeves” apple. Sci. Hortic. 161,
266–272. doi: 10.1016/j.scienta.2013.07.019

de Freitas, S. T., Jiang, C. Z., and Mitcham, E. J. (2012). Mechanisms involved
in calcium deficiency development in tomato fruit in response to gibberellins.
J. Plant Growth Regul. 31, 221–234. doi: 10.1007/s00344-011-9233-9

de Freitas, S. T., Mcelrone, A. J., Shackel, K. A., and Mitcham, E. J. (2014). Calcium
partitioning and allocation and blossom-end rot development in tomato plants
in response to whole-plant and fruit-specific abscisic acid treatments. J. Exp.
Bot. 65, 235–247. doi: 10.1093/jxb/ert364

de Freitas, S. T., and Mitcham, E. J. (2012). “Factors involved in fruit calcium
deficiency disorders,” in Horticultural Reviews. (New York, NY: John Wiley &
Sons, Inc.), 107–146.

de Freitas, S. T., Padda, M., Wu, Q. Y., Park, S., and Mitcham, E. J.
(2011). Dynamic alternations in cellular and molecular components during
blossom-end rot development in tomatoes expressing sCAX1, a constitutively
active Ca2+/H+ antiporter from Arabidopsis. Plant Physiol. 156, 844–855.
doi: 10.1104/pp.111.175208

Decreux, A., and Messiaen, J. (2005). Wall-associated kinase WAK1 interacts with
cell wall pectins in a calcium-induced conformation. Plant Cell Physiol. 46,
268–278. doi: 10.1093/pcp/pci026

Deluc, L. G., Quilici, D. R., Decendit, A., Grimplet, J., Wheatley, M. D., Schlauch,
K. A., et al. (2009). Water deficit alters differentially metabolic pathways
affecting important flavor and quality traits in grape berries of Cabernet
Sauvignon and Chardonnay. BMC Genom. 10:212. doi: 10.1186/1471-2164-
10-212

Deytieux, C., Geny, L., and Doneche, B. (2005). “Relation between hormonal
balance and polygalacturonase activity in grape berry,” in Proceedings of the
5th International Postharvest Symposium, Vol. 1–3, eds F. Mencarelli and
P. Tonutti (Leuven 1: International Society Horticultural Science), 163–170.
doi: 10.17660/actahortic.2005.682.15

Deytieux-Belleau, C., Vallet, A., Doneche, B., and Geny, L. (2008). Pectin
methylesterase and polygalacturonase in the developing grape skin. Plant
Physiol. Biochem. 46, 638–646. doi: 10.1016/j.plaphy.2008.04.008

Dodd, A. N., Kudla, J., and Sanders, D. (2010). The language of calcium signalling.
Annu. Rev. Plant Biol. 61, 593–620. doi: 10.1146/annurev-arplant-070109-
104628

Dominguez, E., Lopez-Casado, G., Cuartero, J., and Heredia, A. (2008).
Development of fruit cuticle in cherry tomato (Solanum lycopersicum). Funct.
Plant Biol. 35, 403–411. doi: 10.1071/FP08018

Drazeta, L., Lang, A., Hall, A. J., Volz, R. K., and Jameson, P. E. (2004). Causes and
effects of changes in xylem functionality in apple fruit. Ann. Bot. 93, 275–282.
doi: 10.1093/aob/mch040

Espana, L., Heredia-Guerrero, J. A., Segado, P., Benitez, J. J., Heredia, A., and
Dominguez, E. (2014). Biomechanical properties of the tomato (Solanum
lycopersicum) fruit cuticle during development are modulated by changes
in the relative amounts of its components. New Phytol. 202, 790–802.
doi: 10.1111/nph.12727

Evans, D. E., Briars, S. A., and Williams, L. E. (1991). Active calcium-transport by
plant-cell membranes. J. Exp. Bot. 42, 285–303. doi: 10.1093/jxb/42.3.285

Fasoli, M., Dal Santo, S., Zenoni, S., Tornielli, G. B., Farina, L., Zamboni, A.,
et al. (2012). The grapevine expression atlas reveals a deep transcriptome shift
driving the entire plant into a maturation program. Plant Cell 24, 3489–3505.
doi: 10.1105/tpc.112.100230

Felle, H. H., Hanstein, S., Steinmeyer, R., and Hedrich, R. (2000). Dynamics of ionic
activities in the apoplast of the sub-stomatal cavity of intact Vicia faba leaves
during stomatal closure evoked by ABA and darkness. Plant J. 24, 297–304.
doi: 10.1046/j.1365-313x.2000.00878.x

Ferguson, I. B. (1984). Calcium in plant senescence and fruit ripening. Plant Cell
Environ. 7, 477–489. doi: 10.1111/j.1365-3040.1984.tb01438.x

Fortes, A. M., Teixeira, R. T., and Agudelo-Romero, P. (2015). Complex interplay
of hormonal signals during grape berry ripening. Molecules 20, 9326–9343.
doi: 10.3390/molecules20059326

Fozard, J. A., King, J. R., and Bennett, M. J. (2013). Modelling auxin
efflux carrier phosphorylation and localization. J. Theoret. Biol. 319, 34–49.
doi: 10.1016/j.jtbi.2012.11.011

Franceschi, V. R., and Nakata, P. A. (2005). Calcium oxalate in
plants: formation and function. Annu. Rev. Plant Biol. 56, 41–71.
doi: 10.1146/annurev.arplant.56.032604.144106

Frontiers in Plant Science | www.frontiersin.org April 2016 | Volume 7 | Article 569 | 62

http://www.frontiersin.org/Plant_Science/
http://www.frontiersin.org/
http://www.frontiersin.org/Plant_Science/archive


fpls-07-00569 April 27, 2016 Time: 13:27 # 15

Hocking et al. Fruit Calcium: Transport and Physiology

Fritz, E. (2007). Measurement of cation exchange capacity (CEC) of plant cell
walls by X-ray microanalysis (EDX) in the transmission electron microscope.
Microsc. Microanal. 13, 233–244. doi: 10.1017/S1431927607070420

Fuentes, S., Ljung, K., Sorefan, K., Alvey, E., Harberd, N. P., and Ostergaard, L.
(2012). Fruit growth in Arabidopsis occurs via DELLA-dependent and
DELLA-independent gibberellin responses. Plant Cell 24, 3982–3996.
doi: 10.1105/tpc.112.103192

Fuentes, S., Sullivan, W., Tilbrook, J., and Tyerman, S. (2010). A novel analysis of
grapevine berry tissue demonstrates a variety-dependent correlation between
tissue vitality and berry shrivel. Aust. J. Grape Wine Res. 16, 327–336.
doi: 10.1111/j.1755-0238.2010.00095.x

Gambetta, G. A., Matthews, M. A., Shaghasi, T. H., Mcelrone, A. J., and Castellarin,
S. D. (2010). Sugar and abscisic acid signaling orthologs are activated at the
onset of ripening in grape. Planta 232, 219–234. doi: 10.1007/s00425-010-
1165-2

Gendre, D., Mcfarlane, H. E., Johnson, E., Mouille, G., Sjodin, A., Oh, J., et al.
(2013). Trans-Golgi network localized ECHIDNA/Ypt interacting protein
complex is required for the secretion of cell wall polysaccharides in Arabidopsis.
Plant Cell 25, 2633–2646. doi: 10.1105/tpc.113.112482

Gilliham, M., Athman, A., Tyerman, S. D., and Conn, S. J. (2011a). Cell-specific
compartmentation of mineral nutrients is an essential mechanism for optimal
plant productivity–another role for TPC1? Plant Signal. Behav. 6, 1656–1661.
doi: 10.4161/psb.6.11.17797

Gilliham, M., Dayod, M., Hocking, B. J., Xu, B., Conn, S. J., Kaiser, B. N., et al.
(2011b). Calcium delivery and storage in plant leaves: exploring the link with
water flow. J. Exp. Bot. 62, 2233–2250. doi: 10.1093/jxb/err111

Greenspan, M. D., Shackel, K. A., and Matthews, M. A. (1994). Developmental-
changes in the diurnal water-budget of the grape berry exposed to water
deficits. Plant Cell Environ. 17, 811–820. doi: 10.1111/j.1365-3040.1994.tb00
175.x

Grignon, C., and Sentenac, H. (1991). pH and ionic conditions in the apoplast.Ann.
Rev. Plant Physiol. 42, 103–128. doi: 10.1146/annurev.pp.42.060191.000535

Han, S. C., Tang, R. H., Anderson, L. K., Woerner, T. E., and Pei, Z. M. (2003). A cell
surface receptor mediates extracellular Ca2+ sensing in guard cells. Nature 425,
196–200. doi: 10.1038/nature01932

Hayes, M. A., Davies, C., and Dry, I. B. (2007). Isolation, functional
characterization, and expression analysis of grapevine (Vitis vinifera L.) hexose
transporters: differential roles in sink and source tissues. J. Exp. Bot. 58,
1985–1997. doi: 10.1093/jxb/erm061

Hayes, M. A., Feechan, A., and Dry, I. B. (2010). Involvement of abscisic acid in the
coordinated regulation of a stress-inducible hexose transporter (VvHT5) and a
cell wall invertase in grapevine in response to biotrophic fungal infection. Plant
Physiol. 153, 211–221. doi: 10.1104/pp.110.154765

Henderson, S. H., and Gilliham, M. (2015). “Cell-type specific molecular
mechanisms of plant adaptation to abiotic stresses,” in Mechanisms in Plant
Adaptation, ed. R. Laitinen (London: Wiley Blackwell).

Hepler, P. K., and Winship, L. J. (2010). Calcium at the cell wall-cytoplast interface.
J. Integr. Plant Biol. 52, 147–160. doi: 10.1111/j.1744-7909.2010.00923.x

Ho, L. C., Belda, R., Brown, M., Andrews, J., and Adams, P. (1993). Uptake and
transport of calcium and the possible causes of blossom-end rot in tomato.
J. Exp. Bot. 44, 509–518. doi: 10.1093/jxb/44.2.509

Ho, L. C., and White, P. J. (2005). A cellular hypothesis for the
induction of blossom-end rot in tomato fruit. Ann. Bot. 95, 571–581.
doi: 10.1093/aob/mci065

Hocking, P. J. (1980). The composition of phloem exudate and xylem sap from tree
tobacco (Nicotiana glauca Grah.). Ann. Bot. 45, 633–643.

Hoson, T. (1998). Apoplast as the site of response to environmental signals. J. Plant
Res. 111, 167–177. doi: 10.1007/BF02507163

Jiang, L. X., Yang, S. L., Xie, L. F., Puah, C. S., Zhang, X. Q., Yang, W. C., et al.
(2005). VANGUARD1 encodes a pectin methylesterase that enhances pollen
tube growth in the Arabidopsis style and transmitting tract. Plant Cell 17,
584–596. doi: 10.1105/tpc.104.027631

Johnson, C. H., Knight, M. R., Kondo, T., Masson, P., Sedbrook, J., Haley, A.,
et al. (1995). Circadian oscillations of cytosolic and chloroplastic free calcium
in plants. Science 269, 1863–1865. doi: 10.1126/science.7569925

Johnson, C. H., Shingles, R., and Ettinger, W. (2006). “Regulation and role of
calcium fluxes in the chloroplast,” in The Structure and Function of Plastids, eds
R. Wise and J. Hoober. (Dordrecht: Springer), 403–416.

Karlova, R., Chapman, N., David, K., Angenent, G. C., Seymour, G. B., and De
Maagd, R. A. (2014). Transcriptional control of fleshy fruit development and
ripening. J. Exp. Bot. 65, 4527–4541. doi: 10.1093/jxb/eru316

Keller, M., and Shrestha, P. M. (2014). Solute accumulation differs in the
vacuoles and apoplast of ripening grape berries. Planta 239, 633–642.
doi: 10.1007/s00425-013-2004-z

Keller, M., Zhang, Y., Shrestha, P. M., Biondi, M., and Bondada, B. R. (2015). Sugar
demand of ripening grape berries leads to recycling of surplus phloem water via
the xylem. Plant Cell Environ. 38, 1048–1059. doi: 10.1111/pce.12465

Kidman, C. M., Dry, P. R., Mccarthy, M. G., and Collins, C. (2014). Effect of
rootstock on nutrition, pollination and fertilisation in ‘Shiraz’ (Vitis vinifera L.).
Vitis 53, 139–145.

Kiegle, E., Moore, C. A., Haseloff, J., Tester, M. A., and Knight, M. R. (2000). Cell-
type-specific calcium responses to drought, salt and cold in theArabidopsis root.
Plant J. 23, 267–278. doi: 10.1046/j.1365-313x.2000.00786.x

Kim, K. N., Cheong, Y. H., Grant, J. J., Pandey, G. K., and Luan, S. (2003).
CIPK3, a calcium sensor-associated protein kinase that regulates abscisic
acid and cold signal transduction in Arabidopsis. Plant Cell 15, 411–423.
doi: 10.1105/tpc.006858

Knipfer, T., Fei, J., Gambetta, G. A., Mcelrone, A. J., Shackel, K. A., and
Matthews, M. A. (2015). Water transport properties of the grape pedicel
during fruit development: insights into xylem anatomy and function using
microtomography. Plant Physiol. 168, 1590–1602. doi: 10.1104/pp.15.00031

Knoche, M., and Peschel, S. (2007). Gibberellins increase cuticle deposition in
developing tomato fruit. Plant Growth Regul. 51, 1–10. doi: 10.1007/s10725-
006-9107-5

Kohorn, B. D., and Kohorn, S. L. (2012). The cell wall-associated kinases,WAKs, as
pectin receptors. Front. Plant Sci. 3:88. doi: 10.3389/fpls.2012.00088.

Konrad, K. R., Wudick, M. M., and Feijo, J. A. (2011). Calcium regulation of tip
growth: new genes for old mechanisms. Curr. Opin. Plant Biol. 14, 721–730.
doi: 10.1016/j.pbi.2011.09.005

Krasnow, M., Matthews, M., and Shackel, K. (2008). Evidence for substantial
maintenance of membrane integrity and cell viability in normally developing
grape (Vitis vinifera L.) berries throughout development. J. Exp. Bot. 59,
849–859. doi: 10.1093/jxb/erm372

Kudla, J., Batistic, O., and Hashimoto, K. (2010). Calcium signals: the
lead currency of plant information processing. Plant Cell 22, 541–563.
doi: 10.1105/tpc.109.072686

Kumar, R., Khurana, A., and Sharma, A. K. (2014). Role of plant hormones and
their interplay in development and ripening of fleshy fruits. J. Exp. Bot. 65,
4561–4575. doi: 10.1093/jxb/eru277

Lacampagne, S., Lambert, C., Belleau-Deytieux, C., L’Hyvernay, A., Doneche, B.,
and Geny, L. (2010). “Expression, activity and cellular localization of pectin
methylesterase in grape berry skin during ripening,” in Proceedings of the Vi
International Postharvest Symposium, eds M. Erkan and U. Aksoy (Leuven 1: Int
Soc Horticultural Science), 1057–1062. doi: 10.17660/actahortic.2010.877.143

Lang, A., and Thorpe, M. R. (1989). Xylem, phloem and transpiration flows in
a grape - application of a technique for measuring the volume of attached
fruits to high-resolution using Archimedes principle. J. Exp. Bot. 40, 1069–1078.
doi: 10.1093/jxb/40.10.1069

Lee, K. J. D., Marcus, S. E., and Knox, J. P. (2011). Cell wall biology:
perspectives from cell wall imaging. Mol. Plant 4, 212–219. doi: 10.1093/mp/
ssq075

Leng, P., Yuan, B., and Guo, Y. (2014). The role of abscisic acid in fruit ripening and
responses to abiotic stress. J. Exp. Bot. 65, 4577–4588. doi: 10.1093/jxb/eru204

Leung, J., Bouvierdurand, M., Morris, P. C., Guerrier, D., Chefdor, F.,
and Giraudat, J. (1994). Arabidopsis ABA response gene ABI1 - features
of a calcium-modulated protein phosphatase. Science 264, 1448–1452.
doi: 10.1126/science.7910981

Lu, Y. Q., Liu, H. P., Wang, Y., Zhang, X. Z., and Han, Z. H. (2013). Synergistic
roles of leaf boron and calcium during the growing season in affecting sugar and
starch accumulation in ripening apple fruit. Acta Physiol. Plant. 35, 2483–2492.
doi: 10.1007/s11738-013-1283-0

Madrid, R., Valverde, M., Alcolea, V., and Romojaro, F. (2004). Influence of
calcium nutrition on water soaking disorder during ripening of Cantaloupe
melon. Sci. Hortic. 101, 69–79. doi: 10.1016/j.scienta.2003.10.005

Manganaris, G. A., Vasilakakis, M., Mignani, I., Diamantidis, G., and Tzavella-
Klonari, K. (2005). The effect of preharvest calcium sprays on quality attributes,

Frontiers in Plant Science | www.frontiersin.org April 2016 | Volume 7 | Article 569 | 63

http://www.frontiersin.org/Plant_Science/
http://www.frontiersin.org/
http://www.frontiersin.org/Plant_Science/archive


fpls-07-00569 April 27, 2016 Time: 13:27 # 16

Hocking et al. Fruit Calcium: Transport and Physiology

physicochemical aspects of cell wall components and susceptibility to brown
rot of peach fruits (Prunus persica L. cv. Andross). Sci. Hortic. 107, 43–50.
doi: 10.1016/j.scienta.2005.06.005

Marti, M. C., Stancombe, M. A., and Webb, A. A. R. (2013). Cell- and stimulus
type-specific intracellular free Ca2+ signals in Arabidopsis. Plant Physiol. 163,
625–634. doi: 10.1104/pp.113.222901

Martin, L. B. B., and Rose, J. K. C. (2014). There’s more than one way to skin
a fruit: formation and functions of fruit cuticles. J. Exp. Bot. 65, 4639–4651.
doi: 10.1093/jxb/eru301

Marzouk, H. A., and Kassem, H. A. (2011). Improving yield, quality, and shelf life of
Thompson seedless grapevine by preharvest foliar applications. Sci. Hortic.130,
425–430. doi: 10.1016/j.scienta.2011.07.013

Matthews, M. A., Thomas, T. R., and Shackel, K. A. (2009). Fruit ripening in Vitis
vinifera L.: possible relation of veraison to turgor and berry softening. Aust. J.
Grape Wine Res. 15, 278–283. doi: 10.1111/j.1755-0238.2009.00060.x

Mazzeo, M., Dichio, B., Clearwater, M. J., Montanaro, G., and Xiloyannis, C.
(2013). Hydraulic resistance of developing Actinidia fruit. Ann. Bot. 112,
197–205. doi: 10.1093/aob/mct101

McAinsh, M. R., and Pittman, J. K. (2009). Shaping the calcium signature. New
Phytol. 181, 275–294. doi: 10.1111/j.1469-8137.2008.02682.x

McAtee, P., Karim, S., Schaffer, R., and David, K. (2013). A dynamic interplay
between phytohormones is required for fruit development, maturation, and
ripening. Front. Plant Sci. 4:79. doi: 10.3389/fpls.2013.00079.

Michard, E., Dias, P., and Feijo, J. A. (2008). Tobacco pollen tubes as cellular
models for ion dynamics: improved spatial and temporal resolution of
extracellular flux and free cytosolic concentration of calcium and protons
using pHluorin and YC3.1 CaMeleon. Sex. Plant Reprod. 21, 169–181. doi:
10.1007/s00497-008-0076-x

Mohnen, D. (2008). Pectin structure and biosynthesis. Curr. Opin. Plant Biol. 11,
266–277. doi: 10.1016/j.pbi.2008.03.006

Montanaro, G., Dichio, B., Lang, A., Mininni, A. N., Nuzzo, V., Clearwater, M. J.,
et al. (2014). Internal versus external control of calcium nutrition in kiwifruit.
J. Plant Nutr. Soil Sci. 177, 819–830. doi: 10.1002/jpln.201400396

Montanaro, G., Dichio, B., Lang, A., Mininni, A. N., and Xiloyannis, C. (2015).
Fruit calcium accumulation coupled and uncoupled from its transpiration in
kiwifruit. J. Plant Physiol. 181, 67–74. doi: 10.1016/j.jplph.2015.04.004

Montanaro, G., Dichio, B., Xiloyannis, C. (2012a). “Fruit transpiration:
mechanisms and significance for fruit nutrition and growth,” in Advances in
Selected Plant Physiology Aspects, ed. G Montanaro (Rijeka: Intech),

Montanaro, G., Dichio, B., Xiloyannis, C., and Lang, A. (2012b). Fruit
transpirationin kiwifruit: environmental drivers and predictive model. AoB
Plants 6, pls036. doi: 10.1093/aobpla/pls036

Montanaro, G., Treutter, D., and Xiloyannis, C. (2007). Phenolic
compounds in young developing kiwifruit in relation to light exposure:
implications for fruit calcium accumulation. J. Plant Interact. 2, 63–69.
doi: 10.1080/17429140701429228

Nawrath, C., Schreiber, L., Franke, R. B., Geldner, N., Reina-Pinto, J. J., and
Kunst, L. (2013). Apoplastic diffusion barriers in Arabidopsis. Arabidopsis Book
11, e0167. doi: 10.1199/tab.0167

Ngouemazong, D. E., Jolei, R. P., Cardinaels, R., Fraeye, I., Van Loey, A.,
Moldenaers, P., et al. (2012). Stiffness of Ca2+-pectin gels: combined effects
of degree and pattern of methylesterification for various Ca2+ concentrations.
Carbohydr. Res. 348, 69–76. doi: 10.1016/j.carres.2011.11.011

Nicolas, P., Lecourieux, D., Kappel, C., Cluzet, S., Cramer, G., Delrot, S.,
et al. (2014). The basic leucine zipper transcription factor ABSCISIC ACID
RESPONSE ELEMENT-BINDING FACTOR2 is an important transcriptional
regulator of abscisic acid-dependent grape berry ripening processes. Plant Phys.
164, 365–383. doi: 10.1104/pp.113.231977

Nishizawa, T., Kobayashi, T., and Aikawa, T. (2004). Effect of calcium supply on
the physiology of fruit tissue in ‘Andesu’ netted melon. J. Hortic. Sci. Biotechnol.
79, 500–508. doi: 10.1080/14620316.2004.11511796

Nunan, K. J., Davies, C., Robinson, S. P., and Fincher, G. B. (2001). Expression
patterns of cell wall-modifying enzymes during grape berry development.
Planta 214, 257–264. doi: 10.1007/s004250100609

Nunan, K. J., Sims, I. M., Bacic, A., Robinson, S. P., and Fincher, G. B. (1998).
Changes in cell wall composition during ripening of grape berries. Plant Physiol.
118, 783–792. doi: 10.1104/pp.118.3.783

Ortega-Regules, A., Ros-Garcia, J. M., Bautista-Ortin, A. B., Lopez-Roca, J. M.,
and Gomez-Plaza, E. (2008). Changes in skin cell wall composition during the
maturation of four premium wine grape varieties. J. Sci. Food Agric. 88, 420–428.
doi: 10.1002/jsfa.3102

Osorio, S., Castillejo, C., Quesada, M. A., Medina-Escobar, N., Brownsey,
G. J., Suau, R., et al. (2008). Partial demethylation of oligogalacturonides by
pectin methyl esterase 1 is required for eliciting defence responses in wild
strawberry (Fragaria vesca). Plant J. 54, 43–55. doi: 10.1111/j.1365-313X.2007.
03398.x

Osorio, S., Scossa, F., and Fernie, A. R. (2013). Molecular regulation of fruit
ripening. Front. Plant Sci. 4:198. doi: 10.3389/fpls.2013.00198

Palumbo, M. C., Zenoni, S., Fasoli, M., Massonnet, M., Farina, L., Castiglione, F.,
et al. (2014). Integrated network analysis identifies fight-club nodes as a class of
hubs encompassing key putative switch genes that induce major transcriptome
reprogramming during grapevine development. Plant Cell 26, 4617–4635.
doi: 10.1105/tpc.114.133710

Pan, Q. H., Li, M. J., Peng, C. C., Zhang, N., Zou, X., Zou, K. Q., et al. (2005).
Abscisic acid activates acid invertases in developing grape berry. Physiol. Plant.
125, 157–170. doi: 10.1111/j.1399-3054.2005.00552.x

Pandey, G. K., Cheong, Y. H., Kim, K. N., Grant, J. J., Li, L. G., Hung, W.,
et al. (2004). The calcium sensor calcineurin B-Like 9 modulates abscisic
acid sensitivity and biosynthesis in Arabidopsis. Plant Cell 16, 1912–1924.
doi: 10.1105/tpc.021311

Park, S., Cheng, N. H., Pittman, J. K., Yoo, K. S., Park, J., Smith, R. H.,
et al. (2005). Increased calcium levels and prolonged shelf life in tomatoes
expressing Arabidopsis H+/Ca2+ transporters. Plant Physiol. 139, 1194–1206.
doi: 10.1104/pp.105.066266

Pilati, S., Brazzale, D., Guella, G., Milli, A., Ruberti, C., Biasioli, F., et al. (2014). The
onset of grapevine berry ripening is characterized by ROS accumulation and
lipoxygenase-mediated membrane peroxidation in the skin. BMC Plant Biol.
14:87. doi: 10.1186/1471-2229-14-87

Pitann, B., Schubert, S., and Muehling, K. H. (2009). Decline in leaf growth
under salt stress is due to an inhibition of H+-pumping activity and increase
in apoplastic pH of maize leaves. J. Plant Nutr. Soil Sc. 172, 535–543.
doi: 10.1002/jpln.200800349

Plavcova, L., and Hacke, U. G. (2011). Heterogeneous distribution of
pectin epitopes and calcium in different pit types of four angiosperm
species. New Phytol. 192, 885–897. doi: 10.1111/j.1469-8137.2011.
03842.x

Redgwell, R. J., Macrae, E., Hallett, I., Fischer, M., Perry, J., and Harker, R. (1997).
In vivo and in vitro swelling of cell walls during fruit ripening. Planta 203,
162–173. doi: 10.1007/s004250050178

Rober-Kleber, N., Albrechtova, J. T. P., Fleig, S., Huck, N., Michalke, W.,
Wagner, E., et al. (2003). Plasma membrane H+-ATPase is involved in auxin-
mediated cell elongation during wheat embryo development. Plant Physiol. 131,
1302–1312. doi: 10.1104/pp.013466

Rogiers, S. Y., Greer, D. H., Hatfield, J. M., Orchard, B. A., and Keller, M. (2006a).
Mineral sinks within ripening grape berries (Vitis vinifera L.). Vitis 45, 115–123.

Rogiers, S. Y., Greer, D. H., Hatfield, J. M., Orchard, B. A., and Keller, M. (2006b).
Solute transport into Shiraz berries during development and late-ripening
shrinkage. Am. J. Enol. Vitic. 57, 73–80.

Rogiers, S. Y., Keller, M., Holzapfel, B. P., and Virgona, J. M. (2000). Accumulation
of potassium and calcium by ripening berries on field vines of Vitis vinifera
(L) cv, Shiraz. Aust. J. Grape Wine Res. 6, 240–243. doi: 10.1111/j.1755-
0238.2000.tb00184.x

Rounds, C. M., Lubeck, E., Hepler, P. K., and Winship, L. J. (2011). Propidium
iodide competes with Ca2+ to label pectin in pollen tubes and Arabidopsis root
hairs. Plant Physiol. 157, 175–187. doi: 10.1104/pp.111.182196

Ruan, Y. L., Patrick, J. W., Bouzayen, M., Osorio, S., and Fernie, A. R. (2012).
Molecular regulation of seed and fruit set. Trends Plant Sci. 17, 656–665.
doi: 10.1016/j.tplants.2012.06.005

Saladie, M., Matas, A. J., Isaacson, T., Jenks, M. A., Goodwin, S. M.,
Niklas, K. J., et al. (2007). A reevaluation of the key factors that
influence tomato fruit softening and integrity. Plant Physiol. 144, 1012–1028.
doi: 10.1104/pp.107.097477

Sampedro, J., and Cosgrove, D. J. (2005). The expansin superfamily. Genome Biol.
6. 242. doi: 10.1186/gb-2005-6-12-242

Frontiers in Plant Science | www.frontiersin.org April 2016 | Volume 7 | Article 569 | 64

http://www.frontiersin.org/Plant_Science/
http://www.frontiersin.org/
http://www.frontiersin.org/Plant_Science/archive


fpls-07-00569 April 27, 2016 Time: 13:27 # 17

Hocking et al. Fruit Calcium: Transport and Physiology

Sato, S., Tabata, S., Hirakawa, H., Asamizu, E., Shirasawa, K., Isobe, S., et al. (2012).
The tomato genome sequence provides insights into fleshy fruit evolution.
Nature 485, 635–641. doi: 10.1038/nature11119

Saure, M. C. (2005). Calcium translocation to fleshy fruit: its
mechanism and endogenous control. Scientia Hortic. 105, 65–89.
doi: 10.1016/j.scienta.2004.10.003

Saure, M. C. (2014). Why calcium deficiency is not the cause of blossom-end
rot in tomato and pepper fruit – a reappraisal. Sci. Hortic. 174, 151–154.
doi: 10.1016/j.scienta.2014.05.020

Schlosser, J., Olsson, N., Weis, M., Reid, K., Peng, F., Lund, S., et al. (2008).
Cellular expansion and gene expression in the developing grape (Vitis vinifera
L.). Protoplasma 232, 255–265. doi: 10.1007/s00709-008-0280-9

Seifert, G. J., and Blaukopf, C. (2010). Irritable walls: the plant extracellular matrix
and signaling. Plant Physiol. 153, 467–478. doi: 10.1104/pp.110.153940

Serrani, J. C., Ruiz-Rivero, O., Fos, M., and Garcia-Martinez, J. L. (2008). Auxin-
induced fruit-set in tomato is mediated in part by gibberellins. Plant J. 56,
922–934. doi: 10.1111/j.1365-313X.2008.03654.x

Shabala, S. (2000). Ionic and osmotic components of salt stress specifically
modulate net ion fluxes from bean leaf mesophyll. Plant Cell Environ. 23,
825–837. doi: 10.1046/j.1365-3040.2000.00606.x

Shishova, M., and Lindberg, S. (2010). A new perspective on auxin perception.
J. Plant Physiol. 167, 417–422. doi: 10.1016/j.jplph.2009.12.014

Sun, L., Sun, Y. F., Zhang, M., Wang, L., Ren, J., Cui, M. M., et al. (2012).
Suppression of 9-cis-epoxycarotenoid dioxygenase, which encodes a key
enzyme in abscisic acid biosynthesis, alters fruit texture in transgenic tomato.
Plant Physiol. 158, 283–298. doi: 10.1104/pp.111.186866

Swarbreck, S. M., Colaco, R., and Davies, J. M. (2013). Plant calcium-permeable
channels. Plant Physiol. 163, 514–522. doi: 10.1104/pp.113.220855

Tang, R. H., Han, S. C., Zheng, H. L., Cook, C. W., Choi, C. S., Woerner, T. E., et al.
(2007). Coupling diurnal cytosolic Ca2+ oscillations to the CAS-IP3 pathway
in Arabidopsis. Science 315, 1423–1426. doi: 10.1126/science.1134457

Thomas, T. R., Matthews, M. A., and Shackel, K. A. (2006). Direct in situ
measurement of cell turgor in grape (Vitis vinifera L.) berries during
development and in response to plant water deficits. Plant Cell Environ. 29,
993–1001. doi: 10.1111/j.1365-3040.2006.01496.x

Tibbits, C. W., Macdougall, A. J., and Ring, S. G. (1998). Calcium binding and
swelling behaviour of a high methoxyl pectin gel. Carbohydr. Res. 310, 101–107.
doi: 10.1016/S0008-6215(98)00172-4

Tilbrook, J., and Tyerman, S. D. (2009). Hydraulic connection of grape berries to
the vine: varietal differences in water conductance into and out of berries, and
potential for backflow. Funct. Plant Biol. 36, 541–550. doi: 10.1071/FP09019

Tyerman, S. D., Tilbrook, J., Pardo, C., Kotula, L., Sullivan, W., and Steudle, E.
(2004). Direct measurement of hydraulic properties in developing berries of
Vitis vinifera L. cv Shiraz and Chardonnay.Aust. J. GrapeWine Res. 10, 170–181.
doi: 10.1111/j.1755-0238.2004.tb00020.x

Vallarino, J. G., and Osorio, S. (2012). Signaling role of oligogalacturonides
derived during cell wall degradation. Plant Signal. Behav. 7, 1447–1449.
doi: 10.4161/psb.21779

van Doorn, W. G., Hiemstra, T., and Fanourakis, D. (2011). Hydrogel regulation
of xylem water flow: an alternative hypothesis. Plant Physiol. 157, 1642–1649.
doi: 10.1104/pp.111.185314

Verdoucq, L., Grondin, A., and Maurel, C. (2008). Structure-function analysis of
plant aquaporin AtPIP2;1 gating by divalent cations and protons. Biochem. J.
415, 409–416. doi: 10.1042/BJ20080275

Vorwerk, S., Somerville, S., and Somerville, C. (2004). The role of plant cell wall
polysaccharide composition in disease resistance. Trends Plant Sci. 9, 203–209.
doi: 10.1016/j.tplants.2004.02.005

Wang, L., and Ruan, Y. L. (2013). Regulation of cell division and expansion by
sugar and auxin signaling. Front. Plant Sci. 4:163. doi: 10.3389/fpls.2013.00163

Wang, W. H., Chen, J., Liu, T. W., Chen, J., Han, A. D., Simon, M., et al. (2014).
Regulation of the calcium-sensing receptor in both stomatal movement and
photosynthetic electron transport is crucial for water use efficiency and drought
tolerance in Arabidopsis. J. Exp. Bot. 65, 223–234. doi: 10.1093/jxb/ert362

Wang, W. H., Yi, X. Q., Han, A. D., Liu, T. W., Chen, J., Wu, F. H., et al.
(2012). Calcium-sensing receptor regulates stomatal closure through hydrogen
peroxide and nitric oxide in response to extracellular calcium in Arabidopsis.
J. Exp. Bot. 63, 177–190. doi: 10.1093/jxb/err259

Webb, A. A. R., Larman, M. G., Montgomery, L. T., Taylor, J. E., and Hetherington,
A. M. (2001). The role of calcium in ABA-induced gene expression and stomatal
movements. Plant J. 26, 351–362. doi: 10.1046/j.1365-313X.2001.01032.x

Whalley, H. J., and Knight, M. R. (2013). Calcium signatures are decoded
by plants to give specific gene responses. New Phytol. 197, 690–693.
doi: 10.1111/nph.12087

White, P. J. (2000). Calcium channels in higher plants. BBA-Biomembranes 1465,
171–189. doi: 10.1016/S0005-2736(00)00137-1

White, P. J. (2001). The pathways of calcium movement to the xylem. J. Exp. Bot.
52, 891–899. doi: 10.1093/jexbot/52.358.891

White, P. J., and Broadley, M. R. (2003). Calcium in plants. Ann. Bot. 92, 487–511.
doi: 10.1093/aob/mcg164

Willats, W. G. T., Orfila, C., Limberg, G., Buchholt, H. C., Van Alebeek, G.,
Voragen, A. G. J., et al. (2001). Modulation of the degree and pattern of methyl-
esterification of pectic homogalacturonan in plant cell walls - implications for
pectin methyl esterase action, matrix properties, and cell adhesion. J. Biol.
Chem. 276, 19404–19413. doi: 10.1074/jbc.M011242200

Yu, X. C., Li, M. J., Gao, G. F., Feng, H. Z., Geng, X. Q., Peng, C. C., et al. (2006).
Abscisic acid stimulates a calcium-dependent protein kinase in grape berry.
Plant Physiol. 140, 558–579. doi: 10.1104/pp.105.074971

Zhu, S. Y., Yu, X. C., Wang, X. J., Zhao, R., Li, Y., Fan, R. C., et al.
(2007). Two calcium-dependent protein kinases, CPK4 and CPK11, regulate
abscisic acid signal transduction in Arabidopsis. Plant Cell 19, 3019–3036.
doi: 10.1105/tpc.107.050666

Zsivanovits, G., Macdougall, A. J., Smith, A. C., and Ring, S. G. (2004). Material
properties of concentrated pectin networks. Carbohydr. Res. 339, 1317–1322.
doi: 10.1016/j.carres.2004.02.027

Zwieniecki, M. A., Melcher, P. J., and Holbrook, N. M. (2001). Hydrogel
control of xylem hydraulic resistance in plants. Science 291, 1059–1062.
doi: 10.1126/science.1057175

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2016 Hocking, Tyerman, Burton and Gilliham. This is an open-access
article distributed under the terms of the Creative Commons Attribution License
(CC BY). The use, distribution or reproduction in other forums is permitted, provided
the original author(s) or licensor are credited and that the original publication in this
journal is cited, in accordance with accepted academic practice. No use, distribution
or reproduction is permitted which does not comply with these terms.

Frontiers in Plant Science | www.frontiersin.org April 2016 | Volume 7 | Article 569 | 65

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://www.frontiersin.org/Plant_Science/
http://www.frontiersin.org/
http://www.frontiersin.org/Plant_Science/archive


ORIGINAL RESEARCH
published: 16 February 2016

doi: 10.3389/fpls.2016.00147

Edited by:
Mario Pezzotti,

University of Verona, Italy

Reviewed by:
Claudio Bonghi,

University of Padova, Italy
Athanasios Tsaftaris,

Centre for Research and Technology
Hellas (CE.R.T.H), Greece

*Correspondence:
Caiping Zhao

zhcc@nwsuaf.edu.cn.

Specialty section:
This article was submitted to

Plant Physiology,
a section of the journal

Frontiers in Plant Science

Received: 09 September 2015
Accepted: 28 January 2016

Published: 16 February 2016

Citation:
Li F, Li J, Qian M, Han M, Cao L,

Liu H, Zhang D and Zhao C (2016)
Identification of Peach NAP
Transcription Factor Genes

and Characterization of their
Expression in Vegetative

and Reproductive Organs during
Development and Senescence.

Front. Plant Sci. 7:147.
doi: 10.3389/fpls.2016.00147

Identification of Peach NAP
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in Vegetative and Reproductive
Organs during Development and
Senescence
Fang Li, Jinjin Li, Ming Qian, Mingyu Han, Lijun Cao, Hangkong Liu, Dong Zhang and
Caiping Zhao*

College of Horticulture, Northwest A&F University, Yangling, China

The NAP (NAC-like, activated by AP3/P1) transcription factor belongs to a subfamily of
the NAC transcription factor family, and is believed to have an important role in regulating
plant growth and development. However, there is very little information about this
subfamily in Rosaceous plants. We identified seven NAP genes in the peach genome.
PpNAP2 was categorized in the NAP I group, and contained a conserved transcription
activation region. The other PpNAP genes belonged to the NAP II group. The expression
patterns of the PpNAP genes differed in various organs and developmental stages.
PpNAP1 and PpNAP2 were highly expressed in mature and senescing flowers, but
not in leaves, fruits, and flower buds. PpNAP3 and PpNAP5 were only expressed in
leaves. The PpNAP4 expression level was high in mature and senescing fruits, while
PpNAP6 and PpNAP7 expression was up-regulated in mature and senescent leaves
and flowers. During the fruit development period, the PpNAP4 and PpNAP6 expression
levels rapidly increased during the S1 and S4 stages, which suggests these genes
are involved in the first exponential growth phase and fruit ripening. During the fruit
ripening and softening period, the PpNAP1, PpNAP4, and PpNAP6 expression levels
were high during the early storage period, which was accompanied by a rapid increase
in ethylene production. PpNAP1, PpNAP4, and PpNAP6 expression slowly increased
during the middle or late storage periods, and peaked at the end of the storage period.
Additionally, abscisic acid (ABA)-treated fruits were softer and produced more ethylene
than the controls. Furthermore, the PpNAP1, PpNAP4, and PpNAP6 expression levels
were higher in ABA-treated fruits. These results suggest that PpNAP1, PpNAP4, and
PpNAP6 are responsive to ABA and may regulate peach fruit ripening.

Keywords: Prunus persica, NAP subfamily, fruit, development, ripening
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INTRODUCTION

The development and maturation of plant tissues involve
complex processes regulated by genetic, hormonal, and
environmental factors (Wang, 2008). The NAP transcription
factor is a member of a subfamily of the plant-specific NAC
(NAM, ATAF1, 2.CUC2) transcription factor family, which
is important in many vital biological processes during plant
growth and development (Sablowski and Meyerowitz, 1998;
Fernandez et al., 2006; Fan et al., 2015). Sablowski and
Meyerowitz (1998) determined that AtNAP is associated
with cell expansion in specific Arabidopsis thaliana flower
organs, while Guo and Gan (2006) reported that AtNAP is
important for leaf senescence. This was further supported
by a study that revealed AtNAP regulates leaf senescence
processes by directly binding to the promoter of SAG113 to
form an ABA-AtNAP-SAG113 PP2C regulatory chain that
controls stomatal movement and water loss in senescing leaves
(Zhang and Gan, 2012). Other studies have demonstrated
that NAP affects leaf senescence in bamboo (Chen et al.,
2011), crocus (Kalivas et al., 2010), Festuca arundinacea (Guo
et al., 2010), Asarina procumbens (Fan and Zhao, 2014),
and rice (Ooka et al., 2003). Kou et al. (2012) reported that
AtNAP expression increased during silique senescence in
A. thaliana. Fernandez et al. (2006) observed that VvNAP may
be important for grapevine flower and fruit development. In
Citrus sinensis (L.) Osbeck, CitNAC expression was detected
only in the fruit peel and pulp during the fruit ripening
or senescence stages (Liu et al., 2009). Additionally, recent
studies showed that the NAP subfamily is also important for
regulating plant senescence and response to abiotic stresses
(Meng et al., 2009; Zhang and Gan, 2012; Huang et al., 2013).
The NAP transcription factor has been identified in various
plant species, including rice (Ooka et al., 2003), bamboo (Chen
et al., 2011), wheat (Cristobal et al., 2006), cotton (Meng
et al., 2009), grape (Fernandez et al., 2006), maize (Fan et al.,
2014), and soybean (Meng et al., 2007). However, the effect
of NAP on the development of Rosaceae plants has not been
studied.

Peach (Prunus persica) is an economically important crop,
whose typical climacteric fruit undergoes a program of
enhanced ethylene production and an associated increase in
respiration rate at the onset of ripening (Barry and Giovannoni,
2007). Therefore, peach fruit softening and senescence rapidly
occur after harvest, which makes storage and transport
difficult. This limits peach production. A more thorough
characterization of the physiological basis of peach fruit growth
and ripening will enable the development of effective strategies
to regulate these processes. Furthermore, peach, as a stone
fruit, exhibits a typical double sigmoid growth pattern during
fruit development, with distinct growth stages (S1–S4). The
S1 stage corresponds to the first exponential growth phase,
and is characterized by a rapid increase in cell division and
elongation. In the S2 stage, which proceeds more slowly than
S1, most of the dry matter is involved in pit hardening
and seed and embryo growth. The S3 stage represents the
second exponential growth phase, during which the fruit

rapidly increases in size. Fruit ripening occurs in the final
stage (S4) (Li et al., 1989; Tonutti et al., 1997; Soto et al.,
2013).

In this study, we identified seven members of the peach NAP
subfamily and analyzed their expression during leaf, flower, and
fruit development and senescence. We revealed that members of
this subfamily may function in the development and maturation
of flowers and fruits, and regulate fruit softening.

MATERIALS AND METHODS

Plant Materials
Peach tree (P. persica cv. ‘Qinguang 8’) samples were collected
from the Experimental Station of the College of Horticulture
at the Northwest A & F University in Yangling, Shaanxi,
China. Samples included flowers, leaves, and fruits. Flower
samples consisted of flower buds, blooming flowers, and
flowers 2 days after full bloom. Young leaves were those
that had just unfolded, and were collected from new shoots,
while mature and senescing leaves were collected from the
middle sections of new shoots. Young, mature, and senescing
fruits were collected 42, 107, and 131 days after full bloom
(DAFB), respectively. For fruit development analyses, young
fruits were hand-picked 25 DAFB, and samples were collected
every 15 days until the fruits reached commercial maturity
(i.e., fruits with light green or partially red peels and slightly
hard flesh). At least 20 fruits at each developmental stage
were used to determine fruit weight, diameter, and gene
expression.

For storage analyses, fruits with no visible defects were
randomly hand picked at commercial maturity and divided
into two groups. One group was soaked with 100 mM abscisic
acid (ABA) for 10 min at 25 ± 1◦C. The other group was
soaked with water and served as the control group. Each
group consisted of 120 fruits, which were kept in individual
plastic bags at 25 ± 1◦C. During the storage period, fruit
samples were collected every 2 days, until the flesh fully
softened. All samples were frozen with liquid nitrogen and stored
at −80◦C.

RNA Extraction and Reverse
Transcription
Total RNA was extracted using cetyltrimethylammonium
bromide (Chang et al., 1993), and reverse transcription was
completed using the PrimeScript RT Reagent Kit with gDNA
Eraser (Takara).

Identification of Peach NAP Subfamily
Members
Arabidopsis thaliana, Vitis vinifera, and Solanum lycopersicum
NAP gene sequences were used to search the peach genome
database1 with the NCBI BLASTp tool to identify peach genes
that were highly homologous to NAP subfamily genes.

1www.rosaceae.org/species/prunus_persica/genome_v1.0
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TABLE 1 | Peach NAP genes identified in this study.

Gene name Gene locus Chromosome no. Genbank accession no. Deduced polypeptide Signal

Length (aa) MW(kDa) PI peptide

PpNAPl ppa007445m 7 EMJ03289 383 42.91 8.23 −
PpNAP2 ppa009530m 1 EMJ 24523 288 33.19 7.01 −
PpNAP3 ppa020620m 4 EMJ15685 385 44.51 6.37 −
PpNAP4 ppa007577m 4 EMJ 12674 363 40.35 7.78 −
PpNAP5 ppa017586m 6 EMJ 09136 348 39.83 8.18 −
PpNAP6 ppa007314m 4 EMJ 12652 373 41.07 8.45 −
PpNAP7 ppa015363m 6 EMJ07423 356 40.46 8.25 −
Gene locus corresponds to annotation ID from peach (Prunus persica) genome data.

Multiple Sequence Alignment,
Phylogenetic Analysis, and Exon/Intron
Structure Determination
The NCBI BLAST tool2 was used to assess sequence
similarities. The open reading frames of PpNAP genes
were analyzed using the NCBI Open Reading Frame Finder
tool3. Multiple sequence alignment analyses were conducted
using the DNAMAN program, and graphical annotations
of consensus sequences were completed using the Weblogo
online tool4. A phylogenetic tree was generated using
the NJ method (with 1,000 repeats) of the MEGA 6.06
software. Genetic structure investigations were conducted
using the Gene Structure Display Server online tool5. Signal
peptides were analyzed with the SignalP program6 (version
3.0; Bendtsen et al., 2004). Protein molecular weights and
pIs were calculated using the ExPASy Compute pI/Mw
tool7.

Molecular Cloning of Peach NAP
Subfamily Members
To clone the PpNAP genes, Primer Premier 6.0 was used
to design gene-specific primer pairs according to the
peach genome sequence (Table 1). Using cDNA templates,
PCR was completed with the Phanta Super-Fidelity DNA
Polymerase (Vazyme) according to the manufacturer’s
recommended procedure. The PCR products were isolated
and purified with the MiniBEST Agarose Gel DNA
Extraction Kit Ver. 4.0 (Takara). Purified products were
inserted into the pMD-19T vector (Takara). Positive clones
were confirmed by blue/white plaque assays. Primers
for cloning and quantitative reverse transcription (qRT)-
PCR were synthesized by Sangon Biotech (Shanghai)
Co., Ltd, which also completed all DNA sequencing
reactions.

2http://www.ncbi.nlm.nih.gov/BLAST/
3http://www.ncbi.nlm.nih.gov/gorf/gorf.html
4http://weblogo.berkeley.edu/logo.cgi
5http://gsds.cbi.pku.edu.cn
6http://www.cbs.dtu.dk/services/SignalP/
7web.expasy.org/compute_pi/

Quantitative Reverse Transcription PCR
Assays
The qRT-PCR was conducted using the iQ5 real-time PCR
system (Bio-Rad). The gene-specific primers (Table 1) were
designed using the Beacon Designer 8.0 software (Premier
Biosoft International). Each primer pair (Tm 60◦C) was designed
to amplify an approximately 200-bp fragment. For each sample,
1 µL cDNA, 1 µL each primer, 2 µL double-distilled water, and
5 µL 2x SYBR Premix ExTaq II (Takara) were used in a total
volume of 10 µL. The two-step RT-PCR was completed using
the manufacturer’s recommended program, but the annealing
temperature was changed to 60◦C. Samples were heated at
95◦C for 10 s, cooled to 65◦C for 15 s, and finally heated to
95◦C at a rate of 0.1◦C s−1 for melting curve analyses. The
specific transcript accumulation was analyzed using the 2−��CT

method (Livak and Schmittgen, 2001). Peach 18S ribosomal
RNA was used to normalize data. The amplification, melt curve
and melt park of 18s ribosomal gene in all samples can be seen
in Supplementary Figure S1. Each sample was analyzed in
triplicate.

Flesh Firmness and Ethylene Production
Flesh firmness of five randomly selected fruits was measured
using the GY-4 firmness meter equipped with a 8-mm diameter
probe. A small epicarp segment was peeled from two places
of each fruit to enable probe attachment. Three biological
replicates were measured. Ethylene production was determined
as described by Liguori et al. (2004) using the Trace GC
Ultra gas chromatograph (Thermo Fisher Scientific). The oven,
injector, and detector temperatures were 90, 110, and 140◦C,
respectively.

Search for Cis-Acting Elements in the
Promoters of Peach NAP Genes
Upstream regions (2000 bp upstream of the transcription start
site) of selected peach NAP genes were used to search the
PlantCARE database for putative cis-acting elements (Lescot
et al., 2002).

Statistical Analyses
Gene expression levels were subjected to analysis of variance
using SAS. Values are provided as the mean ± standard error
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FIGURE 1 | Multiple sequence alignments of PpNAP proteins and NAP proteins from other plants. The accession numbers of the proteins homologous to
AtNAP are provided in Supplementary Table S2.

(n = 3). The overall least significant difference (p < 0.05) was
calculated and used to separate means.

RESULTS

Identification of Peach NAP Subfamily
Members
Seven NAP genes were detected in the peach genome with
query IDs of ppa007445m, ppa009530m, ppa020620m,
ppa007577m, ppa017586m, ppa007314m, and ppa015363m,
which corresponded to PpNAP1, PpNAP2, PpNAP3, PpNAP4,
PpNAP5, PpNAP6, and PpNAP7, respectively. These peach
NAP genes contain a conserved NAC domain structure at the

N-terminus, and the domain can be divided into A, B, C, D,
and E subdomains. The conserved amino acid sequences in
the A, B C, D, and E subdomains were LPPGFRFHPTDEELI
VHYL, IIAEVDIYKFDPWELP, EWYFFSPRDRKYPNGARP
NRAAVSGYWKATGTDK, VGVKKALVFYKGRPPKGYKT-
DWIMHEYRL, and SMRLDDWVLCRIYKK, respectively
(Figure 1). Furthermore, according to Fan et al. (2015), the
NAP subfamily could be divided into two groups (NAP I and
NAP II). Because of the presence of the relatively conserved
transcription activation region, PpNAP2 was included in the
NAP I group, while the other PpNAP genes were included in
the NAP II group (Figure 1). The PpNAP genes were highly
homologous to NAP genes from other species. Similar to other
NAP genes, PpNAP1–6 consisted of three exons and two introns,
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FIGURE 2 | The structures of PpNAP genes. The numbers 0, 1, and 2 represent introns in phases 0, 1, and 2, respectively.

while PpNAP7 contained two exons and one intron (Figure 2).
The deduced polypeptide sequences ranged from 288 to 385
amino acids, with predicted molecular weights between 33.19 and
44.51 kDa. The predicted pIs of PpNAP genes were from 6.37 to
8.45. None of the identified peach NAP genes contained signal
peptide sequences according to SignalP analysis (Table 1).

Phylogenetic Analysis of the Peach NAP
Subfamily Members
To evaluate the evolutionary relationships among NAP subfamily
members, cluster analyses were completed using the amino
acid sequences encoded by the identified PpNAP genes and
by NAC genes from potato, tomato, pepper, orange, grape,
rice, A. thaliana, and bamboo using the MEGA 6.06 software.
Phylogenetic analyses revealed that all PpNAPs are clustered in
the NAP subfamily (Figure 3). PpNAP2 was similar to citrus,
A. thaliana, and western balsam poplar NAPs, while PpNAP4
and PpNAP6 were similar to NAPs from grape and wheat. In
contrast, PpNAP3, PpNAP5, and PpNAP7 were not particularly
similar to NAPs of other plants. Additionally, the deduced amino
acid sequences were more highly conserved among PpNAP4,
PpNAP5, PpNAP6, and PpNAP7, while the similarities among
PpNAP1, PpNAP2, and PpNAP3 were less than 28%.

PpNAP Gene Expression in Various
Organs at Different Developmental
Stages
To investigate the potential functions of PpNAP genes during
peach development, transcription level changes in different
organs were analyzed using qRT-PCR. The PpNAP expression
patterns were different among various organs and developmental
stages (Figure 4). The PpNAP expression levels in leaves were
lower than those in flowers and fruits. The expression of PpNAP6
and PpNAP7 rapidly increased in maturing and senescing leaves.
The PpNAP1, PpNAP4, and PpNAP5 genes were more highly
expressed in young and senescent leaves than in mature leaves.
In contrast, PpNAP3 transcript levels were high in mature leaves,
while PpNAP2 expression remained relatively stable and at low
levels (Figure 4A).

The expression levels of PpNAP1 and PpNAP6 were rapidly
up-regulated in blooming and 2 DAFB flowers. PpNAP2,
PpNAP4, and PpNAP7 were highly expressed in blooming

flowers, but expressed at very low levels in flower buds. Similarly,
PpNAP3 and PpNAP5 expression were almost undetectable in
flowers at all developmental stages (Figure 4B).

The PpNAP4 and PpNAP6 expression levels were higher than
those of the other PpNAP genes in fruits. The higher expression
levels were most obvious for PpNAP4 in mature and senescent
fruits and PpNAP6 in young and senescing fruits. PpNAP1 and
PpNAP2 were expressed at low levels, while PpNAP3, PpNAP5,
and PpNAP7 expression was barely detectable (Figure 4C).

PpNAP Gene Expression Profiles During
Fruit Development
To confirm the accuracy of the predicted cDNA sequences
and further explore the biological functions of PpNAP1,
PpNAP2, PpNAP4, and PpNAP6 in fruit, we designed specific
primer pairs using the peach genome sequence for cloning
and expression analyses in mature ‘Qinguang 8’ fruits. The
cDNA sequences of PpNAP2, PpNAP4, and PpNAP6 were
consistent with the corresponding genome sequences, while
that of PpNAP1 was 48 nucleotides longer than expected
(see Supplementary Material). The expression of Pp-ACO1 is
strictly related to the transition between the pre-climacteric and
climacteric stage. We have analyzed the expression of Pp-ACO1
during developmental stage, and the result showed the obvious
enhance of Pp-ACO1 expression at S4 stage (Supplementary
Figure S2).

The qRT-PCR results revealed that PpNAP4 expression in
the mesocarp rapidly increased during the S1 fruit development
stage (25–55 DAFB; Figures 5A,D), increased slowly during
S2 and S3 (55–102 DAFB; Figures 5A,D), and significantly
increased during S4, where it was maintained at a high level
(102–121 DAFB; Figures 5A,D). In contrast, PpNAP6 expression
rapidly increased during S1, but decreased in S2, remained
stable during S3, and increased during S4 (Figures 5A,E).
The expression levels of PpNAP1 and PpNAP2 were low
during fruit development, with elevated expression levels only
during S3 (85–100 DAFB) and S1 (25–55 DAFB), respectively
(Figures 5A–C).

PpNAP Gene Expression Profiles During
Fruit Ripening and Softening
The firmness, ethylene production, and PpNAP expression of
commercially mature ‘Qinguang 8’ fruits were measured during
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FIGURE 3 | Phylogenetic tree of PpNAP with NAC transcription factors from different plants. The unrooted phylogenetic tree was constructed using the NJ
method of the MEGA 6.06 program. GenBank accession numbers are provided in Supplementary Table S3.

fruit storage. In the first 2 days after harvest (DAH), fruit firmness
decreased slowly, while from 2 to 8 DAH, fruit firmness declined
rapidly (Figure 6A). Ethylene production doubled from 0 to
2 DAH, increased slowly from 2 to 6 DAH, and then decreased
considerably (Figure 6B).

During storage, the PpNAP1, PpNAP4, and PpNAP6
expression levels exhibited similar trends. Expression increased
during the early storage period and was highest at 2 DAH,
which coincided with the first peak of ethylene release. The
expression levels subsequently declined to varying degrees. This
was followed by an increasing trend from 4 or 6 DAH to 10 DAH

(Figures 6C,E,F). PpNAP4 and PpNAP6 expression levels were
highest at the end of the storage period (Figures 6E,F). In
contrast, PpNAP2 expression was maintained at a low level
throughout the storage period, with highest expression levels at
4 DAH (Figure 6D).

Effects of ABA Treatment on PpNAP
Gene Expression, Ethylene Release, and
Fruit Firmness
The firmness of the ABA-treated fruits was lower than that of
the control fruits in the first 2 DAH, after which the firmness
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FIGURE 4 | Quantitative reverse transcription PCR analysis of selected
peach NAP genes in leaves (A), flowers (B), and fruits (C) with different
developmental stage. The value for each sample is the mean of three
replicates. Vertical bars indicate standard error. The primer sequences are
provided in Supplementary Table S1. Bars correspond to the
mean ± standard error (n = 3). Asterisks indicate significant differences in
young leaves (A), flower buds (B), and young fruits (C) at p < 0.05 according
to the Student’s t-test.

of the treated and control fruits decreased significantly, with
treated fruits softening faster. The maximum storage periods
for treated and control fruits were 6 and 10 days, respectively
(Figure 6A).

After ABA treatment, the release rate of endogenous ethylene
sharply increased and peaked at 2 DAH, with higher peak rates
for treated fruits than for controls (Figure 6B). The PpNAP1,
PpNAP4, and PpNAP6 expression levels increased following ABA

treatment for the duration of the storage period (Figures 6E,F).
PpNAP2 expression increased following ABA treatment at 2 and
6 DAH (Figure 6D).

Sequence Analysis of NAP Promoters for
Fruit-Specific Expression
PlantCARE database were used to identify cis-acting elements in
the promoter regions of four NAP genes specifically expressed in
fruit. The detected cis-acting elements were categorized in the
following four classes: (1) involved in the perception of plant
hormones, such as ABA, ethylene, methyl jasmonate, salicylic
acid, and gibberellic acid; (2) related to expression elements
specific to particular tissues, such as endosperm, seed, and
shoot; (3) involved in transcription activation and enhancement,
such as the TATA-box, CAAT-box, and 5′ untranslated region
pyrimidine-rich stretch; and (4) associated with responses to
environmental and physiological stimuli, such as drought, low
temperature, heat stress, anaerobic conditions, light, fungal
elicitors, and other stresses (Table 2).

Among the identified cis-acting elements associated with
hormone-related responses, the ABA-responsive element was
present (one to eight copies) in all studied promoters, while
the coupling element 3 was detected only in the PpNAP1 and
PpNAP2 promoters. The CGTCA and TGACG cis-acting element
motifs responsive to methyl jasmonate were detected (one to four
or five copies) in all promoters except for that of PpNAP1, while
the MADS-domain site CArG-box was present in all promoters
(one to three copies).

DISCUSSION

Identified NAP Subfamily Members and
Sequence Analyses
The NAP is a transcription factor with crucial roles in many
biological processes during plant growth and development (Fan
et al., 2015). In this study, we identified seven NAP genes in
the peach genome that were homologous to NAP genes from
three other plant species. However, Fan et al. (2015) reported
that there are four NAP genes in peach, corresponding to
the PpNAP1, PpNAP2, PpNAP4, and PpNAP6 genes identified
in our study. We detected three more NAP genes, namely
PpNAP3, PpNAP5, and PpNAP7. Multiple sequence alignments
revealed that the seven peach NAP proteins contained the five
typical NAC subdomains, and were very similar to other NAP
proteins (Figure 1). Phylogenetic analyses indicated that all seven
PpNAP genes clustered in the NAP subfamily, with only PpNAP2
belonging to the NAP I group, while the others belonged to the
NAP II group. This suggests the function of PpNAP2 may differ
from that of the other members.

Tissue-Specific Expression of PpNAP
Genes
The expression levels of the identified peach NAP genes were
measured in leaves, flowers, and fruits, as well as during
maturation and senescence. The results indicated the genes had
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FIGURE 5 | Average fruit weight after full bloom (A), quantitative reverse transcription PCR analysis of selected peach NAP genes during fruit
development (B–E). Bars correspond to the mean ± standard error (n = 3). The overall least significant difference (p < 0.05) was calculated and used to separate
means.
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FIGURE 6 | Firmness (A), ethylene production (B) and expression levels of selected peach NAP genes in control and ABA-treated fruits during the
storage period (C–F). Bars correspond to the mean ± standard error (n = 3). The overall least significant difference (p < 0.05) was calculated and used to separate
means.
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different expression patterns, which suggests they may have
different roles in various physiological pathways. PpNAP1 and
PpNAP2 had relatively high expression levels in blooming flowers
and flowers 2 DAFB, but low levels in leaves, fruits, and flower
buds (Figures 4A–C). Therefore, these genes may be involved in
regulating flower maturation and aging. PpNAP3 and PpNAP5
expression was observed in leaves, but was almost undetectable
in flowers and fruits (Figures 4A–C), which indicates they
may be associated with leaf development. The expression of
PpNAP4 was rapidly up-regulated and maintained at high levels
during fruit maturation and senescence (Figure 4C), suggesting
that this gene may play a key role in regulating peach fruit
ripening and softening. PpNAP6 and PpNAP7 expression levels
were up-regulated in mature and senescent leaves and flowers
(Figures 4A,B). Therefore, they may be associated with the
maturation and senescence of leaves and flowers. These results
suggest that the expression of PpNAP genes depends on tissue
type, which is supported by the results of related studies in other
plants. For example, the expression of VvNAP was observed only
in grapevine flowers and fruits, and not in vegetative organs such
as leaves, shoots, or roots (Fernandez et al., 2006). The expression
patterns ofAtNAP differed among stamens, fertilized flowers, and
developing siliques in A. thaliana (Sablowski and Meyerowitz,
1998). InMikania micrantha, the MmNAP gene was observed to
be specifically expressed in stems, petioles, shoots, and leaves, but
not in roots (Li et al., 2012).

Possible Roles of NAP Subfamily
Members in Fruit Development and
Softening
During fruit development, the PpNAP4 and PpNAP6 expression
levels increased rapidly in stages S1 and S4. However, in the
S2 stage, PpNAP4 expression slowly increased while PpNAP6
expression levels decreased (Figure 5). During the S3 stage,
PpNAP4 and PpNAP6 expression levels stabilized. Because of the
association of the NAP gene with cell division and expansion of
stamens and petals (Sablowski andMeyerowitz, 1998), our results
suggest that PpNAP4 and PpNAP6 are likely involved in the first
exponential growth phase and fruit ripening.

During the fruit ripening and softening process, the expression
of PpNAP1, PpNAP4, and PpNAP6 increased considerably in
the first 2 DAH, which was accompanied by an increase in
ethylene production. Furthermore, the expression of PpNAP1,
PpNAP4, and PpNAP6 tended to increase during the middle or
late storage periods, and was highest at the end of the storage
period. These results are consistent with those for AtNAP (Kou
et al., 2012), VvNAP (Fernandez et al., 2006), and CitNAC (Liu
et al., 2009). Therefore, the functions of PpNAP1, PpNAP4, and
PpNAP6 are probably similar to those of AtNAP, VvNAP, and
CitNAC, and involve activities related to peach fruit ripening and
senescence.

The accumulation of ABA plays a key role in the regulation
of peach fruit ripening and senescence (Zhang et al., 2009b),
and stimulates ethylene biosynthesis and ripening in tomato
fruits (Zhang et al., 2009a). Peach fruits treated with ABA
during the S4 fruit development stage exhibited accelerated

ripening and up-regulated expression of the ethylene biosynthesis
genes ACS1 and ACO1 (Soto et al., 2013). Compared with
control fruits, ABA-treated fruits softened faster and released
more ethylene, ultimately resulting in a shorter maximum
storage period. These results are similar to those observed
for tomato (Zhang et al., 2009a), and suggest that ABA may
stimulate ethylene biosynthesis. Additionally, the expression
levels of PpNAP1, PpNAP4, and PpNAP6 increased in ABA-
treated fruit (Figures 6A,B), which was similar to the response
of AtNAP in ABA-treated siliques (Kou et al., 2012). In
rice and A. thaliana leaves, NAP gene expression was also
induced by exogenous ABA (Chen et al., 2014; Yang et al.,
2014). Therefore, the ABA-responsive PpNAP1, PpNAP4, and
PpNAP6 genes may regulate peach fruit ripening and softening.
However, the specific regulatory mechanism requires further
characterization.

Analysis of Promoter Sequences of
Selected Peach NAP Genes
Because of their involvement in regulating transcription, gene
promoters contain important cis-acting elements (Zhu and
Li, 1997). To characterize the possible regulatory mechanisms
of NAP genes during fruit development, maturation, and
softening, we analyzed the promoters of four fruit-specific
NAP genes. Several motifs associated with responses to
phytohormones and environmental factors were detected. These
motifs included the ABA-responsive element and coupling
element 3, the CGTCA and TGACG motifs associated with
responses to methyl jasmonate, and the TCA-element related
to responses to salicylic acid (Table 2). Exogenous ABA
can up-regulate NAP expression in A. thaliana and rice
(Liang et al., 2014; Yang et al., 2014). Zhou et al. (2013)
reported that OsNAP can regulate leaf senescence by affecting
jasmonic acid signaling pathways, and that overexpressing
OsNAP increases the production of endogenous jasmonic acid
in rice. Other studies have demonstrated that hormones,
including ABA, jasmonic acid, and salicylic acid, have important
regulatory roles during fruit ripening and softening (Creelman
and Mullet, 1995; Zhang et al., 2003, 2009a). Therefore,
it can be inferred that PpNAP genes regulate peach fruit
development and softening by influencing specific hormone
signal transduction pathways. Moreover, genes containing the
MADS-box motif have key roles in flower and fruit development
and maturation (Adamczyk and Fernandez, 2009; Smaczniak
et al., 2012). We also observed that one to three copies
of the MADS-domain site CArG-box were present in the
promoters of fourNAP genes, indicating that PpNAP andMADS-
box genes may interact to regulate peach fruit development
and ripening. However, the specific regulatory mechanisms
of PpNAP genes that affect peach fruits require further
study.
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Sweet cherry, a non-climacteric fruit, is usually cold-stored during post-harvest to
prevent over-ripening. The aim of the study was to evaluate the role of abscisic acid
(ABA) on fruit growth and ripening of this fruit, considering as well its putative implication
in over-ripening and effects on quality. We measured the endogenous concentrations of
ABA during the ripening of sweet cherries (Prunus avium L. var. Prime Giant) collected
from orchard trees and in cherries exposed to 4◦C and 23◦C during 10 days of post-
harvest. Furthermore, we examined to what extent endogenous ABA concentrations
were related to quality parameters, such as fruit biomass, anthocyanin accumulation
and levels of vitamins C and E. Endogenous concentrations of ABA in fruits increased
progressively during fruit growth and ripening on the tree, to decrease later during post-
harvest at 23◦C. Cold treatment, however, increased ABA levels and led to an inhibition
of over-ripening. Furthermore, ABA levels positively correlated with anthocyanin and
vitamin E levels during pre-harvest, but not during post-harvest. We conclude that ABA
plays a major role in sweet cherry development, stimulating its ripening process and
positively influencing quality parameters during pre-harvest. The possible influence of
ABA preventing over-ripening in cold-stored sweet cherries is also discussed.

Keywords: sweet cherry, ABA, ripening, over-ripening, ascorbate, vitamin E, cold storage

INTRODUCTION

In recent decades, sweet cherry has become one of the most important non-climacteric fruits
worldwide, with an important distribution to international markets from highly productive
countries at origin, such as Turkey, United States, Iran, Italy, and Spain, among others (FAO, 2015).
However, both its flavor and nutritional quality is strongly dependent on tree growth conditions at
pre-harvest, post-harvest treatments and its consumption at an optimum ripening stage (Ashton,
2007). Over-ripening, which leads to a loss of quality during post-harvest, is associated with fruit
darkening, softening and a general loss of organoleptic properties (Meheriuk et al., 1995). Cold
treatments are generally used to store them properly during post-harvest in order to avoid fruit
quality loss, but the physiological and biochemical mechanisms underlying fruit ripening on the
tree and over-ripening during post-harvest are still relatively unknown for sweet cherries.
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It has been shown that high concentrations of abscisic
acid (ABA) are required for ripening in sweet cherries (Luo
et al., 2013; Wang et al., 2015). ABA is a sesquiterpenoid
hormone, derived from carotenoids, that is implicated in several
physiological processes, from seed dormancy to senescence
processes, including plant stress responses and the regulation of
fruit development (Nambara and Marion-Poll, 2005; Finkelstein,
2013; Leng et al., 2014). ABA has been shown to play a major role
in the ripening process of non-climacteric fleshy fruits, such as
cherry fruits, modulating color changes (through modulation of
anthocyanin biosynthesis) and sugar accumulation (Kumar et al.,
2014; Wang et al., 2015). However, nothing is known about the
possible role of ABA in the regulation of fruit quality in terms of
vitamin C and E accumulation, or to what extent ABA can affect
over-ripening processes in sweet cherries.

Among various quality parameters, the content and
composition of water- and lipid-soluble vitamins in edible
fleshy fruits is of paramount importance for human health (FAO,
2004). Sweet cherries are rich in vitamin C, which is considered
one of the most important water-soluble antioxidants, together
with anthocyanins, in this fruit (Serrano et al., 2005). Aside
from protecting cells from reactive oxygen species, ascorbate
is involved in the regulation of growth processes in plants
(Veljovic-Jovanovic et al., 2001), and it plays a role, as a cofactor,
in the regulation of 9-cis-epoxycarotenoid dioxygenase (NCED),
the key limiting step in the biosynthesis of ABA from carotenoids
(Conklin and Barth, 2004). Furthermore, ascorbate recycles
oxidized tocopherols (vitamin E), when this lipid-soluble
antioxidant reacts with lipid peroxyl radicals in its function of
inhibiting the propagation of lipid peroxidation in biological
membranes (Munné-Bosch and Alegre, 2002). Although vitamin
C has received some attention in the ripening of sweet cherries
as a component of organic acids (Serrano et al., 2005), nothing is
known about the levels of vitamin E, its possible variations with
ripening and regulation by phytohormones in non-climacteric
fruits. Only in mango, a climacteric fruit, it has been shown that
vitamin E biosynthesis may be modulated by ethylene (Singh
et al., 2011).

The aim of this study was to get some insights into the
role of ABA in the ripening process of sweet cherries, focusing
on the endogenous levels of this phytohormone during fruit
development in orchard trees and under different conditions of
post-harvest. In addition, to better understand the role of ABA
in ripening, as well as the loss of quality during fruit storage,
we simultaneously analyzed various parameters associated with
the ripening process and the fruit quality, such as fruit biomass,
anthocyanin accumulation, and levels of antioxidants, including
carotenoids, and vitamins C and E.

MATERIALS AND METHODS

Experimental Design and Sampling
Three independent, complementary experiments were
performed using sweet cherries (Prunus avium L. var. Prime
Giant). The first experiment focused on a study of fruit ripening
on the tree followed by an over-ripening process at 23◦C, the

second one was performed preventing over-ripening at 4◦C, and
the third one was performed to test for the tissular location of
vitamins in cherry fruits.

For the first experiment, sweet cherries were obtained from
trees growing in an exploited orchard at Partida Vall del
Sector III (Lleida, NE Spain). Fruits were harvested at various
developmental stages on the tree between 23 and 4 days before
harvest, and between 3 and 10 days of post-harvest at 23◦C,
which led to over-ripening (Supplementary Figure S1). First
sampling in orchard trees was performed during 30th April 2015
(23 days before harvest), which corresponds to 34 days after full
bloom. For the second experiment, 10 kg from the same cherry
cultivar and orchard were brought to the laboratory 3 days after
commercial harvest. Fruits without visual defects were chosen for
experiments. Then, half of the fruits were kept at 23± 2◦C in the
laboratory, while the other half were subject to 4 ± 1◦C in a cold
chamber. In both cases, fruits were kept in darkness and samples
were taken daily during storage for 1 week.

A third experiment was performed to evaluate possible tissue-
specific accumulation of vitamins in sweet cherries. The pit, flesh
and skin from fruits collected 23 days pre-harvest or 3 days post-
harvest were manually separated and immediately immersed in
liquid nitrogen for hormone, anthocyanin and vitamins C and E
analyses.

All samplings were performed early in the morning (between
9 and 10 a.m. local time) with an average temperature of 10± 2◦C
during pre-harvest and 23± 2◦C during post-harvest for the first
experiment, and with an average temperature of 4 ± 1◦C for the
second one. Six fruits per tree from eight trees were randomly
sampled at each time point during pre-harvest, and six fruits from
commercial boxes were randomly sampled daily during post-
harvest, for each, 23◦C and cold storage. For all experiments,
samples were immediately snap frozen in liquid nitrogen and
stored at−80◦C until analyses.

Endogenous Concentrations of Abscisic
Acid
Abscisic acid levels were determined by ultrahigh-performance
liquid chromatography coupled to tandem mass spectrometry
(UHPLC-MS/MS) as described previously (Müller and Munné-
Bosch, 2011). In short, 100 mg per sample were extracted with
200 µL methanol:isopropanol:acetic acid 50:49:1 (v/v/v) using
ultrasonication and vortexing (Branson 2510 ultrasonic cleaner,
Bransonic, Danbury, CT, USA) for 30 min. Deuterium-labeled
ABA was then added, and after centrifugation at 600 g for 15 min
at 4◦C, the pellet was re-extracted using the same procedure.
Supernatants were pooled and filtered through a 0.22 µm
PTFE filter (Waters, Milford, MA, USA) before analyses. ABA
levels were analyzed by using UHPLC-ESI-MS/MS as described
in Müller and Munné-Bosch (2011). Quantification was made
considering recovery rates for each sample by using a deuterium-
labeled internal standard.

Fruit Quality Parameters
Fruit biomass was estimated by weighing the samples
immediately at each sampling time point or after transferring
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them to the laboratory in bags (with high humidity to avoid
desiccation).

Total anthocyanins were determined spectrophotometrically
in methanolic extracts as described (Gitelson et al., 2001). In
short, 200 mg per sample were extracted with 1 mL methanol
using ultrasonication and vortexing. Extracts were centrifuged
at 600 g for 10 min at 4◦C and the pellet was re-extracted
following the same procedure. Supernatants were pooled and
1% HCl was added. Then, total anthocyanins were measured
spectrophotometrically at 530 nm. Total anthocyanins were
calculated using the molar extinction coefficient of cyanidin-3-
glucoside as a reference, as described (Siegelman and Hendricks,
1958).

Carotenoids levels were estimated by HPLC after extraction
with methanol, as described (Munné-Bosch and Alegre, 2000).
In short, samples were extracted with methanol, as described
for anthocyanins, and separated on a Dupont non-endcapped
Zorbax ODS-5 µm column (250 mm long, 4.6 mm i.d.; 20%
Carbon, Teknokroma, St. Cugat, Spain) at 30◦C for 38 min
at a flow rate of 1 mL min−1. The solvent mixture for the
gradient consisted of (A) acetonitrile:methanol (85:15, v/v) and
(B) methanol:ethyl acetate (68:32, v/v). The gradient used was:
0–14 min 100% A, 0% B; 14–16 min decreasing to 0% A,
100% B; 16–28 min 0% A, 100% B; 28–30 min increasing to
100% A, 0% B; and 30–38 min 100% A, 0% B. Detection was
carried out at 445 nm and compounds were identified and
quantified as described previously (Munné-Bosch and Alegre,
2000).

The analysis of vitamin C was adapted from Takahama
and Oniki (1992) and Queval and Noctor (2007). In short,
ascorbic acid and its oxidized form, dehydroascorbic acid
were extracted with 6% m-phosphoric acid (w/v) and 0.2 mM
diethylenetriaminepentaacetic acid, using ultrasonication and
vortexing. After centrifugation at 600 g for 10 min at 4◦C,
the supernatants were collected and the pellet was re-extracted
following the same procedure. Their levels were determined
spectrophotometrically at 265 nm, using the ascorbate oxidase
assay. The oxidized state of ascorbate was calculated as
DHA/(AA + DHA) × 100, where AA is ascorbate and DHA is
dehydroascorbate.

The analysis of vitamin E was performed as described (Amaral
et al., 2005). In short, 200 mg per sample were extracted with
methanol, exactly as described for anthocyanins, and then filtered
prior to HPLC analyses. The HPLC equipment consisted of an
integrated system with a Jasco PU-2089 Plus pump, a Jasco AS-
2055 Plus auto-sampler and a FP-1520 fluorescence detector
(Jasco, Tokyo, Japan). All tocopherol and tocotrienol forms
were separated on an Inertsil 100A (5 µm, 30 × 250 mm, GL
Sciences Inc., Tokyo, Japan) normal-phase column, operating
at room temperature. The flow rate was 0.7 mL min−1 and
the injection volume was 10 µL. The mobile phase was a
mixture of n-hexane and p-dioxane (95.5:4.5, v/v). Detection
was carried out at an excitation of 295 nm and emission at
330 nm. Quantification was based on the results obtained from
the fluorescence signal and compared to that of a calibration
curve made with authentic standards of each compound (Sigma–
Aldrich, Steinheim, Germany).

Statistical Analysis
Data were analyzed by using one-way (first experiment) or two-
way (second experiment) factorial analysis of variance (ANOVA).
Multiple comparisons tests were carried out by using Bonferroni
post-hoc tests. In all cases, differences were considered significant
at a probability level of P ≤ 0.05. Furthermore, correlation
analyses using the Spearman rank’s correlation were made. All
statistical analyses were performed using the SPSS 20.0 statistical
package.

RESULTS

ABA Levels Increase During Ripening on
the Tree but Decrease During
Over-Ripening
Fruit biomass increased fivefold during ripening on the tree (from
23 days pre-harvest to 3 days post-harvest), to decrease later by
20% due to over-ripening for 1 week (from day 3 to day 10 of
post-harvest at 23◦C, Figure 1). Anthocyanin levels increased
from non-detectable values to 95 µg/g fruit during pre-harvest
(between 23 and 4 days preharvesst), to increase even further up
to 582 µg/g fruit at 5 days post-harvest. Then, anthocyanin levels
remained relatively constant at high levels during over-ripening
until the end of the experiment (10 days post-harvest, Figure 1).

Abscisic acid levels increased sharply from 26 ng/g fruit at
23 days pre-harvest to 540 ng/g fruit at 11 days pre-harvest,
to keep later constant until 4 days pre-harvest (Figure 2).
Over-ripening at 23◦C led to a depletion of endogenous ABA
concentrations in the fruit to attain minimum values of 142 ng/g
fruit at 10 days post-harvest. It is noteworthy that ABA increases
preceded anthocyanin accumulation during pre-harvest. In
contrast, ABA did not change in parallel with anthocyanin
accumulation during post-harvest (Figures 1 and 2).

Levels of carotenoids decreased sharply during fruit ripening
on the tree (Table 1). Violaxanthin, an ABA precursor, decreased
from 0.58 mg/g FW at 23 days to non-detectable values at 4 days
pre-harvest (Table 1), which occurred in parallel with increases
of ABA levels during fruit ripening on the trees (Figure 2). Lutein
and zeaxanthin levels also decreased progressively down to non-
detectable values during fruit ripening on the tree, while fruits
at 4 days pre-harvest still kept 0.17 mg/g FW of β-carotene. The
amounts of this antioxidant expressed per fruit unit increased
during ripening, attaining maximum levels of 3 mg per fruit unit
at 4 days pre-harvest (Table 1). Carotenoids were not detected
during post-harvest (data not shown).

Total ascorbate levels increased during pre-harvest to decrease
later during post-harvest, both when expressed on a fresh weight
and a fruit unit basis (Figure 3). Interestingly, ascorbate levels
showed a biphasic response during post-harvest, with minimum
ascorbate levels at 5 and 10 days post-harvest. It is noteworthy
that the oxidation state of ascorbate kept constant, both, during
pre- and post-harvest, but decreased sharply from around 40% to
levels below 20% just after harvest (Figure 3).

Vitamin E levels were much lower than those of ascorbate,
with maximum levels of 3.5 µg/g fruit being attained at 15 and
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FIGURE 1 | Fruit biomass and levels of total anthocyanins during ripening on the tree (pre-harvest) and during over-ripening at 23◦C (post-harvest).
Data are the mean ± SE of n = 8 (pre-harvest) and n = 3 (post-harvest) for anthocyanins, and n = 8 (pre-harvest) and n = 6 (post-harvest) for fruit biomass.
Statistical analyses were performed by one-way ANOVA to test for the effects of time during pre- and post-harvest. Results of statistics are shown in the inlets.
Differences were considered significant when P ≤ 0.05. NS, not significant. Anthocyanin levels are given both per fresh weight (FW) and per fruit unit. Harvest (time 0
in the X axis) corresponds to 57 days after full bloom.

11 days pre-harvest and at the end of the experiment (Figure 4).
Sharp fluctuations in total vitamin E levels were mainly due to
those of α-tocopherol, the major vitamin E form present in fruits
(Supplementary Figure S1). γ-Tocopherol levels were lower but
also more stable than those of α-tocopherol. Vitamin E levels
tended to increase during ripening, an effect that was particularly
observed for γ-tocopherol (Supplementary Figure S1) and when
results where expressed on a fruit unit basis (Figure 4). Neither
vitamin E levels nor those of α- and γ-tocopherol were altered
during post-harvest either when expressed per g fruit or per fruit

unit (Figure 4; Supplementary Figure S2). β- and δ-tocopherols,
and tocotrienols were not detected in cherry fruits.

Variations in ABA Levels during Cold
Storage
Cold storage prevented over-ripening, as observed with the
maintenance of visual fruit firmness (Supplementary Figure S2),
biomass and anthocyanin levels (Figure 5). Cold treatment
prevented anthocyanin accumulation, an effect that was already
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FIGURE 2 | Endogenous concentrations of abscisic acid (ABA) during ripening on the tree (pre-harvest) and during over-ripening at 23◦C
(post-harvest). Data are the mean ± SE of n = 8 (pre-harvest) and n = 3 (post-harvest). Statistical analyses were performed by one-way ANOVA to test for the
effects of time during pre- and post-harvest. Results of statistics are shown in the inlets. Differences were considered significant when P ≤ 0.05. NS, not significant.
ABA levels are given both per FW and per fruit unit. Harvest (time 0 in the X axis) corresponds to 57 days after full bloom.

observed at 2 days of cold storage. ABA levels increased in
response to cold storage, with an increment at 2 days of treatment
(Figure 6). Thereafter, ABA levels in cold-stored fruits did not
increase further but kept always at higher levels compared to
fruits stored at 23◦C. In this case, ABA levels inversely correlated,
or simply did not correlate with those of anthocyanins. During
over-ripening at 23◦C, ABA levels decreased, while those of
anthocyanins increased. When over-ripening was prevented by
cold storage, enhanced ABA levels did not lead to changes in
anthocyanin accumulation.

Cold storage did not alter total ascorbate levels, but affected
its oxidation state. The ascorbate oxidation state increased
in response to cold treatment, but differences were small
and post hoc analyses did not reveal significant difference at
any time point (Figure 7). In contrast, ABA levels correlated
with vitamin E levels in cold-stored fruits, those of total
vitamin E were increasing in parallel with ABA, during
the first days of cold treatment (Figure 8). The levels of
α- and γ-tocopherol were not significantly altered by cold
treatment when analyzed separately (Supplementary Figure
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TABLE 1 | Carotenoid levels during sweet cherry ripening on the tree.

Days pre-harvest Violaxanthin Lutein Zeaxanthin β-carotene

Carotenoids (mg/g FW)

23 0.58 ± 0.18a 3.35 ± 0.25a 0.43 ± 0.05a 0.49 ± 0.10a

15 0.14 ± 0.03b 0.73 ± 0.11b 0.29 ± 0.05a 0.20 ± 0.06ab

4 NDb NDc NDb 0.17 ± 0.08b

Carotenoids (mg/g Fruit unit)

23 0.47 ± 0.15a 2.74 ± 0.20a 0.35 ± 0.04a 0.40 ± 0.08a

15 1.34 ± 0.30b 6.86 ± 1.04b 2.74 ± 0.47b 1.65 ± 0.75ab

4 NDa NDc NDa 3.06 ± 0.91b

Levels of violaxanthin, lutein, zeaxanthin and β-carotene are given at 23, 15, and 4 days pre-harvest, both on a fresh weight (FW) and fruit unit basis. ND, not detected.
Different letters indicate significant differences between time points using Bonferroni post hoc tests (ANOVA, P < 0.05).

FIGURE 3 | Total ascorbate (AA) and its oxidation state during ripening on the tree (pre-harvest) and during over-ripening at 23◦C (post-harvest). Data
are the mean ± SE of n = 8 (pre-harvest) and n = 3 (post-harvest). Statistical analyses were performed by one-way ANOVA to test for the effects of time during pre-
and post-harvest. Results of statistics are shown in the inlets. Differences were considered significant when P ≤ 0.05. NS, not significant. AA levels are given both per
FW and per fruit unit. Oxidation state was calculated as oxidized ascorbate per total ascorbate. Harvest (time 0 in the X axis) corresponds to 57 days after full bloom.
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FIGURE 4 | Total vitamin E levels during ripening on the tree (pre-harvest) and during over-ripening at 23◦C (post-harvest). Data are the mean ± SE of
n = 8 (pre-harvest) and n = 3 (post-harvest). Statistical analyses were performed by one-way ANOVA to test for the effects of time during pre- and post-harvest.
Results of statistics are shown in the inlets. Differences were considered significant when P ≤ 0.05. NS, not significant. Vitamin E levels are given both per FW and
per fruit unit. Harvest (time 0 in the X axis) corresponds to 57 days after full bloom.

S3), thus indicating that cold effects on total vitamin E
levels (Figure 8) were cumulative. It is noteworthy that α-
and γ-tocopherol followed a completely different tissue-
specific accumulation, with γ-tocopherol accumulating,
almost exclusively (>99%), in the pit (Figure 9). In contrast,
α-tocopherol, anthocyanins, ascorbate and ABA were all detected
in the pit, flesh and skin during both pre- and post-harvest
(Figure 9).

DISCUSSION

Sweet cherry is a non-climacteric fruit, which ripening is known
to be promoted by ABA (Setha et al., 2005). Its ethylene
concentration is low and has no direct effect in the ripening
of sweet cherries (Hartmann, 1992; Kondo and Gemma, 1993),
although it may influence anthocyanin accumulation (Kondo and
Inoue, 1997). ABA is, however, the phytohormone that plays
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FIGURE 5 | Effects of cold storage on fruit biomass and levels of total anthocyanins during post-harvest. Data are the mean ± SE of n = 3 for
anthocyanins and n = 6 for fruit biomass. Statistical analyses were performed by two-way ANOVA to test for the effects of treatment and time. Results of statistics
are shown in the inlets. One or two asterisks are shown when differences between treatments are significant or highly significant (P ≤ 0.05 and 0.001, respectively,
Bonferroni post hoc test) at any given time point. NS, not significant. Anthocyanin levels are given both per FW and per fruit unit.
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FIGURE 6 | Effects of cold storage on the endogenous concentrations of ABA during post-harvest. Data are the mean ± SE of n = 3. Statistical analyses
were performed by two-way ANOVA to test for the effects of treatment and time. Results of statistics are shown in the inlets. One or two asterisks are shown when
differences between treatments are significant or highly significant (P ≤ 0.05 and 0.001, respectively, Bonferroni post hoc test) at any given time point. NS, not
significant. ABA levels are given both per FW and per fruit unit.

a major role in the regulation of anthocyanin accumulation
and organoleptic sweet cherries properties, such as the ratio
of total soluble sugars to total acidity (Kondo and Gemma,
1993; Kondo and Inoue, 1997; Luo et al., 2013). Studies in
other non-climacteric fruits, such as grapes, have also shown
that ABA not only modulates color development and sugar
accumulation, but it may also be implicated in the control of
softening during the ripening process (Castellarin et al., 2016).
Here, we provide correlative evidence supporting a role for
ABA in the regulation of both anthocyanin and vitamin E

accumulation during pre-harvest, but not during post-harvest,
in sweet cherries “Prime Giant.” Furthermore, results suggest
that ABA may help prevent over-ripening during post-harvest
at 4◦C.

We found that ABA levels strongly and positively correlate
with anthocyanin accumulation during ripening of fruits on
the tree (Table 2), which is in agreement with previous studies
(Luo et al., 2013). However, a strong negative correlation
was observed between endogenous concentrations of ABA and
anthocyanin levels during post-harvest (Table 2). Over-ripening
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FIGURE 7 | Effects of cold storage on total ascorbate (AA) and its oxidation state during post-harvest. Data are the mean ± SE of n = 3. Statistical
analyses were performed by two-way ANOVA to test for the effects of treatment and time. One or two asterisks are shown when differences between treatments are
significant or highly significant (P < 0.05 and 0.001, respectively, Bonferroni post hoc test). Results of statistics are shown in the inlets. Differences were considered
significant when P ≤ 0.05. NS, not significant. AA levels are given both per FW and per fruit unit. Oxidation state was calculated as oxidized ascorbate per total
ascorbate.
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FIGURE 8 | Effects of cold storage on total vitamin E levels during post-harvest. Data are the mean ± SE of n = 3. Statistical analyses were performed by
two-way ANOVA to test for the effects of treatment and time. Results of statistics are shown in the inlets. One or two asterisks are shown when differences between
treatments are significant or highly significant (P ≤ 0.05 and 0.001, respectively, Bonferroni post hoc test) at any given time point. NS, not significant. Vitamin E levels
are given both per FW and per fruit unit.

at 23◦C led to progressive decreases in ABA concentrations, while
anthocyanin accumulation kept at high levels, thus suggesting
an inhibitory role for ABA in over-ripening (Figures 1 and
2). Furthermore, ABA levels increased after 2 days of cold
storage, while anthocyanin levels kept at lower levels at 4◦C
relative to 23◦C (Figures 5 and 6), thus suggesting ABA
might prevent over-ripening in cold-stored fruits. The role
of ABA in over-ripening has been poorly studied to date,

particularly in non-climacteric fruits. However, the application
of antitranspirants, such as ABA, in rambutan, a non-climacteric
fruit, has been shown to be effective in preventing over-ripening
(Siriphollakul et al., 2006), thus supporting further the idea
that ABA helps promote ripening in fruits on the tree, but
delays over-ripening in detached fruits during post-harvest.
This indicates that ABA does not act alone but together with
other signaling compounds in the regulation of the ripening
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FIGURE 9 | Abscisic acid, anthocyanins, total ascorbate (AA) and levels of α- and γ-tocopherol in the pit, skin and flesh of sweet cherries. Data are the
mean ± SE of n = 4. Results are given as a percentage after calculating the levels of each compound per FW in every tissue. All standard errors were below 10% in
all cases.

TABLE 2 | Results of Spearman’s rank correlation analyses between endogenous concentrations of ABA and quality parameters during pre- and
post-harvest.

Parameters Experiments 1
and 2 (All data)

Experiment 1 Pre-harvest Post-harvest Experiment 2

Anthocyanins 0.009 0.033 0.703∗∗
−0.354 −0.531∗∗

Total AA 0.147 0.064 0.219 0.290 0.239

Oxidation state 0.132 0.169 −0.133 −0.287 0.251

Vitamin E 0.196∗ 0.124 0.282∗ −0.137 0.130

α-tocopherol 0.155 0.041 0.176 −0.046 0.147

γ-tocopherol 0.186 0.180 0.367∗
−0.179 −0.001

Correlation coefficients values are given followed by one or two asterisks when the correlation is significant or highly significant (P ≤ 0.05 and 0.001, respectively).
Significant correlations with coefficients above 0.35 are shown in bold. Absence of an asterisk indicates the correlation was not significant. Data was analyzed altogether,
and also separately (for each experiment, differentiating also pre- and post-harvest data for Experiment 1).

process in fruits on the tree, an aspect that warrants further
investigations.

Aside from its role in the regulation of the ripening process of
fruits on the tree, by modulating softening, sugar accumulation
and color development (though the modulation of anthocyanin
accumulation, Luo et al., 2013; Wang et al., 2015; Castellarin
et al., 2016), nothing is known about the possible effects of
ABA on vitamin accumulation in sweet cherries or other non-
climacteric fruits. Vitamin C is a water-soluble compound that

acts as a cofactor for many iron and copper hydroxylases and
dioxygenases involved in key physiological processes in humans,
such as in the production of collagen and the synthesis of
carnitine (Bender, 2003; Johnston et al., 2007). That is the reason
why the frequent intake of foods rich in bioactive compounds,
such as vitamin C, is associated with a healthy diet (Arrigoni
and De Tullio, 2002). In addition, this compound is considered
as one of the most important antioxidants for plant growth
and defense (Foyer and Noctor, 2011), which is present in
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many plant cell compartments, such as mitochondria,
plastids, peroxisomes and the apoplast (Smirnoff, 2000;
Foyer, 2001). Moreover, ascorbate is the principal non-
enzymatic water-soluble antioxidant that is able to eliminate
reactive oxygen species (Cadenas and Packer, 2002). Vitamin
C is especially vulnerable to oxidative and enzymatic
degradation in raw fruits and vegetables (Redmond et al.,
2003). Some studies have reported a loss of vitamin
C in many fruits stored under non-optimal conditions
after harvest (Munyaka et al., 2010; Neves et al., 2015).
Although correlation analyses did not reveal any significant
relationship between endogenous concentrations of ABA
and vitamin C levels during ripening, over-ripening or
cold treatment (Table 2), the present study confirmed that
this vitamin is present at high amounts in sweet cherries,
attaining maximum levels of 3 mg per fruit unit just after
harvest, and it was found that its oxidation increases after
7 days of cold storage. Furthermore, ascorbate is known
to act as a cofactor of 9-cis-epoxycarotenoid dioxygenase
(NCED), the key limiting step in the biosynthesis of
ABA from carotenoids, particularly neoxanthin and/or
violaxanthin (Conklin and Barth, 2004). In the present
study, violaxanthin levels decreased concomitantly with
increases of ABA levels during ripening of fruits on the
trees, which is consistent with a role for violaxanthin
as a precursor of ABA in sweet cherries (Luo et al.,
2013).

On the other hand, vitamin E, a lipid-soluble antioxidant
in cell membranes, also with health-promoting effects
(Booth et al., 2004), is found at high concentrations in
some fruits, such as kiwis or avocados (Chun et al.,
2006), but it has received little consideration in sweet
cherries, mainly due to their low levels in the fruit, at
least, compared to other antioxidants, such as anthocyanins
or vitamin C. Among vitamin E compounds, both α-
and β-tocopherol were previously shown to be present
in sweet cherries, being α-tocopherol the most abundant
with amounts around 1 µg/g fruit (Bastos et al., 2015),
which is similar to the amounts obtained in the present
study (Supplementary Figure S3). However, we did not
detect β- but, instead, γ-tocopherol in sweet cherries,
which accumulated particularly in the pit (Figure 9).
Most importantly, we found a positive correlation between
endogenous concentrations of ABA and vitamin E accumulation
in sweet cherries, particularly at pre-harvest (Table 2).
Interestingly, endogenous concentrations of ABA correlated
more strongly with γ- than with α-tocopherol levels.
Previous studies have shown the presence of an ABA-
responsive element (ABRE) in the promoter region of
HYDROXYPHENYLPYRUVATEDIOXYGENASE (HPPD), which
encodes for the enzyme responsible of the formation of
homogentisate, needed for the biosynthesis of all vitamin
E compounds (Chaudhary and Khurana, 2009; Falk and
Munné-Bosch, 2010). Therefore, our data supports the
contention that ABA is implicated in the biosynthesis of

vitamin E compounds in sweet cherries, as it has been
shown in leaves of plants exposed to various abiotic
stresses (Chaudhary and Khurana, 2009; Munné-Bosch
et al., 2009). It is noteworthy that the correlative evidence
obtained in the present study supporting a link between
ABA and vitamin E biosynthesis was observed in fruits
that were ripening on the tree during pre-harvest, but
not during post-harvest at 23◦C. Furthermore, enhanced
vitamin E levels were preceded by ABA increases during cold
storage, thus suggesting ABA may also regulate tocopherol
accumulation in response to cold stress in sweet cherries.
This may indeed be a defensive response, since both ABA
and tocopherols are known to be needed to combat cold-
induced reactive oxygen production in plants (El Kayal et al.,
2006).

CONCLUSION

The ABA plays a major role in the control of the ripening
process in sweet cherries, particularly stimulating this process
during pre-harvest and positively influencing quality parameters,
such as the accumulation of anthocyanins and vitamin E.
Further research is, however, needed to better understand the
mechanisms underlying the regulation of vitamin E biosynthesis
by ABA during pre-harvest and cold storage, as well as the
inhibitory role of ABA in the over-ripening of sweet cherries,
beyond its possible function as an antitranspirant.
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GRAS transcription factors are involved in many processes of plant growth and

development (e.g., axillary shoot meristem formation, root radial patterning, nodule

morphogenesis, arbuscular development) as well as in plant disease resistance and

abiotic stress responses. However, little information is available concerning this gene

family in grapevine (Vitis vinifera L.), an economically important woody crop. We

performed a model curation of GRAS genes identified in the latest genome annotation

leading to the identification of 52 genes. Gene models were improved and three new

genes were identified that could be grapevine- or woody-plant specific. Phylogenetic

analysis showed that GRAS genes could be classified into 13 groups that mapped

on the 19 V. vinifera chromosomes. Five new subfamilies, previously not characterized

in other species, were identified. Multiple sequence alignment showed typical GRAS

domain in the proteins and newmotifs were also described. As observed in other species,

both segmental and tandem duplications contributed significantly to the expansion and

evolution of the GRAS gene family in grapevine. Expression patterns across a variety

of tissues and upon abiotic and biotic conditions revealed possible divergent functions

of GRAS genes in grapevine development and stress responses. By comparing the

information available for tomato and grapevine GRAS genes, we identified candidate

genes that might constitute conserved transcriptional regulators of both climacteric and

non-climacteric fruit ripening. Altogether this study provides valuable information and

robust candidate genes for future functional analysis aiming at improving the quality of

fleshy fruits.
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INTRODUCTION

Transcription factors play an important role in the regulation of
plant development and disease response. Among them, the plant
gene family of GRAS transcription factors was defined based on
nuclear localization, DNA binding and transcriptional activation
features (Silverstone et al., 1998; Itoh et al., 2002;Morohashi et al.,
2003). In addition, in vivo association of specific GRAS proteins
with promoter regions of several putative GRAS target genes was
confirmed by chromatin immunoprecipitation (Zentella et al.,
2007). The name GRAS derives from its first three identified
members, namely, gibberellic acid insensitive (GAI), repressor of
GA1 (RGA), and scarecrow (SCR; Pysh et al., 1999; Bolle, 2004).
Moreover, the Arabidopsis GRAS Protein SCL14 was shown to
be essential for the activation of stress-inducible promoters (Fode
et al., 2008).

Genome-wide analysis performed in nearly 30 plant species
frommore than 20 genera revealed that this gene family is widely
distributed in the plant kingdom (Tian et al., 2004), reviewed
by Hirsch and Oldroyd (2009) and it is likely to have emerged
first in bacteria (Zhang et al., 2012). GRAS proteins are typically
400–700 amino acids in length and exhibit considerable sequence
homology among each other in their C-terminus, where five
conserved motifs, namely LHR I, VHIID, LHR II, PFYRE, and
SAW are located (Pysh et al., 1999; Tian et al., 2004). The VHIID
domain of a GRAS protein from Brassica napus interacts with a
histone deacetylase, supporting the notion that GRAS proteins
regulate gene expression at the level of transcription (Gao et al.,
2004).

The amino acid sequences of GRAS proteins are highly
variable at the N-terminus, which may be responsible for the
specificity of their regulatory functions (Tian et al., 2004). For
example, a subgroup of GRAS proteins, which function in several
plant species as repressors of gibberellin signaling, share in their
N-terminal region the amino acid sequence DELLA and are thus
referred as DELLA proteins (Silverstone et al., 1998).

The GRAS protein family groups into eight well-known
subfamilies: DELLA, HAM, LISCL, PAT1, LAS, SCR, SHR,
and SCL3. However, in between 8 and 13 distinct clades
can be discriminated in different studies (Huang et al.,
2015; Bolle, 2016). Several GRAS genes from plant species
such as Arabidopsis, rice, and barley have been functionally
characterized, including CIGR (PAT subfamily), GAI, RGL,
RGA, and SLN1 (DELLA subfamily), MOC1 (LAS subfamily)
as well as other genes from SCR, SHR, LISCL, SCL, and HAM
subfamilies (Fu et al., 2002; Stuurman et al., 2002; Day et al.,
2004), reviewed by Bolle (2016). They have been involved
in many processes of plant growth and development such
as gibberellins signal transduction (Peng et al., 1997; Ikeda
et al., 2001), axillary meristem initiation (Greb et al., 2003; Li
et al., 2003), shoot meristem maintenance (Stuurman et al.,
2002), radial organization of the root (Helariutta et al., 2000),
phytochrome A signal transduction (Bolle et al., 2000), and male
gametogenesis (Morohashi et al., 2003). GRAS genes have also
been connected with plant disease resistance and abiotic stress
response (Mayrose et al., 2006; Ma et al., 2010; Cui, 2012).
Furthermore, in the model legume species Medicago truncatula

and Lotus japonicus two GRAS proteins were shown to be
required for nodule morphogenesis (Kalo et al., 2005; Heckmann
et al., 2006). Recently, the GRAS transcription factor RAM1 and
the novel GRAS protein RAD1 were reported to be involved
in arbuscule development (Xue et al., 2015). The formation
of multicomponent GRAS transcription factor complexes with
other proteins was suggested to be a prerequisite for elicitation
of nodulation or mycorrhization (Oldroyd, 2013). Genes coding
for GRAS transcription factors were also identified as targets of
miRNAs during tomato fruit development and ripening (Moxon
et al., 2008; Karlova et al., 2013).

So far, various in silico genome analyses have predicted the
existence of 33, 57 and 48 GRAS genes in the whole genome of
Arabidopsis, rice and Chinese cabbage, respectively (Tian et al.,
2004; Song et al., 2014). As more species have their complete
reference genome sequenced, additional GRAS genes can be
identified as it is the case of Vitis vinifera.

Due to its economic relevance, much research in grapevine
genomics has been carried out during the last decade. Among
these studies, the release of the whole grapevine genome sequence
in 2007 represented a breakthrough to promote its molecular
genetics analysis (Jaillon et al., 2007). Based on the published
sequence data, comprehensive analysis of a given gene family can
be performed to uncover its molecular functions, evolution, and
gene expression profiles. These analyses can contribute to the
understanding of how genes in gene families control traits at a
genome-wide level.

Previous comparative analysis with Chinese cabbage genome
predicted 43 GRAS transcription factors in V. vinifera (Song
et al., 2014). In this work, we update this number to 52,
a very similar number of GRAS genes to the 53 recently
reported in tomato (Huang et al., 2015). Furthermore, we
provide a detailed analysis of the GRAS transcription factors
relationships among several plant species through comparative
genomics together with the identification, structural analysis, and
mapping of the GRAS transcription factors onto the grapevine
chromosomes. Finally, expression analyses based on microarray
and RNAseq data suggest that GRAS proteins play an important
role in grape ripening and in response to abiotic and biotic
stresses.

MATERIALS AND METHODS

Identification of GRAS Genes
Genes previously identified as encoding GRAS proteins in
(Grimplet et al.) were blasted (blastp and tblastn) against
the grapevine genome 12x.2 (https://urgi.versailles.inra.fr/
Species/Vitis/Data-Sequences/Genome-sequences), the non-
redundant list of genes in (Grimplet et al., 2012) and the COST
annotation gene set available at the ORCAE website (http://
bioinformatics.psb.ugent.be/orcae/). Results from different
analysis were manually cross-checked to identify new potential
loci corresponding to GRAS genes in the grapevine genome.
The UGene software (Okonechnikov et al., 2012) was used to
design the gene models on the grapevine genome and test their
structure.
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Gene Structure Analysis
The potential coding DNA sequences (CDS) were blasted (blastx)
against the NCBI public database to compare the structures with
other known GRAS genes in other species and the NCBI Refseq
predictions of the grapevine genes. When discrepancies were
observed, gene models were corrected using the UGene software.
Loci bearing genes that were not functional were eliminated from
the list. A GFF file with the GRAS genes was designed, uploaded
into the IGV software and the RNAseq data available (shoot tips,
leaves, flower inflorescences and seed tissues) in the laboratory
were used to double-check the exon structure of the genes. Final
models were uploaded in theV. viniferaORCAE database (Sterck
et al., 2012; Grimplet et al., 2014).

Sequence Alignment and Phylogenetic
Analysis
Sequence information on previously reported GRAS proteins
of Arabidopsis thaliana was retrieved from the Arabidopsis
Information Resource (https://www.arabidopsis.org/browse/
genefamily/GRAS.jsp). Evolutionary analyses were conducted
in MEGA6 (Tamura et al., 2013). Multiple sequence alignment
was inferred using MUSCLE (Edgar, 2004). The evolutionary
history was inferred by using the Maximum Likelihood method
based on the JTT matrix-based model (Jones et al., 1992).
The bootstrap consensus tree inferred from 100 replicates was
taken to represent the evolutionary history of the taxa analyzed
(Felsenstein, 1985). Branches corresponding to partitions
reproduced in less than 30% of bootstrap replicates were
collapsed. Initial trees for the heuristic search were obtained
automatically by applying Neighbor-Join and BioNJ algorithms
to a matrix of pairwise distances estimated using a JTT model,
and then selecting the topology with superior log likelihood
value. The coding data was translated assuming a Standard
genetic code table. All positions with less than 95% site coverage
were eliminated. The genes were named according to Grimplet
et al. (2014) based on the distance homology with Arabidopsis
genes.

The alignment file between Arabidopsis and grapevine
sequences was uploaded to the Jalview and UGene software for
manual adjustment of the alignment and manual motif editing.
Motifs identified in Tian et al. (2004) were flagged and labeled
for the grapevine genes; additional motifs of high homology
were also identified (at least 50% homology within the members
of the subfamily on at least 10 amino acids) among grapevine
sequences.

Expression Analysis
Expression data were retrieved from three different microarray
platforms (Affymetrix Genchip (16k probesets) GrapeGen (21k
probesets), Vitis Nimblegen array (29k probesets), and from our
in-house RNAseq projects. Data normalization was performed
on all the array of each platform (RMA normalization). After
retrieving the values for the probesets corresponding to each
gene, the values for the 3 or 4 replicates of the same condition
were averaged to obtain a total of 256 conditions (organ, cultivar,
treatment, platform). Based on expression data of the grapevine
gene expression atlas (Fasoli et al., 2012), a plant ontology ID

was attributed to each gene if expression intensity in a tissue was
above a defined threshold of absolute log2 value of 8 or absolute
value of 256. The same data were used for the co-expression
analysis with the whole set of genes available on the Nimblegen
platform. Hierarchical clustering with Pearson correlation as
metric and average linkage cluster method was performed. Genes
considered as having the same profile should present a distance
threshold between each other lower than of 0.2.

For further evaluation of gene expression samples
corresponding to several stages of grapevine development
and ripening and several abiotic and biotic stress conditions
were used (Cramer et al., 2007; Deluc et al., 2007; Espinoza
et al., 2007; Grimplet et al., 2007; Pilati et al., 2007; Tattersall
et al., 2007; Fung et al., 2008; Lund et al., 2008; Albertazzi et al.,
2009; Pontin et al., 2010; Sreekantan et al., 2010; Carvalho et al.,
2011; Fortes et al., 2011; Tillett et al., 2011; Vega et al., 2011;
Diaz-Riquelme et al., 2012; Fasoli et al., 2012; Lijavetzky et al.,
2012; Carbonell-Bejerano et al., 2013; Agudelo-Romero et al.,
2015). Heat maps were performed with the ComplexHeatmap R
package (https://github.com/jokergoo/ComplexHeatmap).

Comparison to Other Plant Species
We performed a sequence comparison using the GRAS
genes from 16 plant species (A. thaliana, Brassica rapa,
Carica papaya, Eucalyptus grandis, Citrus sinensis, Malus
domestica, Prunus persica, Fragaria vesca, Glycine max, M.
truncatula, Cucumis melo, Populus trichocarpa, Solanum
lycopersicum, Zea mays, Sorghum bicolor, Oryza sativa) retrieved
at http://planttfdb.cbi.pku.edu.cn. We identified orthologous
genes in genomes from the sixteen species following what was
performed in Jaillon et al. (2007). Each pair of predicted gene
sets was aligned with the BLASTp algorithm, and alignments
with an e-value lower than 1e−20 and sequence homology higher
than 40% were retained. If a comparison is above that value,
the two genes were considered homologs. Two genes, A from
Vitis genome GV and B from genome GX, were considered
orthologs one-to-one if B was the best match for gene A in GX
and A was the best match for B in GV. A phylogenetic tree was
constructed with the GRAS genes from these species with the
same parameters as before.

RESULTS

Identification and Structural Annotation of
the GRAS Genes
Genes that were previously identified as GRAS in the grapevine
genome (Grimplet et al., 2012) were used to performed sequence
comparison analyses, either against the most up to date gene
predictions from CRIBI V1 and V2, the NCBI refseq (on the
12Xv1 of the genome assembly) and the VCOST (on the 12Xv2
of the genome assembly) as well as directly against the reference
genome sequence to check whether any potential gene could had
been missed by these predictions. In this way, we identified 80
genome regions that shared homology with at least one of the
genes.

Gene models were curated using the data collected from
gene structure comparisons using different databases as well as
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the available RNAseq data from our laboratory (Royo et al.,
2016) to validate actually expressed exons. This data also
allowed evaluating the expression of newly detected genes, not
represented in microarray data, by redoing the bioinformatics
analysis of original RNAseq data with an updated GFF file. A
total of 52GRAS genes with a functional structure were identified
in the grapevine genome (Table 1). Data relative to the detection
of GRAS genes in previous genome annotations or gene-sets are
summarized in Supplementary Table 1. Three additional genes
were detected compared to the automatic annotation CRIBI V1,
one was not seen in the V1, but was known in the annotation
from the 8x genome (Table 1). The structure of 14 genes CRIBI
annotated genes was curated in our work.

Exon/ intron structure is highly conserved amongst GRAS
genes in grapevine and most of them presented only one exon
which is a common feature of this gene family observed in
many plant species (Song et al., 2014; Huang et al., 2015;
Lu et al., 2015). Only six genes contained introns (Table 1).
Five of them contained two exons while VviLISCL7 contained
four. No subfamily showed a specific intron/exon structure
(Supplementary Table 1) while the size of GRAS genes varied
greatly, ranging from 294 nucleotides (VviSCL3b) to 2349
nucleotides (VviSCR1). Forty-one genes (79%) had a length
longer than 1400 bp.

Phylogenetic Analysis, Nomenclature, and
Motif Analysis
For gene nomenclature, a phylogenetic tree of the GRAS protein
coding genes in V. vinifera and Arabidopsis was constructed
(Figure 1) as recommended by the Super-Nomenclature
Committee for Grape Gene Annotation (sNCGGa; Grimplet
et al., 2014). This analysis identified the eight subfamilies
previously described in other plant species: DELLA, HAM,
LISCL, PAT, LS, SCR, SHR, and SCL3. Furthermore, five
additional groups were detected that could not been assigned
to any of those subfamilies (Figure 1). Interestingly, 13
groups were also recently found in tomato (Huang et al.,
2015). For individual gene nomenclature, we attributed
gene symbols/names using preferentially those previously
used when they fit the recommendations of the sNCGGa.
If a gene was not described before and had an Arabidopsis
ortholog, the corresponding Arabidopsis gene name was
used. In addition, to distinguish different subfamily members,
names were composed by the subfamily symbol followed by a
number or a letter (when the subfamily symbol ended with a
number). Among the new detected subfamilies, two showed an
Arabidopsis homolog that had not been previously described
in a subfamily. These were labeled SCL26 and GRAS8. The 3
remaining new subfamilies were labeled GRASV1, GRASV2 and
GRASV3.

Five characteristic conserved motifs were identified in the C-
terminus of the GRAS proteins, namely LHRI, VHIID, LHRII,
PFYRE, and SAW (summarized by subfamilies in Figure 2 and
detailed in Supplementary Image 1). The LHRI motif presented
two units (A and B). Leucine repeats found in Unit A were
found to be conserved in all GRAS proteins (Figure 2 and
Supplementary Image 1) as previously reported (Tian et al.,

FIGURE 1 | Molecular phylogenetic analysis of grapevine and

Arabidopsis GRAS genes. Thirteen sub families were identified in grapevine:

the known DELLA, HAM, LISCL, PAT, LS, SCR, SHR, and SCL3 and five new

subfamilies GRAS8, GRASV1, GRASV2, GRASV3, and SCL26.
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TABLE 1 | Genome localization of the 52 grapevine GRAS genes.

Locus ID Short name Strand Position v2 Locus ID Short name Strand Position v2

Vitvi12g00665 PAT1 − 8738265–8739902 Vitvi11g00409 RGA3 − 3959545–3961143

Vitvi19g00619 PAT2 − 7772106–7773743 Vitvi01g01509 GRASV1b + 20426662–20428254

Vitvi10g00271 PAT3 − 2802206–2803843 Vitvi17g01040 GRASV1d − 12688373–12689932

Vitvi19g00392 PAT4 − 5276148–5277899 Vitvi19g01706 GRASV1a + 23595896–23597488

Vitvi16g01086 PAT6 + 19383904–19385748 Vitvi14g01510 GRASV1c − 25316395–25317516,

25317604–25318488

Vitvi04g01696 PAT7 − 23747087–23748793 Vitvi07g00627 SCR3 + 6996793–6998256

Vitvi18g01210 PAT8 + 13411198–13412895 Vitvi03g01226 SCR2 + 19152243–19153571

Vitvi07g01612 SHR5 + 21912240–21913607 Vitvi08g00007 SCR1 − 115793–116261, 116647–117596

Vitvi12g00571 SHR4 + 7509331–7510668 Vitvi06g01133 SCL3a + 15915179–15916597

Vitvi09g01487 SHR3 − 910682–912319 Vitvi02g00974 SCL3b + 13518884–13519177

Vitvi05g01554 SHR2 + 23894334–23895644 Vitvi13g01556 SCL3c − 24957576–24959012

Vitvi07g02073 SHR1 − 21633666–21635150 Vitvi14g01348 SCL3d + 23412635–23413888

Vitvi06g00491 LISCL1 + 5938487–5940601 Vitvi18g01322 GRAS8b + 14926630–14927997

Vitvi06g00490 LISCL4 + 5930838–5932814 Vitvi02g00370 GRAS8a + 3323726–3325756

Vitvi06g00492 LISCL2 + 5942791–5944119 Vitvi04g01281 LAS2 + 18563606–18565456

Vitvi06g01569 LISCL12 + 5918887–5921169 Vitvi19g00932 LAS1 + 10747971–10749212

Vitvi06g00489 LISCL3 + 5925910–5928204 Vitvi07g00418 GRASV2a − 4408615–4410429

Vitvi08g01214 LISCL5 + 14792851–14795082 Vitvi05g00110 GRASV2b − 1038770–1039128,

1039236–1039324,

1039452–1040602

Vitvi13g00312 LISCL6 + 3256665–3258887 Vitvi08g00751 GRASV3a − 9219561–9220028,

9220132–9221151

Vitvi13g00314 LISCL8 + 3283478–3285724 Vitvi08g00746 GRASV3b − 9152326–9153933

Vitvi13g00311 LISCL9 + 3251727–3254009 Vitvi08g01969 GRASV3c + 9227520–9229388

Vitvi13g01865 LISCL10 + 3279518–3281677 Vitvi04g01622 SCL26a + 22393173–22394627

Vitvi13g01864 LISCL11 + 3274050–3274663,

3274680–3276222

Vitvi18g00300 SCL26b − 3254592–3256064

Vitvi13g00313 LISCL7 + 3270544–3270684,

3270692–3271508,

3271694–3271929,

3271938–3272162

Vitvi04g01247 HAM3 − 18244582–18246198

Vitvi01g00446 RGA5 − 4895406–4897178 Vitvi02g00536 HAM1 + 5144861–5147299

Vitvi14g00841 RGA4 + 14807005–14808846 Vitvi15g00680 HAM2 − 14397074–14399326

Bold IDs correspond to genes which CDS structure was curated regarding v1 annotation. Italics indicate the gene is new when compared to v1 annotation. Genes VviSCL3d,

VviGRASV3a, and VviGRASV3b correspond to newly detected genes compared to V1. VviSCL3d was already known in the 8x genome. The 14 CRIBI annotated genes with curated

structure in this work are in bold.

2004). Unit B contained a putative nuclear localization signal
(NLS). The canonical NLS was present in the cluster of DELLA
proteins in the phylogenetic tree (Figure 1) though it appeared
degenerated in VviRGA3 (Supplementary Image 1).

The VHIID motif contained three units (A, B, and C). GRAS
proteins could be divided into several distinct groups based on
conservation of Unit A. Groups such as PAT, DELLA, and HAM
presented high conservation of amino acids (VI, IX, and XIII
respectively, Figure 2). Unit B was extremely conserved and the
C unit had a conserved pattern of LRITG (Pysh et al., 1999; Tian
et al., 2004). The L was substituted by I or V and in the case of
DELLA proteins by F unit.

The LHRII motif embraced units A and B. In Unit A, three
regularly spaced leucine heptad repeats (LX6LX6L) could be
found followed by several irregularly spaced leucine repeats. In
Unit B, many GRAS proteins had a conserved LXXLL pattern

(DELLA, SCL3, and LS groups) as previously described (Tian
et al., 2004; Figure 2 and subgroups X, VIII, and XII). The PAT1
and SCR groups presented different conserved patterns (VII and
XI).

The PFYRE motif could be divided into three units: P, FY,
and RE. On the other hand, the SAW motif was composed
of two units, RVER and W-W-W (Figure 2). RVER could be
noticed in many but not all GRAS proteins. Members in the
HAM subfamily lacked the RVER domain in their C-termini
as well as some members of the SHR group (Figure 2 and
Supplementary Image 1). The W-W-W unit included three
subunits: W-G, L-W, and S-W (Figure 2).

In the N-terminus several units were found, in accordance
with previous reports (Tian et al., 2004). Units I and II of the
LISCL group, units III and IV of DELLA proteins, and unit
V of SCR group (Figure 2). Only one sequence in Arabidopsis
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FIGURE 2 | Structure and subfamily-specific motifs of GRAS proteins. The five conserved motifs LHR I, VHIID, LHR II, PFYRE, and SAW are displayed.

Subfamily-specific motifs are labeled with roman numerals. GRASV1 (SCR-like) does not present domain V. GRAS8 (SCL3-like) does not present domain VIII.

GRASV2, V3, and SCL26 (HAM-like) do not present domains XIII, XIV, and XV. HAM and HAM-like sequences do not show NLS. Complete details on gene structure

are shown in Supplementary Image 1.

(AtRGL2) and its ortholog in V. vinifera presented domain V in
the SCR group. The TVHYNP domain is characteristic of DELLA
proteins (unit IV). In two V. vinifera sequences (VviLISCL2
and VviLISCL7) the domains I and/or II of LISCL proteins
were missing due to the fact that the N-terminus is too short
(Supplementary Image 1). The N region was much conserved
in LISCL. The N- terminus of SHR proteins was also very short.
Furthermore, in HAM subfamily we identified two new motifs
named XIV and XV and in PAT subfamily a new motif named
XVI (Figure 2). The consensus sequences for the new motifs are
for XIV: TSVLDTRRSPSPPTSTSTSTL+SS++GGG; and for XV:
++EQS+L+WI+GDV+DPS+G; XVI: RELE+ALLGPDDDD).

Besides these eight known groups, five new additional
groups were identified. A new V. vinifera group (formed by
four proteins- VviGRAS V1a-Vd) showed similarity with SCR
proteins but lacked the SCR motif (Figures 1, 2). This new
subfamily was not present in Arabidopsis and was named
GRASV1, with V for Vitis. However, this subfamily is apparently
only absent in Arabidopsis and Brassica as observed in a
comprehensive phylogenetic analysis that includes grapevine and
fifteen other plant species (Supplementary Image 2).

A subgroup of proteins with much similarity to the SCL group
did not present VIII domain including AtGRAS8 and its ortholog
in V. vinifera (VviGRAS8). Roman numeric nomenclature
for subfamilies as used in Lu et al. (2015) was considered
confounding since it was also used to label the motifs, so this
subfamily was renamed as VviGRAS8, following the name of the
Arabidopsis gene.

Based on the original phylogenetic analysis (Figure 1)
we detected a third subfamily apparently related to the
Arabidopsis gene SCL26 but the broad species analysis
(Supplementary Image 2) revealed that this subfamily should
be split in 3 distinct subfamilies since only two genes were
grouped with SCL26 in the species analysis. All these proteins
were also phylogenetically related to the HAM subfamily but
lacking the XIII domain, a reason why they were not included
in the HAM group. Furthermore, we identified GRASV2
and GRASV3 subfamilies within the HAM-like group. Both
gene subfamilies had representative genes in other species
(Supplementary Image 2).

From the alignment of predicted GRAS domain sequences
we identified members containing partial GRAS domains with
missing motifs (Supplementary Image 1). The gene VviSCL3b
seemed severely truncated, it presented a premature stop codon
lacking the motifs PFYRE and SAW). Interestingly, this gene
whose predicted protein has 98 aminoacids is homologous to
SlGRAS35 which only contains 85 aminoacids Huang et al., 2015.

As mentioned previously we analyzed the orthologous
relationships of GRAS genes in V. vinifera and other species
(Figure 3 and Supplementary Image 2). The orthologous
relationships were classified into three categories: (i) genes
present in grapevine and absent in a given species; (ii) grapevine
genes showing a one-to-one relationship with one gene from a
given species; (iii) grapevine genes having homologs in a given
species, but without no clear putative ortholog (Figure 3). When
grapevine genes were compared only to Arabidopsis, 18 genes
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FIGURE 3 | Grapevine GRAS genes orthology against plant species with sequenced genome. Green: a one-to-one ortholog in the species (ortholog

one-to-one = best match in the species that has the grapevine deduced protein as the best match in grapevine.). Gray: the grapevine deduced protein has homology

in the species genome but no one-to-one ortholog was detected (the best match do not have the grapevine deduced protein as best match). White: no match in the

species.
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showed a one-to-one ortholog relationship with an Arabidopsis
gene, a value slightly higher to the 15 obtained in the comparative
analysis performed between Prunus mume and Arabidopsis (Lu
et al., 2015). These genes likely correspond to well-conserved
functions between both species. Eleven grapevine genes had
homologs in Arabidopsis but no one-to-one relationship could
be found. On the other hand, 23 genes do not have homologs in
Arabidopsis.

A phylogenetic tree considering several mono and
dicotyledonous species together with a sequence comparison
were performed to identify genes with widely conserved
functions among species (Figure 3). Genes that might represent
evolutionary conserved functions were VviPAT1, VviSHR1,
VviSCR1, and VviSCL26g since orthologs were found in all the
species analyzed (Figure 3).

GRAS gene family has considerably evolved since the
divergence of monocot and eudicot plants as determined by the
orthologous relationship of GRAS genes in several species. The
phylogenetic analysis of LISCL, HAM, PAT, and SCL groups
revealed independent clusters with many members from only
monocotyledonous species (Supplementary Image 2). On the
other hand, E. grandis and P. trichocarpa putative specific
subgroups were also noticed. GRAS family expanded significantly
in these fast-growing woody tree species. According to Liu and
Widmer (2014) there are 106 and 94 GRAS genes in Populus
and Eucalyptus, respectively. In V. vinifera no species-specific
subgroup was found.

Regarding the new V. vinifera subfamilies, the results
indicated that group comprising VviGRASV1a-Vd, existed
before the divergence of dicots and monocots and were lost in
Arabidopsis and B. rapa (Figure 3 and Supplementary Image 2).
However, VviGRASV1c and VviGRASV1d did not appear in
monocots.

The genes VviGRASV2a- and VviGRASV3c also presented
orthologs in some species but not in Arabidopsis and B. rapa.
The gene VviGRASV2a is homologous to two genes from tomato
(Supplementary Image 2); therefore they may eventually play
similar functional roles in fleshy fruits such as grapevine and
tomato. Orthologs of VviGRASV2a can be found in many other
species whereas for VviGRASV2b no ortholog was detected
(Figure 3).

Regarding the GRAS8 subfamily, gene VviGRAS8a was
included in a large cluster with AtSCL28 and homologous genes
in tomato and rice. It has orthologs in several species including
tomato but not in rice.VviGRAS8b has homologs in several mono
and dicotyledonous species but not in Arabidopsis and B. rapa.
Orthologs were not found in Arabidopsis and monocots.

VviSCL26b clustered with AtSCL26 and several other species
whereas VviSCL26a did not have homologs/orthologs in
Arabidopsis. As expected, since they were never described before
in other species, the genes from the new families’ shared little
homology with genes from Arabidopsis.

Chomosomal Location of the GRAS Genes
GRAS genes were distributed unevenly among the nineteen
chromosomes of the grapevine genome though they were
mapped to all the chromosomes (Figure 4). The highest number

of GRAS genes was found on chr 6 and 13, with 6 and 7 genes
respectively. The high number of GRAS sequences in these two
chromosomes is mainly due to the presence of repeats of genes
belonging to the same group (LISCL). On the other hand, chr 3, 9,
10, 11, 15, 16, and 17 only bore one gene. GRAS genes belonging
to the same group were located in chromosomal regions that
may represent paralogous segments resulting from ancestral
polyploidization events (Jaillon et al., 2007; Velasco et al., 2007).
LISCL genes were located in chr 6, 8, and 13 (although most
of the LISCL in chr 13 were located just beside the presumed
paralogous segment) and PAT genes located in chr 10, 12,
and 19.

Concerning LISCL genes, the tandem repetition of almost
identical coding sequences (e.g., VviLISCL7 and VviLISCL11)
suggests that these duplication events in the grapevine genome
are quite recent (Licausi et al., 2010). There is also tandem
repetition of genes belonging to different groups such as
VviLISCL5 and VviGRASV3c-e as well as VviSCL3a, and
VviLISCL1-4). Interestingly, clusters in chr 6 and 13 presented
similar sequence string within 4 LISCL genes followed by one
SCL3.

Tandem repeats mainly in the LISCL group were also observed
in P. mume (Lu et al., 2015).

Interestingly, the new V. vinifera group comprising VviGRAS
Va-Vd was distributed in four different chromosomes (1, 14, 17,
and 19). Three of them were in paralogous regions in chr 1, 14,
and 17.

Therefore, segmental duplication and tandem duplications
contributed significantly to the expansion and evolution of the
GRAS gene family.

Expression Analysis of Grapevine GRAS
Genes
Three distinct approaches were performed to characterized
GRAS genes expression in grapevine. First, we constructed an
atlas of expression of the GRAS genes based on the absolute value
of gene expression in public data. The results of this study are
presented in Figure 5 that displays the data extracted from the
published grapevine gene expression atlas (Fasoli et al., 2012).
When a gene was clearly expressed in a given tissue a Plant
Ontology (PO) was attributed to the gene and reported in the
ORCAE database.

Second, we performed a co-expression analysis based on the
same original data using the relative values of expression of all
the genes, centered on the average expression. The objective
here was to determine expression patterns and to identify genes
that were following the same pattern of expression as the GRAS
genes and that could be under the same regulatory elements, or
under the regulation of the GRAS gene itself. The results are
presented in Table 2 and Supplementary Table 2. Nine genes
showed a correlation with other genes with a Pearson Correlation
Coefficient (PCC) threshold of 0.2. Finding the optimal PCC
threshold to retrieve functionally related genes was affected by the
method of gene expression database construction and the target
gene function (Obayashi and Kinoshita, 2009), but the PCC that
was chosen was very stringent.
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TABLE 2 | Co-expression analysis of GRAS genes.

Unique_ID/nimblegen probeset Functional_annotation Functional categories

VIT_02s0025g04000 VviGRAS8a GRAS family transcription factor

VIT_14s0068g02000 Ribonucleotide reductase R2 Nucleotide metabolism. Purine metabolism

VIT_11s0016g03750 Myb-related protein 3R-1 (Plant c-MYB-like protein 1) Cellular process. Cell growth and death

VIT_18s0001g07550 Kinesin family member 4/7/21/27 Microtubule-driven movement

VIT_13s0064g00560 DNA topoisomerase, ATP-hydrolyzing Nucleic acid metabolism. DNA metabolism

VIT_18s0122g00550 Cyclin-dependent kinase B2;1 Cell growth and death; Regulation of cell cycle

VIT_14s0108g00710 Chromosome condensation protein DNA metabolism. DNA replication

VIT_11s0016g02970 MAP kinase kinase 6 Signaling pathway. Protein kinase. MAPK cascade

VIT_13s0067g03250 CENP-E like kinetochore protein Cellular process. Cell growth and death

VIT_13s0067g01420 Cyclin 1b (CYC1b) Cell growth and death; Regulation of cell cycle

VIT_06s0004g05870 Tubulin beta-3 chain Microtubule organization and biogenesis

VIT_18s0001g02060 Cyclin A1 Cell growth and death; Regulation of cell cycle

VIT_07s0005g01030 Cellulose synthase CSLD5 Cell wall biosynthesis. Cellulose biosynthesis

VIT_01s0010g02430 Mitotic spindle checkpoint protein (MAD2) MAPK cascade; Regulation of cell cycle

VIT_12s0057g00500 Thymidine kinase Nucleotide metabolism. Pyrimidine metabolism

VIT_13s0019g02710 Rho guanyl-nucleotide exchange factor ROPGEF5 Signaling pathway. G-protein signaling pathway

VIT_04s0008g01080 Calmodulin-binding region IQD6 Calcium sensors and Signaling

VIT_14s0068g00270 Hydroxyproline-rich glycoprotein Cell wall organization and biogenesis

VIT_10s0003g05680 CHUP1 (chloroplast unusual positioning 1) Cytoskeleton. Actin organization and biogenesis

VIT_04s0023g01660 VviLAS2 GRAS family transcription factor

VIT_12s0059g00230 Epoxide hydrolase 2 Epoxide hydrolase family; Biotic stress response

VIT_12s0059g00220 Epoxide hydrolase Epoxide hydrolase family; Biotic stress response

VIT_08s0007g02240 Calcium/proton exchanger CAX3 Electrochemical Potential-driven Transporters. Porters.

Ca2+:Cation Antiporter

VIT_05s0020g03380 WNK1 (with no lysine (K) 1) Signaling pathway. Circadian clock Signaling

VIT_14s0108g01420 DEFENSE NO death 1 Biotic stress response. Plant-pathogen interaction

VIT_12s0035g00970 Evolutionarily conserved C-terminal region 11 ECT11 RNA processing. mRNA processing. mRNA splicing

VIT_02s0025g04120 Calmodulin binding protein Signaling pathway. Calcium sensors and Signaling

VIT_04s0023g01170 Unknown protein Unknown

VIT_03s0180g00140 Acetyl xylan esterase AxeA Unknown

VIT_10s0003g02780 Unknown protein Unknown

VIT_05s0020g00870 UbiE/COQ5 methyltransferase Biosynthesis of derivatives of dehydroquinic acid,

shikimic acid and chorismic acid

VIT_01s0244g00140 Aspartate kinase Amino acid. Glycine, serine, and threonine metabolism

VIT_07s0005g03700 VviSCR3 GRAS family transcription factor

VIT_15s0046g00930 Zinc finger (C3HC4-type ring finger) Transcription factor. Zinc finger C3HC4 family

transcription

VIT_07s0129g00030 VViSHR1 GRAS family transcription factor

VIT_08s0007g04820 Pectate lyase Cell wall catabolism. Pectin catabolism

VIT_07s0129g01070 Leucine-rich repeat protein kinase Signaling. Signaling pathway. Protein kinase

VIT_02s0025g02700 Glutaredoxin family protein Response to stimulus. Stress response. Abiotic stress

VIT_18s0001g09920 Cyclin delta-3 (CYCD3_1) Cytokinin-mediated Signaling pathway

VIT_12s0059g01900 Unknown protein Unknown

VIT_01s0026g01420 Wall-associated kinase 4 Signaling. Signaling pathway. Protein kinase

VIT_01s0137g00720 Lipase GDSL Unclear

VIT_07s0005g00740 Endo-1,4-beta-glucanase Cell wall catabolism. Cellulose catabolism

VIT_09s0002g00450 Subtilase Subtilase-mediated proteolysis

VIT_05s0077g02270 Unknown protein Unknown

VIT_18s0001g07340 Aspartic proteinase nepenthesin-1 precursor Proteolysis. Peptidase-mediated proteolysis

VIT_03s0038g02180 Glycosyl hydrolase family 10 protein Cell wall catabolism. Xylan catabolism

(Continued)
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TABLE 2 | Continued

Unique_ID/nimblegen probeset Functional_annotation Functional categories

VIT_14s0030g01870 NIMA protein kinase Signaling. Signaling pathway. Protein kinase

VIT_01s0010g01660 Receptor protein kinase Signaling. Signaling pathway. Protein kinase

VIT_08s0056g00050 VViSCR1 GRAS family transcription factor

VIT_18s0001g10380 Heat shock transcription factor B4 HSP-mediated protein folding; Temperature stress

response

VIT_09s0002g01540 Unknown protein Unknown

VIT_04s0044g01100 Invertase/pectin methylesterase inhibitor Cell wall organization and biogenesis

VIT_11s0016g04630 VviRGA3 GRAS family transcription factor

VIT_08s0007g02760 IAA-amino acid hydrolase 1 (ILR1) Auxin activation by conjugation hydrolysis

VIT_13s0019g01780 VviLISCL11 GRAS family transcription factor

VIT_10s0003g02350 SRG1 (senescence-related gene 1) oxidoreductase Unclear

VIT_13s0019g01810 VviLISCL8 GRAS family transcription factor

VIT_07s0005g05640 Unknown protein Unknown

VIT_18s0001g03310 VviSCL26b GRAS family transcription factor

VIT_13s0067g01190 Cellulase Cell wall catabolism. Cellulose catabolism

VIT_03s0088g00890 Pathogenesis related protein 1 precursor [Vitis vinifera] Jasmonate-mediated Signaling pathway; Biotic stress

response. Plant-pathogen interaction

VIT_05s0094g01310 Polygalacturonase GH28 Cell wall modification. Pectin modification

VIT_10s0092g00070 Taxane 13-alpha-hydroxylase Diterpenoid biosynthesis

VIT_08s0105g00170 Dof zinc finger protein DOF3.5 C2C2-DOF family transcription factor

VIT_05s0124g00210 Peptidase S26A, signal peptidase I Proteolysis. Peptidase-mediated proteolysis

VIT_05s0062g00690 Heat shock protein 81-2 (HSP81-2) HSP-mediated protein folding; Biotic stress response.

Plant-pathogen interaction

VIT_15s0021g01590 RKL1 (Receptor-like kinase 1) Signaling. Signaling pathway. Protein kinase

VIT_03s0091g00890 Endoxylanase Cell wall organization and biogenesis

VIT_12s0055g00980 Peroxidase precursor Phenylalanine biosynthesis; Abiotic stress response.

Oxidative stress response

The list of co-expressed genes is complete except for VviGRAS8a and VviSCL26b. Further details are presented in Supplementary Table 2. The list of co-expressed genes are

highlighted in bold.

Third, we mined public expression data to identify the
behavior of GRAS genes during berry ripening (Figure 6) and
upon abiotic and biotic stresses (Figures 7, 8) not only in V.
vinifera but also in other Vitis species (Supplementary Table 3).
Figures 6–8 presented the expression values among the
experiments where difference in expression of GRAS genes was
detected.

Out of the 52 genes analyzed, six were not detected in any
analyzed tissue. The rest of the genes mostly showed a general
pattern; they were either highly expressed or lightly expressed in
all tissues considered. Nevertheless, about one third of the genes
showed some tissue-specific expression. Pollen stands out as a
different tissue in terms of GRAS genes expression. Differential
expression of some GRAS genes among different tissues was
previously shown for tomato and Populus (Liu and Widmer,
2014; Huang et al., 2015). Furthermore, differential expression
was clearly noticed during grape ripening and stress response.

PAT Subfamily
Expression studies of VviPAT genes showed that most of
them were expressed in all the tissues, including berry, seed,
inflorescence, flower and rachis, among others (Figure 5).
VViPAT6 seemed to be more abundant in reproductive organs

(flower, stamen, tendril and berry). VViPAT7 was expressed
only in seedling and root. VviPAT genes generally seemed
to respond to abiotic stress specifically VviPAT3, VviPAT4,
and VviPAT6 were up-regulated after prolonged exposure
(Figure 8). VViPAT3 and VviPAT4 also seemed to respond
to photoperiod and showed a stronger expression under
UV light. VviPAT4 was up-regulated in grapevine response
to Botrytis cinerea, leaf response to powdery mildew and
inflorescence response to Bois Noir suggesting that it could be
an important regulator of biotic stress responses (Figure 8).
VViPAT3, VviPAT4, and VViPAT6 were expressed along grape
ripening (Figure 6) although differences could be noticed among
cultivars and ripening stages (Supplementary Table 3). Data on
the evolution during ripening confirmed that their expression
seems dependent of environmental factors since expression did
not seem reproducible over the years in Pinot Noir. However,
their expression clearly increased in ripe fruit suggesting that
these genes might be related to ripening control.

SHR Subfamily
Concerning SHR subfamily, VviSHR1, VviSHR2, and VviSHR3
tended to be expressed in all tissues excepted in some floral
organs and pollen (Figure 5). VviSHR4 and VviSHR5 seemed to
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FIGURE 4 | Chromosomal location of grapevine GRAS genes. Links with the same colors in different chromosomes show paralogous regions as previously

defined (Jaillon et al., 2007).

be expressed only in specific vegetative tissues. VviSHR4 showed
expression in seedling and VviSHR2 in stem and root. VviSHR3
showed the strongest expression in seedling, root and berry. This
gene together with VviSHR5, an ortholog of AtSCL32, was up-
regulated in berries upon Botrytis cinerea infection (Figure 8).
VviSHR4 responded positively to Bois Noir attack. VviSHR1 was
expressed in several reproductive and vegetative tissues ranging
from reproductive tissues (inflorescence and carpel) to root,
among others. VviSHR1 presented co-expression with a cluster
of 15 genes that included genes involved in cell wall catabolism,
defense, and signaling pathways (Table 2). During ripening, its
expression appeared higher during the earlier stages and seemed
to be lower at véraison. In post-harvest berries this gene was also
down-regulated.

LISCL Subfamily
Members of the LISCL subfamily showed distinctive expression
patterns. VviLISCL3, VviLISCL5, VviLISCL8, and VviLISCL12
were expressed in all tissues but pollen, while VviLISCL2,
VviLISCL7, VviLISCL10 were expressed in almost none tissue
(Figure 5). Among them, VviLISCL2 expression seemed

restricted to older tissues since it was only detected in post-
harvest fruit, senescent leave and woody stem. The other genes
presented a tissues-specific expression. Expression of VviLISCL4
was predominant in male reproductive tissues (stamen and
pollen).

VviLISCL3 and VviLISCL12 originated from a duplication
event and have high sequence similarity, which resulted in not
having a specific probeset for each of them in the GeneChips
array. However, their expression seemed to be affected by
ripening with the lowest expression around or after véraison and
the highest expression in ripe or overripe stages (Figure 6). They
showed high expression under prolonged abiotic stress and upon
virus infection, but distinction between both genes could not
be made. Nevertheless, UV light surely affected their expression
positively.VviLISCL1was also over-expressed after 16 days under
water deficit and salt stress (Figure 7).

Interestingly, VviLISCL7, whose expression was not detected
in most tissues, showed slight over-expression upon Botrytis
infection (Figure 8). Although VviLISCL7 presented a short N-
terminal lacking domain I, it might be still functional because
it looked expressed in some particular conditions, with motifs
II, LHRI, VHIID, LHRII, PFYRE, SAW, and RVER (unit B of

Frontiers in Plant Science | www.frontiersin.org March 2016 | Volume 7 | Article 353 | 104

http://www.frontiersin.org/Plant_Science
http://www.frontiersin.org
http://www.frontiersin.org/Plant_Science/archive


Grimplet et al. Analysis of the GRAS Gene Family in Grapevine

FIGURE 5 | Expression of GRAS genes in grapevine tissues. Gradient color is expressed in RMA-normalized intensity value on the Nimblegen microarray. The

value for each tissue corresponds to the condition where the highest expression was reported.
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FIGURE 6 | Expression of GRAS genes during grape development and ripening. Left: experiments performed with GeneChip microarrays. Middle: experiment

performed with Grapegen microarrays. Right: experiment performed with Nimblegen microarrays.

LHRII was also missing). VviLISCL2 also presented a short N-
terminal lacking domain I and II; therefore some motifs may not
be essential for functionality. VviLISCL11 showed coexpression
with a senescence- related gene (Table 2) and was over expressed
in post-harvest berries.

DELLA Subfamily
Genes VviRGA3, VviRGA4, and VviRGA5 were expressed in all
tissues (Figure 5). VviRGA3 and VviRGA5 were up-regulated
in the earliest stages of fruit development, at fruit set and
might be involved in the transition from inflorescence to flower.
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FIGURE 7 | Expression of GRAS genes upon abiotic stress. Left: experiments performed with GeneChip microarrays. Right: experiment performed with

Grapegen microarrays.

VviRGA3 was also down-regulated under abiotic stresses namely
salt, water stress, ABA exposure and high light (Figure 7).
VviRGA3 co-expressed with an auxin biosynthesis-related coding
for gene IAA-amino acid hydrolase (Table 2), and might be a
key regulator of this enzyme. Moreover, their highest expression
was detected in plant tissues commonly responsible for auxin
production such as seed and flower. VviRGA5 was up-regulated
in berries infected with Botrytis at green stage but its expression
severely dropped at véraison so it might participate only in the
early response (Figure 8).

SCR Subfamily
The gene VviSCR3 showed peaks of expression in pollen, ripe
berries and senescing leaves (Figure 5) and co-expressed with a
Zinc finger transcription factor (C3HC4 family). Interestingly,
VviSCR2, an ortholog of AtSCL23, was down- regulated during
ripening in both Trincadeira and Corvina (Figure 6). VviSCR1,
an ortholog of AtRGL2, was expressed only in some vegetative
tissues (seedling, bud and stem) but was slightly up-regulated
in green berries upon Botrytis infection and showed a dramatic
shift of expression between véraison and medium ripe stage in
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FIGURE 8 | Expression of GRAS genes upon biotic stress. Left: experiments performed with GeneChip microarrays. Middle: experiment performed with

Grapegen microarrays. Right: experiment performed with Nimblegen microarrays.

Corvina. This gene co-expressed with a heat shock transcription
factor and an invertase/pectin methylesterase inhibitor (Table 2).

SCL3 Subfamily
Three SCL3 genes (VviSCL3a, VviSCL3b, VviSCL3c) showed
similar expression patterns (Figure 5). They were predominantly
expressed in the stem, seed and berry flesh. Particularly,VviSCL3c
might be involved in seed development. The three genes were
also up-regulated in late post-harvest withering stages (Figure 6).
Furthermore,VviSCL3bwas up-regulated upon Botrytis infection

in Trincadeira grapes at véraison stage (Figure 8). No expression
was found for VviSCL3d which only had orthologs in papaya and
peach. This gene could be a pseudogene that lost its function
during the evolution of the gene subfamily.

GRAS8 Subfamily
In this subfamily, VviGRAS8a, an ortholog of AtSCL28/GRAS8,
exhibited detectable expression in several tissues ranging from
inflorescence to tendril and stem (Figure 5). VviGRAS8a was
down-regulated during grape ripening in Corvina, while no
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differences were observed in Trincadeira (Figure 6). In a general
manner, VviGRAS8a was more abundant in young tissues (leaf,
stem, tendril, rachis, bud) with the only exception of seed. This
gene was co-expressed with a large set of genes (79 genes); most
of them annotated as genes involved in cell cycle, microtubule
organization, nucleotide metabolism or signaling (Table 2 and
Supplementary Table 2). This suggests that it might play a role
in cell growth and differentiation. It was also over-expressed
at ripening and slightly up-regulated upon Botrytis infection in
Trincadeira grapes. On the contrary, VviGRAS8b was expressed
in older tissues (increased expression during post-harvest stages
of ripening, leaf, stem, winter bud). As for VviGRAS8a, the
exception was in the seed where no difference between young and
old tissues was noticed.

LAS Subfamily
Genes VviLAS1 and VviLAS2 presented quite a different
expression profile with VviLAS1 not being expressed in most
tissues (Figure 5). VviLAS2 appeared to be more abundant at
the beginning of fruit development, with consistency among
varieties.VviLAS1was over expressed inmature berries but not in
over-ripe berries (Figure 6). VviLAS2 expression also decreased
upon Botrytis infection (Figure 8) and co-expressed with 11
genes, some of them possibly involved in biotic stress response
(Table 2 and Supplementary Table 2).

GRASV1, GRASV2, GRASV3, and SCL26 Subfamilies
Expression of genes belonging to these new subfamilies was
low. For some of them, their possible expression could not be
confirmed (VviGRASV1d, VviGRASV3a, VviGRASV3b, although
for the latter two we only had RNAseqdata for expression
validation). The VviGRASV1 genes shared a similar expression
profile during Corvina ripening, peaking at the medium-ripe
or ripe stage and showing expression in the first post-harvest
stage (Figure 6). VviGRASV2 genes also showed this profile.
Interestingly, VviGRASV1 and VviGRASV2 genes might also play
a role during Botrytis attack (Figure 8).

VviGRASV3c was mostly expressed in post-harvest berries.
In addition, these 2 subfamilies did not show expression in
other tissues, with the exception for VviGRASV3c in root and
VviGRASV2a in young inflorescence.

The SCL26 genes showed a reduced expression level in
various tissues. Most notably VviSCL26b seemed more abundant
in berries at ripe stage (Figure 6). VviSCL26b co-expressed
with genes involved in the pathogen response and in cell
wall metabolism but the function of many of the co-expressed
genes was unknown (Table 2, Supplementary Table 2). The
expression profile of these genes was intriguing since little
consistency was observed among replicates of the same
condition. This inconsistency might be caused by a response
to unidentified factors during sampling, which appears in
experiments performed by independent laboratories.

HAM Subfamily
This subfamily is present in all tissues with notable lower values in
pollen (Figure 5). VviHAM3 was up-regulated during ripening,
upon Bois Noir attacks, and in response to drought in the

seed and shoot tip (Figures 6–8). VviHAM1 and VviHAM2 were
down-regulated in all the cultivars during ripening; they might
play a role in early stages of fruit development.

DISCUSSION

The availability of sequenced genomes, expression data and
associated bioinformatics tools enable the study of the genomic
information to predict the putative function of a gene family
in developmental processes and in stress response. In general,
transcription regulators belonging to the same taxonomic group
exhibit common evolutionary origins and specific conserved
motifs related to molecular functions, making their genome-wide
analysis an effective and practical method to predict unknown
protein functions.

We have performed an exhaustive analysis of GRAS genes on
the 12x grapevine genome sequence based on the isolation of
the complete set of genes identified in PN40024. Chromosome
localization, gene structure analyses, phylogenetic analyses with
other genome sequenced species and expression analysis allowed
to propose an extended characterization of the GRAS gene family
in grapevine and to draw hypotheses on the function of newly
described genes.

Expansion of GRAS Family in Grapevine
The grapevine GRAS gene family was greatly expanded by
segment/chromosomal duplications as it occurred in other
species belonging to different taxonomic groups (Liu and
Widmer, 2014; Huang et al., 2015; Lu et al., 2015). Duplicated
genes might show functional redundancy and their identification
may contribute to decipher gene functions, the evolutionary
consequences of gene duplication and their contribution to
evolutionary change. Duplicated genes face one of these
fates: nonfunctionalization, neofunctionalization (evolving novel
functions), or subfunctionalization (partition of gene functions;
Prince and Pickett, 2002). The process of non-functionalization
can occur when a redundant gene degenerates to a pseudogene
or is lost from the genome due to the vagaries of chromosomal
remodeling, locus deletion or point mutation (Prince and Pickett,
2002). Likely candidate pseudogenes are some of the outliers in
our sequence alignments such as gene VviSCL3b which presents
only 294 nucleotides and a premature stop codon and lacks
motifs PFYRE and SAW. Interestingly, this gene showed an
ortholog only in cabbage (Figure 3). However, this gene was
found to be expressed suggesting that it could still maintain some
functionality. No expression was found for VviSCL3d which may
also be a pseudogene that lost its function during the evolution of
the gene family.

We have also identified duplicated grapevine genes such
as VviLISCL7 and VviLISCL11 whose expression analysis with
specific probes might indicate they have evolved into distinct
functions. Expression divergence in duplicated GRAS gene
was previously detected in several plant species (Wu et al.,
2014). Furthermore, no GRAS genes were coexpressed together,
reflecting a wide diversity of the functions, or specialization.
Unlike other species, tandem duplication events in grapevine
seemed mainly restricted to the LISCL subfamily which
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contained tandem repeated genes with the highest homology.
However, other genes from specific subfamilies were in
paralogous areas of the genome resulting from polyploidization
event (Jaillon et al., 2007). Amongst them, the PAT subfamily had
members in chr 10, 12, and 19 (Figure 4), GRASV1 in chr 1, 14,
and 17, LISCL in chr 6, 8, 10, and GRASV2 in chr 5 and 7 (only
two genes). Although V. vinifera has a smaller size genome than
S. lycopersicum (487 and 760 Mb, respectively), it contained a
similar number of GRAS genes (52 and 53 genes, respectively). In
addition, P. mume with a genome size of 280 Mb, almost half the
size of the V. vinifera genome, contained 46 GRAS genes, a close
number to the 52V. vinifera genes (Lu et al., 2015). Therefore, the
density of GRAS genes varies greatly among plant species (Song
et al., 2014; Huang et al., 2015; Lu et al., 2015).

The exon-intron organization analysis showed that 88.46%
(46 out of 52) of VviGRAS genes were intronless in grapevine,
the highest percentage found so far, though similar to P. mume
(82.2%) (Lu et al., 2015). Interestingly, this percentage is much
smaller in Populus (54.7%) where the GRAS family greatly
expanded (Liu and Widmer, 2014). Horizontal gene transfer of
plant GRAS genes that originated from prokaryotic genomes
has been proposed (Zhang et al., 2012). This prokaryotic origin
followed by extensive duplication events in their evolutionary
history might explain the abundance of intronless genes within
the GRAS gene family. The grapevine GRAS genes also exhibited
a highly variable N-terminal domain, as in other species,
indicating the functional versatility of this gene family in
grapevine. By contrast, highly conserved C-terminal domains
(GRAS domain) were observed in all non-truncated proteins.

GRAS Family Members are Putatively
Involved in Grapevine Development and
Defense
Expression Patterns across a Variety of Tissues

Revealed Divergent Functions
GRAS genes showed broad expression patterns across a variety
of tissues, as previously observed in Populus and P. mume (Liu
and Widmer, 2014; Lu et al., 2015). For example, VviSCR1 was
highly expressed in the bud whereas the other VviSCR genes
were not detected in this tissue. In Arabidopsis, SCR was located
downstream of SHR, and both genes were required for stem cell
maintenance of the root meristem to ensure its indeterminate
growth (Lee et al., 2008). In V. vinifera, VviSHR3 was the gene
from SCR and SHR subfamilies presenting highest expression
in the root. Its tomato ortholog (SlGRAS16) also displayed its
highest expression in the root comparing to several tissues and
organs tested and was also predicted to be involved in root
development (Huang et al., 2015).

VviSCR1, ortholog of AtSCR, co-expressed with an
invertase/pectin methylesterase inhibitor putatively involved in
cell wall organization and biogenesis. VviSHR1 was expressed in
several reproductive and vegetative tissues and was co-expressed
with a cluster of genes putatively involved in cell wall biogenesis
(pectate lyase, endo-1,4-beta-glucanase, glycosyl hydrolase
family 10 protein) and signaling mechanisms (leucine-rich
repeat protein kinase, receptor protein kinase, wall-associated

kinase 4). Previous analysis of a short-root (shr) mutant showed
that the AtSHR protein is also involved in root and shoot radial
patterning (Helariutta et al., 2000). These transcription factors
are likely to play a role in cell wall reorganization and signaling
events during cell growth and differentiation in grapevine. SHR
and SCR were referred to be expressed in leaves, in young leaf
primordia, in developing leaf vascular tissue, and bundle sheet
cells (reviewed by Bolle, 2016). Recently, AtSHR, AtSCR, and
AtSCL23 were described to control bundle sheath cell fate and
function in A. thaliana and this developmental pathway seemed
to be evolutionarily conserved (Cui et al., 2014). AtSCR was
identified as primarily involved in sugar transport whereas
AtSCL23might play a role in mineral transport. Their expression
seemed regulated by SHR protein. Their orthologs in V. vinifera
(VviSHR1, VviSCR1, and VviSCR2, respectively) might play
similar cellular functions. The tomato genes SlGRAS25 and
SlGRAS15 (respective orthologs of VviSHR1 and VviSCR1)
in addition to SlGRAS39, ortholog of another SHR gene,
VviSHR2, showed high mRNA expression levels in root and
stem (Huang et al., 2015), suggesting conserved functions with
their homologous gene AtSHR (Cui et al., 2007), and AtSCR
(Helariutta et al., 2000) which are involved in root and shoot
radial patterning in Arabidopsis. These genes had orthologs in
most species (Figure 3) indicating that their function might also
be conserved in grapevine.

GRAS proteins have also been involved in axillary meristem
development. Knock-out Arabidopsis plants for AtLAS/SCL18
are unable to form lateral shoots during vegetative development
(Greb et al., 2003). In tomato, mutant plants for the ortholog
lateral suppressor (LeLs) were blocked in the initiation of
axillary meristems and showed lower number of flowers per
inflorescence, absence of petals, reduced fertility, and altered
hormone levels (Schumacher et al., 1999). The grapevine
ortholog (VviLAS1) was not expressed in most tissues, except for
berry pericarp, mature berry and leaf; however the other member
of this subfamily, VviLAS2, showed tissue expression that could
be more in accordance to the role described for LeLs. The
ortholog of VviLAS2 in tomato (GRAS17) is also differentially
expressed from mature green stage fruits to breaker stage fruits
(Huang et al., 2015).

In grapevine, VviHAM1 is strongly expressed during fruit
set and in several tissues such as bud, leaf, and stem. In the
petunia mutant hairy meristem (ham) shoot apical meristems
fail to retain their undifferentiated character (Stuurman et al.,
2002). In Arabidopsis, the GRAS proteins from the HAM branch
(SCL6, 22, and 27) are also involved in leaf development (Wang
et al., 2010). VviHAM1 may be involved in the regulation of
meristematic activity in growing tissues.

Many VviPAT genes showed expression in a wide range
of tissues and might be involved in several developmental
processes, through the regulation of phytochrome signaling
mechanisms, as in Arabidopsis (Bolle, 2004, 2016). PAT genes
PAT1, SCL5, SCL21 are positive regulators of phytochrome-
A signal transduction while SCL13 is mainly involved in
phytochrome-B signal transduction (Bolle et al., 2000; Torres-
Galea et al., 2006, 2013). The grapevine PAT subfamily showed
the weakest expression in the less photosynthetic tissues (pollen,
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roots), with the exception of VviPAT7 that displayed an opposite
expression profile. VviPAT7 was also one of the few PAT genes
with no orthology in other species, except in monocots.

DELLA genes presented a wide range of expression patterns
among tissues consistent with their role as negative regulators
of gibberellin signal transduction (Peng et al., 1997; Silverstone
et al., 1998; Zentella et al., 2007). They interfere with a
variety of growth and developmental processes such as stem
elongation, flower development, and seed germination (Bolle,
2004). In addition, DELLA proteins integrate not only gibberellin
-signaling pathways but also jasmonate, auxin, brassinosteroid,
and ethylene pathways, constituting a main signaling hub (Wild
et al., 2012; Bolle, 2016). VviRGA5, a one-to-one ortholog of
AtRGA/AtGAI, was highly expressed in seed, flower and stem
supporting a role in developmental processes.

The rice DLT gene modulates brassinosteroid-related gene
expression (Tong et al., 2009). The homologous gene in
Arabidopsis is AtSCL28 and in V. vinifera VviGRAS8a.
Interestingly, this gene co-expressed with a large set of genes
involved in cell cycle, nucleotide metabolism or signaling.
In general, the transcripts of this gene were more abundant
in young tissues (leaves, stem tendril, rachis, bud) and in
inflorescence which is not surprising since brassinosteroids
promote growth (reviewed by Fortes et al., 2015). The tomato
ortholog SlGRAS41 was suggested to be involved in flower-
fruit transition with a potential role in fruit development by
modulating brassinosteroid signaling (Huang et al., 2015). A role
that is likely to be played by VviGRAS8a in grapevine eventually
through an involvement in mechanisms of cell division and
differentiation.

As previously mentioned, expression of GRAS genes in
pollen tissue differed from other tissues. VviLISCL4 was almost
specifically expressed in the stamen and particularly in pollen.
Interestingly, a LISCL gene has been shown to be involved
in transcriptional regulation during microsporogenesis in the
lily anther (Morohashi et al., 2003). Future functional analysis
of VviLISCL4 gene during pollen development is required
to confirm the importance of this GRAS gene in grapevine
reproduction.

Several GRAS genes (VviLISCL2, VviGRASV2b) showed
higher expression in senescent tissues (senescent leaves, woody
stem, post-harvest berries) than in younger tissues, including
ripe/mature tissues. In this way, a wheat LISCL gene, TaSCL14,
was identified as promoting senescence in leaves (Chen et al.,
2015). VviGRASV2b seemed completely grapevine-specific and
its potential involvement in senescence has yet to be clarified.

GRAS are Likely to Play a Role in Berry Development

and Ripening
Several grapevine GRAS genes showed differential expression
among berry ripening stages (Fortes et al., 2011; Agudelo-
Romero et al., 2013) namely VviLISCL3/12, VviLISCL11,
VviPAT3, VviPAT4, VviPAT6, VviSCR3, VviGRAS8b, VviLAS1,
VviHAM3, VviSCL26b (up-regulated), VviHAM1, VviHAM2,
VviRGA3, VviSHR1, VviLAS2 (down-regulated). Genes
VviHAM1, VviHAM2, VviRGA3, VviSHR1, and VviLAS2
seemed to be involved in fruit set and in the early stages of fruit

development when there is intense cell division activity and sugar
transport. During these stages, the levels of phytohormones such
as auxins, cytokins, gibberellins, and jasmonic acid also peaked
(reviewed by Fortes et al., 2015), that might be related to the
up-regulation of RGA3 since DELLA proteins integrate several
phytohormone- signaling pathways (Bolle, 2016). Furthermore,
RGA3 co-expressed with a gene coding for IAA-amino acid
hydrolase 1 involved in auxin metabolism (auxin activation
by conjugation hydrolysis) supporting the role of VviRGA3 in
hormonal regulation.

VviLISCL3/VviLISCL12, VviPAT4, VviPAT6, and VviHAM3
were up-regulated at mature stages (ripe, harvest, and post-
harvest) whereas VviSCR3 was up-regulated in medium ripe and
ripe berries and co-expressed with a gene coding for a Zinc
finger protein (C3HC4-type ring finger). These transcription
factors have been previously described as being modulated
during grape ripening (Fortes et al., 2011). VviGRAS8b was over-
expressed at post-harvest stages and VviLAS1 and VviSCL26b
at medium ripe, ripe and initial post-harvest stage. The gene
VviSCL26b co-expressed with genes involved in pathogen
response (pathogenesis related protein 1 precursor, heat shock
protein 81-2, peroxidase precursor) and cell wall metabolism
(endoxylanase, polygalacturonase GH28, cellulase). This could
be associated to the activation of genes that are related to biotic
stress response as well as cell wall rearrangements taking place
during grape ripening (Fortes et al., 2011). VviLISCL11 was over
expressed in post-harvest berries and might be linked to the
regulation of cell wall degradation processes. In agreement with
this hypothesis, it was co-expressed with a senescence related
gene.

Altogether, these observations could suggest the relevance of
GRAS genes as regulators of the different stages of grape berry
development. GRAS transcription factors have been previously
associated with the control of tomato fruit ripening (Fujisawa
et al., 2012). Authors suggested that SlGRAS38 gene could play
a role in fruit ripening due to its ripening-specific expression
and direct transcriptional regulation by RIN. In tomato, a
typical climacteric fruit, the MADS-box transcription factor RIN
is one of the earliest-acting ripening regulators, required for
both ethylene-dependent and ethylene- independent pathways.
By contrast, VviSH4, the grapevine ortholog of SlGRAS38, did
not seem to be involved in grapevine ripening. Since grape
is a non-climacteric fruit in which ethylene does not play a
central role in the regulation of ripening (reviewed by Fortes
et al., 2015), a different transcriptional regulatory pathway of
ripening could be expected. Still, common aspects between
ripening pathways in both type of fruits can be observed.
Grapevine VviPAT3, VviPAT4, and VviPAT6 have expression
patterns consistent with their involvement in berry ripening
and their tomato orthologs, SlGRAS1, SlGRAS2, and SlGRAS10
(respectively) were differentially expressed from mature green
stage fruits to breaker stage fruits (Huang et al., 2015). The same
holds true for VviHAM3 and its tomato ortholog SlGRAS8 as well
as VviLISCL3 and its ortholog SlGRAS13 (Huang et al., 2015).
Therefore, these grapevine GRAS genes (Figure 9) could likely
be conserved and represent pivotal transcriptional regulators of
fruit ripening in both climacteric and non-climacteric species.
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FIGURE 9 | Putative conserved controllers of climacteric and non-climacteric fruit ripening in the GRAS gene family. GRAS gene expression is reported

for three ripening stages in grape and tomato (green, véraison/ breaker, and ripe). Light orange corresponds to lower levels of expression, dark orange to medium

levels and red to higher levels. The data is presented considering the tendency of the orthologs across cultivars in grape and tomato.

Grapevine GRAS Genes are Putatively Involved in

Stress and Defense Responses
Several GRAS proteins have been associated with a role in stress
signaling (reviewed by Bolle, 2016). Arabidopsis scr and shr loss
of function mutants were found to be hypersensitive to abscisic
acid (ABA) and to high levels of glucose but were not affected
by high salinity or osmotic stress (Cui, 2012). In grapevine
VviSHR1 expression seemed to be affected by ABA but not by
salt (Figure 7). Interestingly, expression of VviSHR1 decreased
during grape ripening when glucose levels significantly increased.
Moreover, VviSHR1 may be involved in grapevine response
against virus whereas VviSCR1 was up-regulated in green berries
upon Botrytis infection. In fact, GRAS genes seem to be expressed
upon abiotic and biotic factors (reviewed by Bolle, 2016).
Furthermore,VviSHR1 co-expressed with genes involved in stress
response (glutaredoxin family protein, subtilase). A poplar GRAS
gene showing the highest identity to Arabidopsis SCL7, conferred
salt and drought tolerance to this plant (Ma et al., 2010).
The duplicated gene of AtSCL7, AtSCL4, is orthologous of the
grapevine VviLAS2 which was down-regulated in response to salt
but up-regulated upon UV light and long day exposure. VviLAS2
expression also decreased upon Botrytis and co-expressed with
up to 11 genes possibly involved in biotic stress response (epoxide
hydrolase 2, DEFENSENOdeath 1).VviLAS2might be a negative
regulator of expression of these genes.

Other grapevine GRAS genes were found to show differential
stress responses.VviRGA5was recently shown to be up-regulated
in grape berries at initial stage of fungal infection (Agudelo-
Romero et al., 2015) and VviRGA3 was down-regulated under
abiotic stresses such as salt, water stress, ABA exposure, and high
light. Inhibition of growth by DELLA subfamily genes has been
proposed as a response to environmental variability (Harberd

et al., 2009) so these transcription factors may play an important
role in the regulation of abiotic and biotic stress response
pathways by regulating growth. Furthermore, DELLA proteins
control plant immune responses by modulating the balance of
jasmonic acid and salicylic acid signaling (Navarro et al., 2008;
Wild et al., 2012), growth regulators which involvement in stress
responses is well-known.

The Arabidopsis GRAS protein SCL14 was shown to be
essential for the activation of stress-inducible promoters (Fode
et al., 2008). The closest grapevine homologs are VviLISCL12
and VviLISCL3 that were also up-regulated after biotic stress.
VviLISCL12 was recently shown to be up-regulated upon
guazatine treatment, an inhibitor of polyamine catabolism
(Agudelo-Romero et al., 2014). In rice, OsGRAS2, the ortholog of
AtSCL14 is involved in the regulation of drought stress response
(Xu et al., 2015). Other grapevine LISCL genes could likely be
involved in abiotic stress response namely VviLISCL1 which was
over-expressed after long exposure to water deficit and salt stress
(Figure 7).

The Brassica oleracea gene BoGRAS, was up-regulated under
heat stress (Park et al., 2013) and its grapevine ortholog,VviPAT3,
was also over-expressed during biotic stress. The ortholog of
VviPAT3 in tomato, SlGRAS1, was also referred to be involved in
biotic stress response (Mayrose et al., 2006). Moreover, VviPAT4
might be a good candidate in regulating abiotic and biotic
stress responses in grapevine since it was up-regulated under
both conditions. In tomato SlGRAS2, the VviPAT4 ortholog,
was involved in hormone signaling and abiotic stress response
(Huang et al., 2015). VviHAM3 was also up-regulated during
ripening, upon Bois Noir attacks, and in response to drought in
the seed and shoot tip. Therefore, VviHAM3 exhibited expression
patterns that indicate a role in broad stress responses.
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Altogether, the expression of several grapevine GRAS genes
in response to several stress treatments highlights the wide
involvement of this gene family in environmental adaptation,
showing diverse responses under different environmental
conditions and treatments (Huang et al., 2015). The same results
were observed in tomato for the expression of many SlGRAS
genes.

CONCLUSIONS

GRAS transcription factors have been characterized in several
species and were proven to be involved in diverse developmental
processes and stress responses. However, their involvement in
fruit ripening is only now starting to be disclosed. Grape berry
development and ripening could be under control ofGRAS genes,
since the expression of many of them is modulated during this
process. The involvement of grapevine GRAS genes in stress
responses was also confirmed in this study. Both ripening and
stress responses involved genes from new GRAS subfamilies
identified in grapevine (GRASV1, GRASV2, GRASV3, SCL26,
and GRAS8). Robust candidates for further functional analysis
were established and compared with the results of a similar
analysis recently performed in tomato, another fleshy fruit.
Altogether this data may contribute to the improvement of fruit
quality and resilience to biotic and abiotic stresses.
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Supplementary Image 1 | Structure and subfamily-specific motifs of GRAS

proteins. The size varies within the subfamily. Several proteins such as VviLISCL2

and VviLISCL7 present shorter N-terminal sequences. The protein VviSCL3b lacks

the motifs PFYRE and SAW.

Supplementary Image 2 | Molecular phylogenetic analysis by Maximum

Likelihood method between Grapevine and 15 plant species.

Lineage-specific groups can be noticed for Populus and Eucalyptus whereas

Arabidopsis putatively lacks specific subgroups.

Supplementary Table 1 | Complete annotation of the grapevine GRAS

genes. Alternative Names correspond to previous annotation (8X and 12Xv0).

The probesets ID for microarray platform are given for Genechips, Grapegen

and Nimblegen. The Nimblegen ID is also the 12Xv1 ID.IEP: evidence code

inferred by expression pattern. Positions are given for both the 12X v1 and v2

genome.

Supplementary Table 2 | List of genes co-expressed with GRAS genes.

GRAS genes are highlighted in yellow.

Supplementary Table 3 | GRAS genes expression in experiments related to

ripening, abiotic stress and biotic stress.
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Evolutionary Recycling of Light
Signaling Components in Fleshy
Fruits: New Insights on the Role of
Pigments to Monitor Ripening
Briardo Llorente*, Lucio D’Andrea and Manuel Rodríguez-Concepción*

Centre for Research in Agricultural Genomics (CRAG) CSIC-IRTA-UAB-UB, Barcelona, Spain

Besides an essential source of energy, light provides environmental information to plants.
Photosensory pathways are thought to have occurred early in plant evolution, probably
at the time of the Archaeplastida ancestor, or perhaps even earlier. Manipulation of
individual components of light perception and signaling networks in tomato (Solanum
lycopersicum) affects the metabolism of ripening fruit at several levels. Most strikingly,
recent experiments have shown that some of the molecular mechanisms originally
devoted to sense and respond to environmental light cues have been re-adapted
during evolution to provide plants with useful information on fruit ripening progression. In
particular, the presence of chlorophylls in green fruit can strongly influence the spectral
composition of the light filtered through the fruit pericarp. The concomitant changes
in light quality can be perceived and transduced by phytochromes (PHYs) and PHY-
interacting factors, respectively, to regulate gene expression and in turn modulate
the production of carotenoids, a family of metabolites that are relevant for the final
pigmentation of ripe fruits. We raise the hypothesis that the evolutionary recycling of
light-signaling components to finely adjust pigmentation to the actual ripening stage of
the fruit may have represented a selective advantage for primeval fleshy-fruited plants
even before the extinction of dinosaurs.

Keywords: photosensory pathways, light, fleshy fruits, ripening, evolution

INTRODUCTION

Light has a dual role in plants as an essential source of energy for driving photosynthesis and,
on the other hand, as an environmental cue that modulates many aspects of plant biology
such as photomorphogenesis, germination, phototropism, and entrainment of circadian rhythms
(Chen et al., 2004; Jiao et al., 2007). The ability to perceive and respond to light changes is
mediated by a set of sophisticated photosensory pathways capable of discriminating the quality
(spectral composition), intensity (irradiance), duration (including day length), and direction of
light (Moglich et al., 2010). In particular, plants perceive light through at least five types of sensory
photoreceptors that are distinct from photosynthetic components and detect specific regions of the
electromagnetic spectrum. Cryptochromes (CRYs), phototropins, and Zeitlupe family members
function in the blue (390–500 nm) and ultraviolet-A (320–390 nm) wavelengths, while the
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photoreceptor UVR-8 operates in the ultraviolet-B (280–315 nm)
region. Phytochromes (PHYs), which are probably the best
studied photoreceptors, function in a dynamic photoequilibrium
determined by the red (R, ca. 660 nm) to far-red (FR, ca. 730 nm)
ratio in land plants and throughout the visible spectrum (blue,
green, orange, red, and far-red) in different algae (Moglich et al.,
2010; Rizzini et al., 2011; Rockwell et al., 2014). The photonic
information gathered by these photoreceptors is then transduced
into changes in gene expression that ultimately promote optimal
growth, development, survival and reproduction (Jiao et al.,
2007).

Photosensory pathways are thought to have occurred early
in plant evolution, probably at the time of the Archaeplastida
ancestor (i.e., the last common ancestor of glaucophyte, red
algae, green algae and land plants) or perhaps even earlier,
before the occurrence of the endosymbiotic event that gave
rise to photosynthetic eukaryotes over more than a billion
years ago (Duanmu et al., 2014; Mathews, 2014; Fortunato
et al., 2015). Through the ages, these mechanisms diverged to
play particular roles in different branches of the plant lineage,
ranging from presumably acclimative roles in algae (Duanmu
et al., 2014; Rockwell et al., 2014) to resource competition
functions in land plants (Jiao et al., 2007). In particular, the
ability of PHYs to detect changes in the R/FR ratio allows
land plants to detect the presence of nearby vegetation that
could potentially compete for light. Light filtered or reflected
by neighboring leaves (i.e., shade) has a distinctive spectral
composition that is characterized by a decreased R/FR ratio
due to a preferential absorption of R light by chlorophyll
(Casal, 2013). Low R/FR ratios reduce PHY activity, allowing
PHY-interacting transcription factors (PIFs) to bind to genomic
regulatory elements that tune the expression of numerous genes
(Casal, 2013; Leivar and Monte, 2014). Oppositely, high R/FR
ratios enhance PHY activity, causing the inactivation of PIF
proteins mainly by proteasome-mediated degradation (Bae and
Choi, 2008; Leivar and Monte, 2014). Carotenoid biosynthesis
represents a rather well characterized example of this regulation.
In Arabidopsis thaliana, shade decreases the production of
carotenoids in photosynthetic tissues (Roig-Villanova et al., 2007;
Bou-Torrent et al., 2015) in part by promoting the accumulation
of PIF proteins that repress the expression of the gene encoding
phytoene synthase (PSY), the main rate-determining enzyme of
the carotenoid pathway (Roig-Villanova et al., 2007; Toledo-
Ortiz et al., 2010; Bou-Torrent et al., 2015). De-repression of
PSY under sunlight induces carotenoid biosynthesis, which in
turn maximizes light harvesting and protects the photosynthetic
machinery from harmful oxidative photodamage caused by
intense light (Sundstrom, 2008).

Light signals in general and PHYs in particular also modulate
the genetic programs associated to fruit development and
ripening. Here we will revise current and emerging knowledge
on this area based on work carried out in tomato (Solanum
lycopersicum), which is the main model system for fleshy fruits,
that is, fruits containing a juicy fruit pulp. Further, we will
discuss potential selection pressures that might account for the
evolutionary recycling of light-signaling components in fleshy
fruits.

FLESHY FRUIT RIPENING: THE CASE OF
TOMATO

Fleshy fruits are differentiated floral tissues that evolved 80–90
million years ago (Ma), i.e., relatively recently in the history
of plants (Givnish et al., 2005; Eriksson, 2014), as an adaptive
characteristic promoting the animal-assisted dissemination of
viable seeds (Tiffney, 2004; Seymour et al., 2013; Duan
et al., 2014). After seed maturation, fleshy fruits typically
undergo a ripening process that involves irreversible changes
in organoleptic characteristics such as color, texture, and flavor,
all of which result in the production of an appealing food
to frugivorous animals. In this manner, the ripening process
orchestrates the mutualistic relationship between fleshy-fruited
plants and seed-disperser animals (Tiffney, 2004; Seymour et al.,
2013; Duan et al., 2014).

Upon fertilization, the development of fleshy fruits such as
tomato can be divided into three distinct phases: cell division,
cell expansion, and ripening (Gillaspy et al., 1993; Seymour et al.,
2013). These different stages are characterized by hormonal,
genetic, and metabolic shifts that have been reviewed in great
detail elsewhere (Carrari and Fernie, 2006; Klee and Giovannoni,
2011; Seymour et al., 2013; Tohge et al., 2014). Before ripening
occurs, tomato fruits have a green appearance due to the
presence of chloroplasts that contain the whole photosynthetic
machinery. The transition to ripening is characterized by a
loss of chlorophylls, cell wall softening, accumulation of sugars,
and drastic alterations in the profile of volatiles and pigments.
Most distinctly, chlorophyll degradation is accompanied by a
conversion of chloroplasts into chromoplasts that progressively
accumulate high levels of the health-promoting carotenoids
β-carotene (pro-vitamin A) and lycopene (Tomato Genome
Consortium, 2012; Fantini et al., 2013; Seymour et al., 2013).
These carotenoid pigments give the characteristic orange and
red colors to ripe tomatoes. A large number of other fruits
(including bananas, oranges, or peppers) also lose chlorophylls
and accumulate carotenoids during ripening, resulting in a
characteristic pigmentation change (from green to yellow,
orange or red) that acts as a visual signal informing animals
when the fruit is ripe and healthy (Klee and Giovannoni,
2011).

THE EFFECT OF LIGHT SIGNALING
COMPONENTS ON FRUIT RIPENING

Multiple lines of evidence have exposed the relevance of
fruit-localized photosensory pathways as important players in
the regulation of fruit ripening and the potential of their
manipulation to improve the nutritional quality of tomatoes
(Azari et al., 2010). Among many light-signaling mutants
displaying altered fruit phenotypes, the tomato high pigment
(hp) mutants hp1 and hp2 are two of the best characterized.
These mutants owe their name to a deep fruit pigmentation
derived from an increment in the number and size of plastids,
which in turn result in elevated levels of carotenoids such
as lycopene (Yen et al., 1997; Mustilli et al., 1999; Levin
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et al., 2003). Detailed characterization of the hp1 and hp2
mutants, which also show increased levels of extraplastidial
metabolites such as flavonoids, revealed that the mutated genes
encode tomato homologs of the previously described light signal
transduction proteins DAMAGED DNA BINDING PROTEIN
1 (DDB1) and DEETIOLATED1 (DET1), respectively (Mustilli
et al., 1999; Schroeder et al., 2002; Levin et al., 2003; Liu
et al., 2004) (Figure 1). Other components that participate
in the same light-signaling pathway that HP1 and HP2 have
also been shown to impact tomato fruit metabolism. For
instance, silencing the tomato E3 ubiquitin-ligase CUL4, which
directly interacts with HP1, also produces highly pigmented
fruits (Wang et al., 2008). Another example is the E3
ubiquitin-ligase CONSTITUTIVELY PHOTOMORPHOGENIC
1 (COP1), which specifically promotes the degradation of the
light-signaling effector ELONGATED HYPOCOTYL 5 (HY5)
(Schwechheimer and Deng, 2000) (Figure 1). Transgenic plants
with downregulated transcripts of COP1 and HY5 produce
tomato fruits with increased and reduced levels of carotenoids,
respectively (Liu et al., 2004).

Work with photoreceptors (Figure 1) has also shed light
on the subject. Tomato plants overexpressing the blue light
photoreceptor cryptochrome 2 (CRY2) produce fruits with
increased levels of flavonoids and carotenoids (Giliberto et al.,
2005). PHYs have been found to control different aspects of
tomato fruit ripening as well. Activation of fruit-localized PHYs
with R light treatments promotes carotenoid biosynthesis, while
subsequent PHY inactivation by irradiation with FR light reverts
it (Alba et al., 2000; Schofield and Paliyath, 2005). Furthermore,
preventing light exposure from the very early stages of fruit set
and development results in white fruits completely devoid of
pigments (Cheung et al., 1993), a phenotype that resembles that of
phyA phyB1 phyB2 PHY triple mutant plants (Weller et al., 2000).
In addition to regulating carotenoid levels in tomato fruits, PHYs
seem to regulate the timing of phase transition during ripening
(Gupta et al., 2014).

A MECHANISM TO MONITOR RIPENING
BASED ON SELF-SHADING AND LIGHT
SIGNALING

Although light signaling components have long been known
to modulate fruit ripening, another important piece of the
puzzle was revealed recently. In tomato, fruit pericarp cells are
morphologically similar to leaf palisade cells (Gillaspy et al.,
1993). Thus, fruits can be viewed as modified leaves that,
besides enclosing the seeds, have suffered a change in organ
geometry, namely, a shift from a nearly planate conformation to
an expanded three-dimensional anatomy. This anatomy imposes
spatial constrains coercing light to pass through successive cell
layers, so that the quality of the light that reaches inner sections
of the fruit is influenced by the cells of outer pericarp sections
(Figure 2). Another key difference between tomato leaves and
fruits is the cuticle, which is far more pronounced in the fruit.
While a potential role of the cuticle in altering the spectral
properties of the light that reaches the pericarp cells remains to

FIGURE 1 | A simplified model of light signaling components involved
in the regulation of tomato fruit pigmentation and ripening. Fruit-
localized phytochrome and cryptochrome photoreceptors regulate the activity
of the downstream E3-ubiquitin ligase COP1 and CUL4-DDB1-DET1
complexes, which in turn mediate the degradation of the transcriptional
activator HY5. In addition, active phytochromes reduce the activity of
transcriptional repressors such as PIFs. The balance between activators and
repressors finally modulates the expression of carotenoid and ripening-
associated genes. R, red light; FR, far-red light; Blue, blue light; UV-A,
ultraviolet-A light.

be investigated, it is now well established that the occurrence of
chlorophyll in fruit chloroplasts significantly reduces the R/FR
ratio of the light filtered through the fruit fresh (Alba et al., 2000;
Llorente et al., 2015). A reduction in R/FR ratio (also referred
to as shade) normally informs plants about the proximity of
surrounding vegetation (Casal, 2013). In tomato fruit, however,
changes in R/FR ratio can inform of the ripening status. As a
consequence of self-shading, it is proposed that a relatively high
proportion of PHYs remain inactive in green fruit. This condition
stabilizes the tomato PIF1a transcription factor, that binds to
a PBE-box located in the promoter of the gene encoding the
PSY isoform that controls the metabolic flux to the carotenoid
pathway during fruit ripening, PSY1. PIF1a binding directly
represses PSY1 expression (Figure 2). Chlorophyll breakdown at
the onset of ripening reduces the self-shading effect, consequently
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FIGURE 2 | Self-shading model for the light mediated modulation of
carotenoid biosynthesis in tomato fruits. Chlorophylls in green fruits
preferentially absorb red (R, ca. 660 nm) wavelengths of the light spectrum,
generating a self-shading effect characterized by low R to far-red (FR, ca.
730 nm) ratios that maintain PHYs predominantly in the inactive form and
relatively high levels of PIF1a repressing PSY1. Once seeds mature, the
developmental program induces the expression of genes encoding master
activators of the ripening process. Some of them, like RIN and FUL1/TDR4,
also induce PSY1 gene expression directly. Chlorophyll breakdown reduces
the self-shading effect so that the R/FR ratio within the cells gradually
increase, consequently displacing PHYs to their active form, reducing PIF1a
levels and derepressing PSY1 expression. By sensing the spectral
composition of the light filtered through the fruit pericarp, this mechanism
diagnoses actual ripening progression to finely adjust fruit carotenoid
biosynthesis.

promoting PHY activation, degradation of PIF1a, derepression
of PSY1, and eventually carotenoid biosynthesis (Figure 2).
In this manner, the genetically controlled expression of PSY1
(and hence the production of carotenoid pigments) is fine-
tuned to the actual progression of ripening (Llorente et al.,
2015).

Translation of molecular insights from tomato to other fleshy-
fruited plants has indicated that many regulatory networks are
conserved across a wide range of species (Seymour et al., 2013).

Thus, given the ubiquitous nature of PHYs in land plants and the
widespread occurrence of ripening-associated fruit pigmentation
changes that typically involve the substitution of an initially
chlorophyll-based green color with distinctive non-green (i.e.,
non-R-absorbing) eye-catching colors, it is possible that similar
self-shading regulatory mechanisms might operate in other plant
species to inform on the actual stage of ripening (based on the
pigment profile of the fruit at every moment) and thus finely
coordinate fruit color change. However, the composition of the
cuticle or even the anatomy of the most external layer of the
pericarp (i.e., the exocarp) might also impact the quality and
quantity of light that penetrates the fruit flesh. The self-shading
mechanism is expected to be irrelevant in fleshy fruits with a thick
skin or exocarp that prevents light to pass through and reach
more internal fruit layers.

FRUIT COLORS AS RIPENING SIGNALS
IN AN EVOLUTIONARY CONTEXT

Fleshy fruits are considered to have first appeared in the
Late Cretaceous (circa 90 Ma) (Givnish et al., 2005; Eriksson,
2014), at a time when the Earth’s vegetation was dense and
exuberant, and where most ecological niches were taken over by
angiosperms (Lidgard and Crane, 1988; Berendse and Scheffer,
2009). The plentiful surplus of nutritious food gave rise to a huge
explosion in the Cretaceous fauna, bringing about the coexistence
of numerous herbivorous and omnivorous reptiles (dinosaurs,
pterosaurs, lizards), birds and mammals (Lloyd et al., 2008;
Prentice et al., 2011; Vullo et al., 2012; Wilson et al., 2012; Jones
et al., 2013; Jarvis et al., 2014). With such an abundance of plant-
eating animals, being able to display a change in fruit color when
ripe probably represented a valuable trait among early fleshy-
fruited plants to call the attention of these various potential seed
dispersers.

Although deep time co-evolutionary scenarios may be difficult
to support, this idea gains plausibility if we consider that the
same strategy had been successfully implemented beforehand
by gymnosperms, which had already evolved fleshy fruit-
like structures by the Early Cretaceous, at least some 20-30
million years before the first fleshy fruits (Yang and Wang,
2013). Several gymnosperms (e.g., Ginkgo biloba, Taxus baccata,
and Ephedra distachya) produce fleshy colorful tissues around
their seeds and, similar to that occurring in angiosperms,
these fruit-like structures undergo a ripening process that
also serves as a visual advertisement for animals to eat
them and disperse their seeds. Recent evidence supports the
hypothesis that the main molecular networks underlying the
formation of the fleshy fruit were originally established in
gymnosperms (Lovisetto et al., 2012, 2015), thus suggesting that
the ripening phenomenon was first selected as an ecological
adaptation in gymnosperms and that angiosperms merely
exploited it afterwards. If correct, this would imply that
Cretaceous plant-eater animals would have already been used
to feeding on color-changing fleshy fruit-like tissues by the
time that angiosperm fleshy-fruited plants evolved, something
that may have facilitated the establishment of the latter.
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Another relevant fact is that the dominant land animals during
the Cretaceous period, the dinosaurs, as well as pterosaurs,
lizards, and birds, had highly differentiated color vision, much
superior to that of most mammals (Rowe, 2000; Chang
et al., 2002; Bowmaker, 2008). Differentiated color vision, or
tetrachromacy, is a basal characteristic of land vertebrates derived
from the presence of four spectrally distinct retinal cone cells
that allow discriminating hues ranging from ultraviolet to red
(Bowmaker, 2008; Koschowitz et al., 2014). Turtles, alligators,
lizards and birds, are all known to have tetrachromatic color
vision, a shared trait inherited from their common reptilian
ancestry (Rowe, 2000; Bowmaker, 2008). We have recently come
to know that some dinosaurs even sported plumage color patterns
and flamboyant cranial crests that may have served for visual
display purposes (Li et al., 2010, 2012; Zhang et al., 2010;
Bell et al., 2014; Foth et al., 2014; Koschowitz et al., 2014).
Altogether, these insights suggest that color cues were likely
an important means of signaling among dinosaurs. Although
purely speculative at the moment, it is reasonable to assume
that there could have also been dinosaurs that, analogously to
several birds and reptiles nowadays (Svensson and Wong, 2011),
consumed fleshy fruits within their diet as a source of carotenoid
pigments used for ornamental coloration. Even though the
relevance of, now extinct, Cretaceous megafauna as biological
vectors involved in the seed dispersal of primeval fleshy-
fruited plants remains speculative and controversial (Tiffney,
2004; Butler et al., 2009; Seymour et al., 2013), it is clear
that they certainly had fleshy fruit available to eat during
the last 25–35 million years of their existence, until the
occurrence of the Cretaceous-Paleogene mass extinction event
(65 Ma).

Fruit color change meets the criteria of a classical signal, which
can be defined as a cue that increases the fitness of the sender
(i.e., fleshy-fruited plants) by altering the behavior of the receivers
(i.e., seed-disperser animals) (Maynard Smith and Harper, 1995).
Importantly, besides visibility conditions and the visual aptitude

of the receiver, the detectability of a visual signal is determined by
its contrast against the background, that is, the conspicuousness
of the signal (Schmidt et al., 2004). Ripe fruits displaying a distinct
coloration against the foliage leaves are more conspicuous for
animals than green fruits and there is no evidence to consider that
it was any different to Cretaceous animals. In fact, the invention
of fruit fleshiness took place along with expanding tropical
forests, suggesting it may have evolved as an advantageous trait
related to changes in vegetation from open to more closed
environments (Seymour et al., 2013; Eriksson, 2014). In this
context, light signaling pathways already established in land
plants may have had the chance to evolutionary explore novel
phenotypic space in fleshy fruits. Subsequent adaptations under
selection in the fruit may have then integrated these pathways
as modulatory components of the pigmentation process during
ripening. For instance, the self-shading regulation of the tomato
fruit carotenoid pathway (Llorente et al., 2015) (Figure 2) might
have evolved by co-option of components from the preexisting
shade-avoidance responses (Mathews, 2006; Casal, 2013). This
evolutionary recycling of light-signaling components in fleshy
fruits might therefore be a legacy from the time when dinosaurs
walked the earth.
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Tomato fruit ripening is a complex developmental programme partly mediated by

transcriptional regulatory networks. Several transcription factors (TFs) which are

members of gene families such as MADS-box and ERF were shown to play a significant

role in ripening through interconnections into an intricate network. The accumulation of

large datasets of expression profiles corresponding to different stages of tomato fruit

ripening and the availability of bioinformatics tools for their analysis provide an opportunity

to identify TFs which might regulate gene clusters with similar co-expression patterns.

We identified two TFs, a SlWRKY22-like and a SlER24 transcriptional activator which

were shown to regulate modules by using the LeMoNe algorithm for the analysis of

our microarray datasets representing four stages of fruit ripening, breaker, turning, pink

and red ripe. The WRKY22-like module comprised a subgroup of six various calcium

sensing transcripts with similar to the TF expression patterns according to real time

PCR validation. A promoter motif search identified a cis acting element, the W-box,

recognized by WRKY TFs that was present in the promoter region of all six calcium

sensing genes. Moreover, publicly available microarray datasets of similar ripening stages

were also analyzed with LeMoNe resulting in TFs such as SlERF.E1, SlERF.C1, SlERF.B2,

SLERF.A2, SlWRKY24, SLWRKY37, and MADS-box/TM29 which might also play an

important role in regulation of ripening. These results suggest that the SlWRKY22-like

might be involved in the coordinated regulation of expression of the six calcium sensing

genes. Conclusively the LeMoNe tool might lead to the identification of putative TF targets

for further physiological analysis as regulators of tomato fruit ripening.

Keywords: tomato, fruit ripening, WRKY, ERF, regulatory network, transcriptome

INTRODUCTION

Fleshy fruit development and ripening is a complex developmental process which is regulated
by hormones and plethora of transcription factors (TFs) (Seymour et al., 2013). The evolution
of this process requires the action of intricate regulatory networks of TFs (Seymour et al.,
2013). In tomato fruit ripening, several TFs were demonstrated to play a central regulatory
role such as the MADS box proteins RIPENING INHIBITOR (RIN) (Vrebalov et al., 2002),
TOMATO AGAMOUS-LIKE1 (TAGL1) (Vrebalov et al., 2009) and FUL1/TDR4 and FUL2/MBP7
(Bemer et al., 2012). Additional classes of TFs were also shown to regulate tomato ripening
such as the COLORLESS NON-RIPENING (CNR) which is a SBP TF (Manning et al.,
2006), the NON-RIPENING (NOR) which was identified as a NAC domain TF (Martel
et al., 2011) as well as the large class of ETHYLENE RESPONSE FACTORS (ERFs) which
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belong to the AP2/ERF family mediating mostly ethylene-
dependent gene expression (Pirrello et al., 2012). Alterations
in the expression of these TFs results in phenotypes with
alterations in all aspects of fruit ripening including carotenoids
and flavonoids biosynthesis, fruit softening, fruit size and shape,
chloroplast degradation and chromoplast development (Klee and
Giovannoni, 2014).

The physiological significance of other families of TFs such
as the members of the WRKY gene family has not been
investigated in tomato fruit development and ripening despite
the fact that several of them are expressed in the fruit during
various developmental stages (Huang et al., 2012). It was recently
reported that five WRKY genes were upregulated in post-
climacteric Chinese pear fruits suggesting association with fruit
ripening development (Huang et al., 2014).

Despite the significant progress in the elucidation of the
roles and interactions of the transcriptional regulators during
tomato fruit ripening there are still unknown regulatory TFs and
interactions which need to be investigated (Karlova et al., 2014).
In this context, in silico analysis of large gene expression datasets
has been used in the recent years in order to construct gene
regulatory networks (Pan et al., 2013; Clevenger et al., 2015).

A tomato fruit gene regulatory network comprising TF
gene expression profiles was generated using artificial
network inference analysis to analyze Affymetrix GeneChip
transcriptomic data from two different developmental and
ripening stages, Mature Green (MG) and Breaker + 7 (Pan
et al., 2013). A novel and fruit-related regulator of pigment
accumulation in tomato was identified and its function was
validated in transgenic plants indicating the significance of
network analysis on the identification of regulatory TFs (Pan
et al., 2013). In another report, transcriptome analysis of tomato
fruit tissues expressing the tomato fruit shape gene SUN resulted
in shifts of transcript profiles and metabolites according to
gene regulatory network analysis and networks of metabolite
correlations (Clevenger et al., 2015). The gene regulatory
network analysis was based on the clustering of differentially
expressed genes based on the log2 fold change using fuzzy C
means (Clevenger et al., 2015). It was found that the main
node represented genes related to calcium-regulated processes
indicating involvement in calcium signaling.

Calcium signals are decoded by several types of Ca2+ sensor
proteins that contain a high-affinity Ca2+ binding motif, the
“EF-hand” motif. The three classes of Ca2+ sensors include
the Calmodulin (CaM), the calcium-dependent protein kinase
(CDPK) and the calcineurin B-like protein (CBL) (Kim et al.,
2009). It was demonstrated that these Ca2+ sensors are involved
in transcriptional regulation either directly by binding to TFs
and ensuing modulation of their functions or indirectly by
modulating posttranslational modification of TFs (Kim et al.,
2009).

Recently, a reverse engineering algorithm, LeMoNe (Learning
Module Networks) (Joshi et al., 2009) was used to predict gene
regulatory networks in soybean nodulation (Zhu et al., 2013),
salinity response of two olive cultivars (Bazakos et al., 2012),
response of Arabidopsis under oxidative stress (Vermeirssen
et al., 2014) as well as investigation of fruit acidity in diverse

apples (Bai et al., 2015). LeMoNe is a software package that uses
probabilistic, ensemble-based optimization techniques (Joshi
et al., 2008, 2009) to extract ensemble transcription regulatory
networks of co-expression (Michoel et al., 2007). Genes are
first partitioned into co-expression modules and regulators
are assigned to modules based on how well they explain the
condition-dependent expression behavior of the module (Joshi
et al., 2008, 2009).

The goal of this study was to generate gene regulatory
networks by analyzing Affymetrix GeneChip expression datasets
from four different stages of tomato fruit ripening, Breaker (Br),
Turning (Tu), Pink (Pk) and Red Ripe (RR) with the LeMoNe
algorithm in order to identify co expression modules and their
putative regulatory TFs. The output was compared with the
gene regulatory networks which were identified with a similar
LeMoNe algorithm analysis of publicly available Affymetrix
GeneChip datasets from similar stages of fruit ripening. Further
analysis of the modules resulted in the identification of putative
regulatory TFs such as a WRKY and an ERF and a subset of
calcium signaling genes such as Calcium-binding EF hand family
protein (CBEF), Calmodulin-like protein, Calcium dependent
protein kinase, Calmodulin-binding heat-shock protein and
Calcineurin B-like protein kinase. The expression patterns of
these TFs and of the calcium signaling subset of genes were
determined using real time PCR. The findings provide possible
TF targets for further investigation of their role during fruit
ripening through regulation of calcium signaling.

MATERIALS AND METHODS

RNA Extraction and cDNA Synthesis
Total RNA was isolated from 200mg fruit tissue at the stage
of breaker (BR), turning (TU), pink (PK) and red ripe (RR)
from wild type tomato cv. Ailsa-Craig (S. lycopersicum) ground
in liquid nitrogen and purified using RNeasy R© plant mini
kit (QIAGEN). Progress of ripening was broadly defined on
the basis of skin color and development. 30µg aliquots were
fractionated on a denaturing 1.2% (wt/vol) agarose gel containing
formaldehyde to verify RNA quality. First-strand cDNA was
performed from 200 ng of the DNase-treated RNA according to
the manufacturer’s instructions using SuperScriptTM II RNase H-
Reverse Transcriptase (Invitrogen, Carlsbad, CA).

qRT-PCR Analyses
Gene expression analysis was performed using a 48-well
StepOnePlusTM Real-Time PCR System (ThermoFisher
Scientific). Standard dilution curves were performed for each
gene fragment. For normalization α-actin primers were chosen
instead of Ubiquitin and GAPDH, as they exhibited higher
expression stability and uniform efficiency as tested by qPCR and
analyzed by Bestkeeper Software. Primers were designed using
the Primer Express v2.0 software (http://bioinfo.ut.ee/primer3/)
based on two different exons of the gene of interest; the sequences
of the primers are listed in the Supplementary Table 1. A serial
dilution of 0.5, 5, 50, and 250 ng of each studied gene was used
to determine the amplification efficiency for each target and
housekeeping gene. The qRT-PCR reaction (20µl) mix consisted
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of gene specific primers, SYBR R© Green PCR Master Mix
(ThermoFisher Scientific) and the template on three biological
and technical replicates. The thermal cycling conditions were
50◦C for 2min, 95◦C for 10min followed by 95◦C for 15 s, 60◦C
for 30 s and 72◦C for 30 s for 40 cycles. For negative control,
RT reaction mix without reverse transcriptase was used as a
template. At the end, the melting temperature of the product was
determined to verify the specificity of the amplified fragment.
Data were analyzed using the 2−11CT method (Livak and
Schmittgen, 2001) and presented as relative levels of gene
expression.

Microarray Hybridization
We used the custom designed TomGene ST 1.1 array strips
and the Affymetrix GeneAtlas Personal Microarray System to
monitor differences in gene expression of abscission zones of
tomato fruits in different ripening stages. The array design is
based on the most recent genomic content and offers the highest
probe coverage (up to 25 probes selected across the entire
gene). This allows for accurate detection for whole-transcriptome
microarray analysis and provides higher resolution and accuracy
than other microarray solutions on the market. The tomato
GeneChip R© genome array contains 22,821 probe sets including
9 tomato housekeeping genes with 19 probe sets, 22,714 tomato
EST assembly sequences, 43 public tomato sequence not in
assembly and 45 Affymetrix control probe sets. In sum, there
are 22,776 probe sets for tomato genes. Each probe set contains
11 pairs of perfect-match and mismatch probes for cross-
hybridization control. Probe sequence selection is based toward
the 3′-end of the ORF. Among 22,714 tomato EST assembly
sequences, 16,800 probe sets with description using cutoff e-
value as 1.00E-04, 5914 probe sets are with no description. It
was estimated that there are 35,000 genes comprising the tomato
genome (Tomato Genome Consortium, 2012). Therefore, the
GeneChip genome array covers approximately 65% of the tomato
genome.

For target preparation, 500 nanograms of total RNA was
used as starting material and single stranded cDNA was
prepared using the Affymetrix GeneChip WT Plus Reagent
Kit according to the relevant Manual Target Preparation for
GeneChip Whole Transcript Expression Arrays (No. 703174
Rev. 2). The single stranded cDNA was then fragmented
and labeled, then hybridized to the probe array for 20 h at
48◦C using the Hybridization station of the Affymetrix system.
Immediately after hybridization, the array strips underwent an
automated washing and staining protocol on the GeneAtlas
Fluidics station using the GeneChip R© Hybridization, Wash,
and Stain Kit, then imaging on the GeneAtlas scanner. In
total, the 9 samples were hybridized. The CEL files of these
experiments are available in Gene Expression Omnibus (GEO;
accession GSE78733; http://www.ncbi.nlm.nih.gov/geo/query/
acc.cgi?token=wfktmcukfvkpdav&acc=GSE78733).

The probe array was then washed and stained in the
Fluidics Station, and scanned on the Imaging Station. Specific
experimental information was defined using Affymetrix
GeneChip Operating Software (GCOS) on a personal computer-
compatible workstation. The array strip scan was also controlled

by the GCOS software to define the probe cells and to compute
the intensity for each cell. Two independent biological replicates
were assessed for each of the 4 developmental stages assessed.

Microarray Analysis
Imaging of each array strip resulted in a.CEL file that contained
the results of the intensity calculations on the pixel values
corresponding to each probe on the array. This file was then
imported in the Expression Console software to perform gene-
level normalization and signal summarization as well as the
quality control of the files using default parameter settings and
output the.CHP files for further processing. These files were then
imported in Affymetrix Transcriptome Analysis Console v.2.0
to obtain the bi-weight average signal of each pair of biological
replicate. Afterwards, between each comparison the statistically
significant differentially expressed genes were assessed (Fold-
Change > ±2, p < 0.05).

All procedures for probe preparation, hybridization, washing,
staining, and scanning of the TomGene Affymetrix microarray
strips, as well as data collection and interpretation were
performed at the Horticultural Genetics and Biotechnology
Department, MAICH, Chania, Greece.

Network Analysis
The differential expression transcriptomes of Turning, Pink
and Red Ripe compared to Breaker were generated, and the
interacting relations among transcription factors and target
transcripts were identified. In order to infer the module networks
for the three pairs, Turning vs. Breaker, Pink vs. Breaker, and Red
Ripe vs. Breaker, the LeMoNe algorithm (Michoel et al., 2007;
Bonnet et al., 2010a) was used. LeMoNe uses ensemble based
probabilistic optimization techniques to identify clusters of co-
expressed transcripts as well as their regulators (Bonnet et al.,
2010b). First it searches for clusters of co-expressed transcripts
and subsequently defines a regulatory program for each cluster.
Local optima traps in the first step are avoided using a Gibbs
sampling approach for two-way clustering of both transcripts and
conditions (Bonnet et al., 2010a). The algorithm receives as input
the expression profiles of transcripts across the experimental
conditions as well as a list of potential regulators.

In this study the fold-change (Stage/Breaker) of ∼6.100
transcripts found to be differentially expressed (Fold Change
> ±2, p < 0.05) either in Turning, Pink or Red Ripe
vs. Breaker was used as transcript expression input. In order
to infer the co-expressed modules for the ∼6.100 DEGs,
fold-change data were clustered based on the Gibbs sampler
method (Joshi et al., 2008). To identify reliable clusters we
performed 10 independent Gibbs sampler runs with number
of clusters half of the amount of genes of the dataset. Finally,
clusters were integrated to generate a robust clustering solution,
tight clustering, through an ensemble of multiple “ganesh”
runs (Bonnet et al., 2015). Afterwards, using a list of ∼1700
potential regulators, identified using annotation description as
indicated by the terms, “regulators,” “regulation of transcription,”
and “transcription regulator activity,” LeMoNe assigned the
corresponding regulators in each module characterized by a
particular weight (probabilistic score), representing the strength
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with which a regulator participates in each module. The
significance of those probabilistic scores is determined by
comparing the assigned regulators with randomly assigned
regulators, using a t-test comparing their means. The output is
a group of clusters composed of mutually exclusive co-expressed
transcripts, with a list of high-scoring regulators attached to each
cluster, prioritized according to the corresponding weight. The
final set of regulators involved in the regulation of a module, was
set by eliminating those with a threshold lower to the threshold
of the maximum weight of the randomly assigned regulators.

RESULTS AND DISCUSSION

Construction of Fruit Ripening Regulatory
Networks
Expression profiles can be used to infer regulatory networks and
key transcription factors (Cramer et al., 2011). We constructed
tomato fruit ripening regulatory module networks by analyzing
microarray data from different stages of fruit ripening using the
LeMoNe algorithm (Michoel et al., 2007; Bonnet et al., 2010a).
The output of the algorithm is a set of modules of co-expressed
transcripts, with a list of high-scoring transcription factors (TF)
regulating the clusters which were prioritized according to their
corresponding weight. Specifically, the algorithm assigns sets
of TF regulators to each of the modules using a probabilistic
scoring, taking into account the profile of the candidate
regulator.

Initially, publicly available microarray raw data from tomato
fruit ripening stages of Br (Breaker), Br +3, Br + 5, and Br +
7 (Lopez-Gomollon et al., 2012) were retrieved from the GEO
database and processed with the Affymetrix Expression Console
using the RMA algorithm (Bolstad et al., 2003). This microarray
comprised 10.209 probes (Lopez-Gomollon et al., 2012). The
expression level (log2Signa) for each probe was estimated using
RMA in the stages of BR, BR+3 (Turning), BR+5 (Pink) and
BR+7 (Red Ripe).

The entire dataset of the probes was processed by the LeMoNe
algorithm leading to the construction of 107 modules with 770
redundant TFs distributed across the modules. The top 1% TFs
(Bonnet et al., 2015) with the higher weight was comprised
of seven TFs; two WRKYs, WRKY 24 (Solyc09g066010) and
WRKY37 (Solyc01g079360) (Huang et al., 2012); four Ethylene-
responsive TFs, SlERF1a (ERF.C1; Solyc05g051200.1.1),
SlERF1b (Solyc03g093610), SlERF2b (ERF.E1 or TERF1/JERF2;
Solyc09g075420), SlERF5 (ERF.B2; Solyc03g093560) (Pan et al.,
2012; Pirrello et al., 2006, 2012) and one MADS-box/TM29
(Solyc02g089200) (Supplementary Table 2). These seven TFs
were found to regulate five distinct modules (Figure 1). The
SlERF.C1 and SlERF.A2 co-regulated module M27 which
comprised 77 genes, while the SlERF.B2, SlERF.E1 andWRKY24
co-regulated module 32 with 123 genes (Figure 1). TheWRKY37
regulated two modules, M76 and M79 comprising 119 and 59
genes, respectively (Figure 1). Moreover, the MADS box/TM29
regulated module M38 with 88 genes (Figure 1).

The WRKY24 and WRKY37 comprise one WRKY domain,
a zinc-finger motif and belong to the group II-d and II-e,

respectively according to a phylogenetic tree of WRKY genes
among tomato, Arabidopsis and rice (Huang et al., 2012). The
group II-e represents a unique WRKY gene expansion event that
occurred only in Solanaceae species (Huang et al., 2012). The
involvement of WRKYs in tomato fruit ripening has not been
investigated extensively although a recent report showed that five
WRKY genes were up-regulated in the post-climacteric stages of
Chinese Pear (Pyrus ussuriensis) fruits (Huang et al., 2014).

The SlERF.C1, SlERF.E1, SlERF.B2, SlERF.A2 are members
of the tomato ERF family (Liu et al., 2016). The SlERF.E1 is
considered one of the main ripening-associated genes among
all tomato ERFs due to the significant up-regulation at the
onset of ripening as well as the dramatic down-regulation in the
ripening mutants rin,Nr and nor (Liu et al., 2016). Moreover, the
SlERF.E1 was shown to be induced by ethylene while RIN was
demonstrated to act as positive regulator of the promoter activity
of SlERF.E1 (Liu et al., 2016). The SlERF.C1 and the SlERF.B2 are
also considered among the 19 ERF best candidates for regulating
the ripening process based on their ripening-related pattern and
high expression levels (Liu et al., 2016). The SlERF.B2 is also
among only three ERFs which are consistently induced in the rin,
Nr and nor ripening mutants suggesting that reduced expression
levels at the onset of ripening might be required for progression
of this process (Liu et al., 2016). In addition, the SlERF.B2 was
found to promote adaptation to drought and salt tolerance in
tomato (Pan et al., 2012). The SlERF.A2 seems to have the lower
importance for fruit ripening considering that is strongly down-
regulated during this process wile exhibiting high expression in
roots, leaves, flowers and immature fruits (Liu et al., 2016).

The MADS-box/TM29 is a tomato SEPALLATA homolog
which was shown to be involved in parthenocarpic fruit
development and floral reversion (Ampomah-Dwamena
et al., 2002). Moreover, it was also considered as a putative
FRUITFULL1 (FUL1) interacting partner due to their strong
expression in ripening fruits (Fujisawa et al., 2014).

The LeMoNe algorithm resulted in the identification of seven
TFs as putative regulators of five modules according to their co-
expression patterns (Figure 1). Three ERFs, SlERF.E1, SlERF.B2,
and SlERF.C1, as well as oneMADS-box/TM29 are considered to
play a role in fruit ripening suggesting that this algorithm might
be used to identify TFs with putative regulatory function. The
involvement of the WRKYs remains to be determined.

Analysis of Fruit Ripening Regulatory
Networks and Modules
Amicroarray experiment was performed with four fruit ripening
stages, breaker, turning, pink and red ripe and the expression
data were analyzed using the LeMoNe algorithm. The Affymetrix
microarray comprised 37.897 probes compared to the 10.209
probes of the previous analysis. The expression data suggested
that most of the changes in expression occurred at turning and
pink stages with genes undergoing a massive down-regulation
(Supplementary Figures 1–4 and Supplementary Table 3).
Contrary, an up-regulation of the majority of genes was
observed at the red ripe stage (Supplementary Figures 1– 4 and
Supplementary Table 3).

Frontiers in Plant Science | www.frontiersin.org August 2016 | Volume 7 | Article 1234 | 126

http://www.frontiersin.org/Plant_Science
http://www.frontiersin.org
http://www.frontiersin.org/Plant_Science/archive


Arhondakis et al. Regulatory Networks in Tomato Fruit Ripening

FIGURE 1 | Transcriptional regulatory networks in tomato fruit ripening using publicly available microarray data. The top left panel represents the

WRKY37 network with modules, M76 and M79 comprising 119 and 59 transcripts, respectively. The top right panel represents the ERF.C1 and ERF. A2 network with

one module, the M27 comprising 77 transcripts. The low left panel represents the MADS/TM29 network with one module, the M38 comprising 88 transcripts. The low

right panel represents the ERF.B2, ERF.E1, and WRKY21 network with one module, the M32 comprising 123 transcripts. Modules are color-coded and numbered.

Hexagons represent transcripts encoding transcription factors whereas rectangles and ellipses represent transcripts regulated by TFs.

Analysis of the microarray data resulted in the identification
of 6.100 Differentially Expressed Genes (Fold Change > ±2,
p < 0.05) either in Turning, Pink or Red Ripe vs. breaker. The
DEGs and a list of putative transcription factors were analyzed
using the LeMoNe algorithm resulting in 193 modules (M0 to
M192; Supplementary Table 4).

The 193 modules are associated with 1052 TFs representing
196 unique TFs. The redundancy in TFs is explained by
the fact that one TF can regulate more than one module
while most of the modules comprise TFs. Only two TFs
had a weight higher than the random threshold after using
two different clustering procedures for the partition of the
DEGs into modules of co-expressed genes with the LeMoNe
tool. The Affymetrix microarray datasets of Lopez-Gomollon
et al. (2012) comprised 10.209 probes and were analyzed
using the entire expression data. We used the TomGene ST
1.1 Affymetrix microarray and analyzed only the DEGs. The

TomGene ST 1.1 comprises 37.897 Solanum lycopersicum probes.
This probably justifies the different output of LeMoNe algorithm
after analysis of microarray data from similar developmental
stages of fruit ripening. It is worth mentioning that WRKY22-
like and ER24 probes were not present in the 10.209 probe-
microarray.

The two TFs are the WRKY TF 22-like (Solyc05g050050.1.1)
and an Ethylene-responsive transcriptional coactivator (ER24)
(Solyc01g104740.2.1). The WRKY regulates the module M40
comprising 38 transcripts while the ER24 regulates the module
6 comprising 40 transcripts (Figure 2). Both modules showed
similar expression patterns with a significant down regulation in
the turning and pink stages and an upregulation in the red ripe
stage to the initial breaker stage levels (Figure 3). It is interesting
to note that the expression patterns of the two TFs are similar but
still slightly divergent from the pattern of the genes comprising
the module (Figure 4 and Supplementary Figure 5).
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The same microarray datasets were analyzed again with
LeMoNe using different clustering parameters such as the level
of the number of initial clusters (50% of the genes in the
matrix) and the number of runs of the Gibbs sampler (10 runs).
This analysis resulted in 191 modules and 1040 potential TFs,
representing 161 non redundant TFs. Only five among those TFs
had a weight higher to the maximum threshold of the random
weight, representing two non-redundant TFs, the WRKY22 and
ER24. The same exactly TFs were identified in the previous
analysis of the expression datasets by the LeMoNe algorithm
suggesting a level of output consistency. However, changes were
observed in the number of modules regulated by the two TFs.
The WRKY22 was found to regulate again one module, the
M59, containing 38 transcripts while the ER24 was found to be

involved in the regulation of four modules, the M31, M63, M104,
and M162, containing, 39, 28, 32, and 26 transcripts, respectively
(Figure 2).

Real time PCR was used to further validate the expression
levels of both TFs. The expression of WRKY significantly
decreased in the turning and red ripe stage while slight down
regulation was also observed in the pink stage (Figure 5). The
ER24 showed gradual up regulation in the turning and pink stage
by 14- and 28-fold, respectively which was not sustained in the
red ripe stage (Figure 5). These patterns of expression can be
considered almost similar to those observed in the microarray
analysis (Figures 3, 4 and Supplementary Figure 5).

The WRKY 22 comprises one WRKY domain, a zinc-finger

motif and belongs to the Group II-e according to a phylogenetic

FIGURE 2 | Transcriptional regulatory networks in tomato fruit ripening using in house microarray data. The left panel represents the WRKY22 network

with the modules, M40 and M59, each comprising of 38 transcripts, respectively. The top right panel represents the ER24 network with one module, the M6

comprising 40 transcripts. The low right panel represents again the ER24 regulating 4 distinct modules, the M31, M63, M104, and M162, comprising 39, 28, 32, and

26 transcripts, respectively. Modules are color-coded. Hexagons represent transcripts encoding transcription factors whereas rectangles, square and ellipses

represent transcripts regulated by TFs.
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FIGURE 3 | The average fold-change of the two modules, M40 and M6, found to be regulated by the WRKY and the ER24 TFs, respectively.

FIGURE 4 | Expression profiles (SignalLog2) of module M40 transcripts and WRKY22 TF in BR (Breaker), TU (Turning), PK (Pink) and RR (Red Ripe)

stages based on the microarray data. The expression profiles of the WRKY22 and the six calcium signaling transcripts are represented by different colors (see

inset) and the other transcripts with the same color lines (light blue).

tree ofWRKY genes among tomato, Arabidopsis and rice (Huang
et al., 2012). The WRKY 22 is one out of eight unique, divergent
tomato WRKYs which form a distinct subclade in Group II-
e which is considered the result of a distinct gene expansion
event (Huang et al., 2012). Moreover, the characterized motif
compositions allow Group II-e members in tomato to be divided
into distinct subclasses (Huang et al., 2012). A group of WRKY
genes, group II-c were suggested to be involved in berry ripening
and cold acclimation in grapevine (Wang et al., 2014). However,
the physiological significance of WRKYs in tomato fruit ripening
needs to be further investigated.

The ER24 is homologous to multi-protein bridging factor
MBF1 involved in transcriptional activation and was shown to
be strongly induced by ethylene in tomato fruit (Zegzouti et al.,
1999). In addition, a gradual increase in expression was observed

during ripening which peaked at the red ripe stage while no
expression could be detected in the leaves either before or after
ethylene treatment indicating that ER24 is predominantly a fruit
ripening-related co-activator (Zegzouti et al., 1999).

A WRKY22 Module Comprises a Subgroup
of Calcium Signaling Genes
The module 40 comprised 38 transcripts including six mRNAs
involved in Calcium regulation, 11 uncharacterized, two
mRNAs related to protein phosphorylation encoding a
Serine/threonine-protein phosphatase 6 regulatory subunit
3 and a Serine/threonine-protein kinase-like protein, two
mRNAs involved in protein and peptides degradation such as an
Oligopeptidase A and an Ubiquitin carboxyl-terminal hydrolase
(Supplementary Table 5).
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FIGURE 5 | Fold-changes of the WRKY22 and the ER24 using qPCR (left panels) and microarray data (right panels). Relative fold changes were calculated

based on the comparative Ct method, using actin as an internal standard. The Ct value for each gene was normalized to the Ct value for actin and was calculated

relative to a calibrator (Breaker) using the formula 2_DDCt. Average _standard errors (S.E.) of three biological replicates for each stage was estimated. Microarray

fold-changes are estimated in relation to the Breaker stage.

Further analysis was focused on the Calcium homeostasis-
related group of six mRNAs. This group comprised
of a Calcium-binding EF hand family protein (CBEF)
(Solyc00g007120.2.1), Calcium-binding EF (CBEF),
Calmodulin-like protein (CLP) (Solyc10g074740.1.1),
Calmodulin-like protein 1 with an EF-Hand type domain
(CLP1) (Solyc04g018110.1.1), Calcium dependent protein
kinase 3 (CDPK3) (Solyc08g008170.2.1), Calmodulin-binding
heat-shock protein (CBHSP) (Solyc11g011120.1.1) and a
Calcineurin B-like (CBL)-interacting protein kinase 18
(CBLPK18) (Solyc11g062410.1.1). These six genes might
have similar co-expression patterns during fruit ripening
considering that they are members of the same module.
Therefore, their expression was determined during the four
stages of ripening using real time PCR to further validate this
assumption (Figure 6). The CBEF, CLP1, CLP, CBLIPK18, and
CBHSP have identical patterns of expression characterized by
a decrease in the turning followed by an up-regulation in the
pink and return to lower levels in the red ripe stage (Figure 6).
The only exception is the expression pattern of CDPK3 which
showed a gradual increase up to the pink stage followed by down
regulation in the red ripe stage (Figure 6). However, the pattern
of CDPK3 expression can only be considered slightly different
compared to the other five transcripts (Figure 6).

The promoter sequences of the six calcium related
genes were extracted from Sol Genomics and the presence
of functional motifs was determined using ScanWM-PL
(http://www.softberry.com/berry.phtml). Approximately 100
motifs were identified which were distributed across the 6 genes

FIGURE 6 | Expression analysis of Calcium-binding EF (CBEF),

Calmodulin-like protein 1 (CLP1), Calmodulin-like protein (CLP),

CBL-interacting protein kinase 18 (CBLPK18), Calcium dependent

protein kinase 3 (CDPK3), Calmodulin-binding heat-shock protein

(CBHSP) genes in different fruit ripening stages of Breaker (BR),

Turning (TU), Pink (PK) and Red Ripe (RR) of wild-type Ailsa-Craig

(Solanum Lycopersicum). Relative fold changes were calculated based on

the comparative Ct method, using actin as an internal standard. The Ct value

for each gene was normalized to the Ct value for actin and was calculated

relative to a calibrator (Breaker) using the formula 2_DDCt. Vertical bars are the

average S.E. of three biological replicates. Microarray fold-changes are

estimated in relation to the Breaker stage.

(Supplementary Table 6). The analysis indicated the presence of
a W-box regulatory element in the promoter sequence of all six
genes which represents a binding factor for the WRKY family.
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These results suggest that theWRKY22-like TFmight bind to the
promoter of the six calcium signaling genes in order to regulate
their expression.

The function of calmodulin remains elusive for fleshy fruit
development while expression studies during tomato fruit
development and ripening suggest a dual role (Yang et al.,
2014). Down regulation during the pre-climacteric stage might
critical to initiate ripening while at the climacteric stage might
be involved in ripening coordination (Yang et al., 2014). In
tomato, only four CDPK genes were characterized suggesting
involvement in wounding, heat stress and hormones (Chang
et al., 2009; Kamiyoshihara et al., 2010).

CONCLUSIONS

The analysis of two microarray datasets representing the
expression profiles of similar stages of tomato fruit ripening
using the LeMoNe algorithm resulted in the identification of
putative regulatory TFs belonging to either the WRKY family or
to the ERF family and ER24, an ethylene induced transcriptional
activator, suggesting a level of consistency in the identification of
regulatory TFs. As a result of network analysis, theWRKY22-like
module comprised a subgroup of calcium signaling transcripts
with expression patterns similar to their regulatory TF as
determined by qPCR analysis. Moreover, this subgroup contains
a W- box motif in their promoter sequences, known as a WRKY
binding factor, validating to a certain extend transcriptional
regulation by this TF. Therefore, the WRKY22-like might be
involved in the coordinated regulation of expression of the six
genes suggesting that alterations in the TF expression might
result in expression changes of the six calcium signaling genes.
Conclusively, the LeMoNe tool might provide putative TF targets
for further physiological analysis as regulators of tomato fruit
ripening.
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Supplementary Figure 1 | The % of differentially expressed genes (DEGs)

for each comparison, Turning vs. Breaker, Pink vs. Breaker, and Red Ripe

vs. Breaker.

Supplementary Figure 2 | The average fold-change for each comparison,

Turning vs. Breaker, Pink vs. Breaker, and Red Ripe vs. Breaker.

Supplementary Figure 3 | The % of up- (red) and down-regulated (green)

DEGs in each comparison, Turning vs. Breaker, Pink vs. Breaker, and Red

Ripe vs. Breaker. The table below, reports the absolute numbers of up- and

down-regulated DEGs genes, and the total number of DEGs for each comparison.

Supplementary Figure 4 | Venn diagram showing overlap between DEGs in

the three comparisons.

Supplementary Figure 5 | Expression profiles (SignalLog2) of module M6

transcripts and ER24 TF in BR (Breaker), TU (Turning), PK (Pink), and RR

(Red Ripe) stages based on the microarray data. The expression profile of the

ER24 is represented by a red color line, and the other transcripts with the same

color lines (light blue).

Supplementary Table 1 | List of qRT-RCR Primers used for the gene

expression analysis.

Supplementary Table 2 | Details of the top 1% transcription factors

regulating the modules. First column reports the Affymetrix Transcript cluster ID,

the 2nd the number of the module, and the 3rd column the Sol Genomics

accession. The remaining columns report the description of each TF as

established from three different resources: (i) the plant transcription factors

database (PlantTFDB), (ii) the sol genomics, and (iii) the NCBI.

Supplementary Table 3 | Table with the top 10 up- and down-regulated

genes for each comparison, Turning vs. Breaker, Pink vs. Breaker, Red

Ripe vs. Breaker. Blue cells reflect the genes that rank with the top 10 DEGs,

while green cells those with a significant differential expression but not within the

top 10. No colored cells denote genes with not significant change in their

expression.

Supplementary Table 4 | The 193 modules detected in our data.

Supplementary Table 5 | Table with the co-expressed transcripts in the

M40. The first column reports the Affymetrix ID, the 2nd the Gene Symbol, the 3rd

a brief description, and the last column the Public Gene IDs.

Supplementary Table 6 | Promoter motif analysis of the six calcium

signaling genes. The Table denotes starting from right to left: the accession of

the regulatory element (RE), the name of the RE, the binding Transcription Factor

(BF), the calcium signaling genes, the cumulative number for each motif found in

the genes. The plus symbol (+) indicates presence of the motif for the calcium

signaling genes.
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Nitric oxide (NO) plays a pivotal role in growth and disease resistance in plants. It

also acts as a secondary messenger in signaling pathways for several plant hormones.

Despite its clear role in regulating plant development, its role in fruit development is not

known. In an earlier study, we described a short root (shr) mutant of tomato, whose

phenotype results from hyperaccumulation of NO. The molecular mapping localized shr

locus in 2.5 Mb region of chromosome 9. The shr mutant showed sluggish growth,

with smaller leaves, flowers and was less fertile than wild type. The shr mutant also

showed reduced fruit size and slower ripening of the fruits post-mature green stage

to the red ripe stage. Comparison of the metabolite profiles of shr fruits with wild-type

fruits during ripening revealed a significant shift in the patterns. In shr fruits intermediates

of the tricarboxylic acid (TCA) cycle were differentially regulated than WT indicating NO

affected the regulation of TCA cycle. The accumulation of several amino acids, particularly

tyrosine, was higher, whereas most fatty acids were downregulated in shr fruits. Among

the plant hormones at one or more stages of ripening, ethylene, Indole-3-acetic acid

and Indole-3-butyric acid increased in shr, whereas abscisic acid declined. Our analyses

indicate that the retardation of fruit growth and ripening in shrmutant likely results from the

influence of NO on central carbon metabolism and endogenous phytohormones levels.

Keywords: tomato, nitric oxide, fruit ripening, metabolites, molecular mapping

INTRODUCTION

Nitric oxide (NO) is a bioactive gaseous molecule that participates in a plethora of plant
development responses right from seed germination to plant senescence. It acts as amultifunctional
signaling molecule regulating a range of developmental processes in conjunction with almost
all major phytohormones (Freschi, 2013). Several evidences have indicated that the interplay
between auxin andNO regulates cucumber adventitious roots development (Pagnussat et al., 2003),
tomato lateral root formation (Correa-Aragunde et al., 2004). Similarly, cytokinin (CK) and NO
synergistically and antagonistically regulate several developmental processes of plants (Liu et al.,
2013). It is reported that NO and gibberellic acid (GA) interact in seed germination (Bethke
et al., 2007) and hypocotyl growth during de-etiolation process (Lozano-Juste and León, 2011),
wherein NO acts upstream to GA. During seed germination, NO appears to negate abscisic acid
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(ABA) effects and enhance germination by activation of
transcription of ABA catabolism gene CYP707A2 and NO
sensing gene ERFVII (Liu et al., 2009; Gibbs et al., 2014). On
the contrary, NO also participates in many ABA signaling events
particularly G protein-coupled signaling cascades (Wang et al.,
2001).

During recent years, many studies reported that cold stress
can increase the production of NO in seeds (Bai et al., 2012),
leaves (Zhao et al., 2009; Cantrel et al., 2011) and fruits (Xu
et al., 2012). Considering that NO signaling operates during
cold stress, the fumigation of fruits with NO gas has been used
to prevent chilling injury during cold storage (Singh et al.,
2009; Zaharah and Singh, 2011). Studies on NO fumigation to
fruits also indicated its involvement in the ripening of both
climacteric and non-climacteric fruits. The prevention of chilling
injury by NO has been attributed to several factors including
delay in climacteric phase by antagonizing ethylene synthesis
(Manjunatha et al., 2012), protecting fruits from pathogens and
impeding ripening and/or senescence (Singh et al., 2013). The
NO treatment delayed the ripening by suppressed respiration
rate, reduced ethylene biosynthesis and chilling injury, delayed
development of browning disorders, disease incidence, and skin
color changes, flesh softening and reduced activity of softening
enzymes (Leshem and Pinchasov, 2000; Manjunatha et al., 2010).

Currently information about the influence of NO on
molecular processes regulating fruit ripening is largely restricted
to post-harvest fruits stored in cold (Manjunatha et al., 2014).
NO fumigation of cold-stored mango fruits increased the levels
of tartaric acid and shikimic acids (Zaharah and Singh, 2011).
NO treatment of peach fruits increased palmitoleic, oleic, and
linolenic acids, while decreased linoleic acid levels (Zhu and
Zhou, 2006). The softening of banana fruits was retarded by NO
by lowering the activity of cell wall degrading enzymes pectin
methylesterase (PME) and β-1-4-endoglucanase (Cheng et al.,
2009). In peach and kiwi fruits NO upregulated the activity of
enzymes involved in quenching of reactive oxygen species such
as catalase, peroxidases and superoxide dismutase (SOD) (Flores
et al., 2008; Zhu et al., 2008). Exogenous NO delayed tomato
ripening via transcriptional suppression of ethylene biosynthesis
genes ACC synthase (ACS) and ACC oxidase (ACO) (Eum et al.,
2009). In pepper fruits, ripening is associated with an increase in
the nitration of proteins and exogenous treatment of NO delayed
ripening by blocking protein nitration (Chaki et al., 2015).

Most studies examining the role of NO in plant development
including fruit ripening are largely confined to exogenous
application of NO and its agonists and antagonists. This is
related to the dearth of mutants affected in NO levels in the
higher plants. The paucity of mutants may be related to the
multiplicity of pathways for NO generation in plants depending
on the tissue and ambient conditions (Gupta et al., 2011).
Characterization of Arabidopsis NO mutants revealed that the
in-vivo level of NO is reportedly regulated by mutations in
diverse genes. The mutation in the cGTPase gene in nos1/noa1
mutant (Guo et al., 2003; Moreau et al., 2008) lowered NO levels
and stimulated early flowering. In contrast mutation in CUE1
gene encoding a chloroplast phosphoenolpyruvate/phosphate
translocator enhanced NO levels and delayed flowering (He

et al., 2004). The null alleles of HOT5 locus encoding
S-nitrosoglutathione reductase (GSNOR) display decreased
tolerance to temperature stress associated with increase in levels
of nitrate, NO and nitroso species (Lee et al., 2008). An increase
in NO level in arginase negative mutants stimulated lateral roots
while reduction in NO level in prohibitin (PHB3) gene mutant
reduced auxin-induced lateral root formation (Wang et al., 2010).

Considering that exogenous NO influences post-harvest fruit
ripening it would be of interest to examine how endogenous
NO regulates fruit ripening and associated cellular metabolism.
In this study, we compared fruit ripening in the short root
(shr) mutant of tomato that hyperaccumulates NO (Negi et al.,
2010, 2011) with its wild type (WT) progenitor. We report that
shr mutation prominently affects the fruit growth and delays
ripening probably through its effect on cellular homeostasis.
Profiling of plant hormones in shr and wild-type fruits revealed
changes in accumulation patterns of ABA, indole-3-acetic acid
(IAA) and indole-3-butyric acid (IBA) that may have influenced
the observed metabolic shifts. We also mapped shr locus on
chromosome nine of tomato. However, its identity remained
elusive.

MATERIALS AND METHODS

Plant Materials
The shr mutant of Solanum lycopersicum cv Ailsa Craig (wild
type- WT) was isolated from a γ-irradiated M2 population of
tomato as described in Negi et al. (2010). S. pennellii [LA 716]
and S. pimpinellifolium [LA1589] (SP) seeds were obtained from
Tomato Genetics Resource Center (UC, Davis, USA). The plants
were grown in the greenhouse at Hyderabad under natural
photoperiod (12–14 h day, 10–12 h night) at 28± 1◦C during the
day and ambient temperature (14–18◦C) in the night. The RH in
the greenhouse ranged from 45–70%.

A F2 mapping population consisting of 69 plants was
generated, segregating for short root phenotype, from an
interspecific F1 hybrid (S. lycopersicum shr/shr x S. pennellii
SHR/SHR). Owing to self-incompatibility, the F1 plants were
selfed by manual sib mating. A second F2 mapping population
was generated which consist of 769 plants, segregating for short
root phenotype, from an interspecific F1 hybrid (S. lycopersicum
shr/shr x S. pimpinellifolium SHR/SHR). The F2 seedlings were
scored for root length and NO levels as described in Negi et al.
(2010). For NO determination detached roots were submerged
in 10µM of DAF-2 DA fluorescent probe in 10mM MES-KCl
(pH 7.0) buffer for 20 min. Thereafter the roots were washed
with 10mM MES-KCl (pH 7.0) buffer for 15 min. The NO level
was examined by epi-fluorescence using the U-MWIB2 mirror
unit (excitation 495 nm, emission 515 nm) in the Olympus BX-51
Microscope (Negi et al., 2010).

After scoring the seedling phenotypes, seedlings were
transferred to the pots and plants were grown in the greenhouse.
Wherever possible, F3 seedlings were used to confirm the
phenotype of F2 plants. Chi-square tests were performed to
determine the goodness of fit between the Mendelian ratio of the
F2 mapping population and the segregation data for the short
root (shr) and the molecular markers.
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Estimation of Ethylene, Pigments, Brix and
Fruit Firmness
For estimation of ethylene, fruits were harvested at different
ripening stages viz., mature green (MG), breaker (BR) and red
ripe (RR) stage. The ethylene emission from the harvested fruits
was measured using a previously described procedure (Kilambi
et al., 2013). Chlorophylls and carotenoids were extracted from
leaves from 7–8 internodes of 45-day-old plants in 80% (v/v)
acetone using the protocol of Makeen et al. (2007) and their
amounts were calculated using the equation of Lichtenthaler
(1987). Carotenoids were extracted from the pericarp of MG, BR
and RR fruits using the procedure of Gupta et al. (2015). To avoid
photooxidation, the entire procedure was performed under dim
light. The carotenoids amount from the fruit tissue was calculated
by comparing the peak area with the peak area obtained using
pure standards of each carotenoid. For determination of sugars,
the entire pericarp of fruit was homogenized, and values were
recorded using PAL-1 refractometer. The firmness of fruits was
measured three times at equatorial plane using Durofel DFT 100
(Gupta et al., 2014).

Determination of Endogenous No Levels in
Fruits
The endogenous levels of NO at MG and RR stage of fruits
was determined by using EPR spectroscopy, and also the fruits
cells were examined for DAF-2 DA fluorescence following the
protocols described in Negi et al. (2010). However, both methods
could not detect the NO indicating that NO level in fruits was
below the limit of detection.

Extraction of Primary Metabolites and
GC-MS Data Processing
The metabolite profiling of fruits of WT and shr was essentially
carried out by following the protocol of Roessner et al. (2000).
The fruits from MG, BR, and RR stage were ground to a fine
powder in liquid nitrogen. A 100mg fresh weight of fruit powder
was mixed with 1.4mL 100% methanol and 60µL of internal
standard ribitol (0.2 mg/ml, w/v). After mixing, the sample
was shaken at 70◦C in a thermomixer for 15min at 950 rpm.
After that, 1.4mL MilliQ water was added and after thorough
mixing the sample was transferred in GL-14 Schott Duran glass
vial and centrifuged at 2200 g for 15min. An aliquot of polar
phase (150µL) was transferred in fresh Eppendorf tube and
dried by vacuum centrifugation for 3–4 h. The dried sample was
derivatized; first, it was dissolved in 80µL of methoxyamine
hydrochloride (20mg/mL) and incubated at 37◦C for 90 min
at 600 rpm. Thereafter, 80µL of MSTFA was added, and
incubation was carried out at 37◦C for 30 min at 600 rpm.
The derivatized sample was transferred to a GC-MS injection
vial and analyzed by Leco-PEGASUS GCXGC-TOF-MS system
(Leco Corporation, USA) equipped with 30m Rxi-5ms column
with 0.25mm i.d. and 0.25µm film thickness (Restek, USA).
The injection temperature, interface, and ion source were set at
230◦, 250◦, and 200◦C respectively. For the proper separation
of groups of metabolites, the run program was set as following;
isothermal heating at 70◦C for 5min, followed by 5◦C min−1

oven temperature ramp to 290◦C and then final heating at
290◦C for 5min. The carrier gas (helium gas) flow rate was
set to 1.5mL/min. A 1µL of sample was injected in split less
mode and mass spectra were recorded at 2 scans/sec within a
mass-to-charge ratio range 70–600.

The raw data were processed by ChromaTOF software
2.0 (Leco Corporation, USA) and further analyzed using
the MetAlign software package (Lommen and Kools, 2012;
www.metalign.nl) with a signal to noise ratio of ≥ 2, for base
line correction, noise estimation, alignment and extraction of
ion-wise mass signal. The mass signals that were present in
less than three samples were discarded. The Metalign results
were processed with MSClust software for reduction of data
and compound mass extraction (Tikunov et al., 2012). The mass
spectra extracted by MSClust were opened in NIST MS Search v
2.2 software for the identification of compound name within the
NIST (National Institute of Standard and Technology) Library,
and Golm Metabolome Database Library. The compound hits
which showed maximum matching factor (MF) value (>600)
and least deviation from the retention index (RI) was used for
metabolite identity. The data was analyzed by normalizing with
the internal standard ribitol.

Extraction of Phytohormones and LC-MS
Analysis
The phytohormone extraction from the fruit sample of WT
and shr was performed as described in Pan et al. (2004). A
100mg homogenized powder from fruit sample was mixed with
500µL of pre-chilled extraction solvent consisting of 2-propanol:
MilliQ water: concentrated HCL in the ratio of 2:1:0.002 (v/v/v)
respectively. After mixing, the extraction was carried out by
shaking the sample for 30min at 4◦C at 500 rpm. Thereafter,
1mL of dichloromethane (DCM) was added to the sample mix,
and the incubation was continued for 30 min at 4◦C at 500 rpm.
After centrifugation at 13,000 g for 15min at 4◦C, the supernatant
(∼ 900µL) was transferred to a fresh Eppendorf tubes and dried
completely using the Speedvac (Thermo Scientific, USA). Before
injection, the dried residue was dissolved in 70 µL of precooled
100% methanol followed by centrifugation at 13,000 g for 5min.

The sample was transferred to an injection vial and analyzed
using UPLC/ESI-MS (Waters, Milford, MA USA). The system
consists of an Aquity UPLCTM System, quaternary pump,
and autosampler. For separation of hormones, the sample
was analyzed on a Hypercil GOLD C18 (Thermo Scientific)
column (2.1× 75mm, 2.7µm). A gradient elution program
was performed using two solvents system, solvent A- containing
ultrapure water with 0.1% (v/v) formic acid, solvent B-
containing acetonitrile with 0.1% (v/v) formic acid and run for
9 min at 20◦C. The abscisic acid (ABA), jasmonic acid (JA), and
salicylic acid (SA) detection was performed on ExactiveTMPlus
Orbitrap mass spectrometer (Thermo Fisher Scientific, USA)
in all ion fragmentation (AIF) mode (range of m/z 50–450)
equipped with heated electrospray ionization (ESI) in negative
ion mode. The zeatin, IAA, IBA, epibrassinosteroids (Epi-BR)
and methyl jasmonate (MeJA) were analyzed in positive ion
mode. For both modes, the following instruments setting were
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used, capillary temperature −350◦C, sheath gas flow (N2) 35
(arbitrary units), AUX gas flow rate (N2) 10 (arbitrary units),
collision gas (N2) 4 (arbitrary units) and the capillary voltage 4.5
kV under ultra-high vacuum 4e−10 mbar. The hormones were
analyzed from the >5 different fruits harvested from ripening
stages viz. MG, BR, and RR of WT and shr. The quantification
of each hormone was carried out by comparing the peak areas
with those obtained for the respective hormone standards.

Principal Component Analysis (PCA)
To obtain the overall clustering of the samples, we
performed PCA using Metaboanalyst 3.0 (Xia et al., 2015;
http://www.metaboanalyst.ca/). Firstly, we took the average
of metabolites from at least three replicates and analyzed the
differences in metabolites accumulation across the ripening
stages in both WT and shr and then the results were presented in
a two-dimensional graphical display.

Construction of Primary Metabolite
Pathways
All the metabolites measured using the GC-MS methods
were mapped to the general metabolic pathways as described
in the KEGG (Kyoto Encyclopedia of Genes and Genomes,
http://www.genome.jp/kegg) and LycoCyc (Sol Genomic
networks, http://solcyc.solgenomics.net/). To compare levels of
each metabolite across the ripening stages (MG, BR, and RR),
we performed all pairwise multiple comparison procedures
(Student-Newman-Keuls Method) by One-Way ANOVA using
Sigma Plot version 11 with a significance threshold P ≤ 0.05
to highlight patterns of change across the ripening stages in shr
compared to WT. Average fold change of metabolites occurring
across the ripening stages in shr fruits compared to WT was
shown on a primary metabolite pathway as presented in Do et al.
(2010). A log2 fold of 0 means no difference, a log2-fold of 0.5
means 1or higher fold changes (equal to average means 1.5-fold)
1 means 2-fold or higher, a log2-fold of two means 4-fold or
higher, and so on.

Metabolites and Hormones Correlation
Networks Creation
Networks for both WT and shr were created using Cytoscape
software package (http://www.cytoscape.org/; Cline et al., 2007).
Nodes represent the metabolites (circle), hormones (hexagon
shape) and edges represent connectivity between the two
metabolites. The connectivity between two nodes is drawn if the
Pearson’s Correlation Coefficient (PCC) value is larger than 0.9
either in positive or negative mode. New correlations in the shr
network, which were insignificant in WT at all ripening stages
were considered as new associations in shr or vice-versa.

DNA Extraction
Genomic DNA was isolated from young leaves (80–100mg/well)
in 96 well deepwell plates using a DNA extraction protocol
developed for tomato (Sreelakshmi et al., 2010). The DNA was
quantified using Nanodrop (ND-1000) spectrophotometer and
DNA samples were diluted to final concentration of 5 ng/µL.

Screening for Polymorphic Markers
For mapping shr locus, we selected 129 SSR and 6 InDel markers
that were evenly distributed across twelve chromosomes of
the tomato. These markers were selected from the Solanaceae
Genome Network (http://solgenomics.net/) and Tomato
Mapping Resource Database (http://www.tomatomap.net/, Last
accessed in 2013) and chosen based on their polymorphisms
between tomato cultivar Ailsa Craig, S. pimpinellifolium and
S. pennellii (Supplementary Table 1, for marker details). First,
the location of mutation was determined to chromosome nine.
Thereafter chromosome 9 was genotyped with 24 SSR and 7
CAPS markers. PCR amplification was in total volume of 20µL
containing 20 ng of genomic DNA, 1× PCR buffer (10mM Tris,
5mM KCl, 1.5mM MgCl2, 0.1% (w/v) gelatin, 0.005% (v/v)
Tween-20, 0.005% (v/v) Np-40, pH 8.8, 0.2mM dNTPs, 1µL Taq
polymerase and 5 pmoles each of forward and reverse primers.
The cycling conditions for amplification were 94◦C-5min,
followed by 35 cycles of 94◦C-30 s, 57◦C-30 s, 72◦C-1 min,
finally an extension step 72◦C-8 min, and held at 4◦C. The PCR
products were size separated on 3.5% (w/v) agarose gels and gel
images were collected with Alpha ImagerTM gel documentation
system.

Bulk Segregant Analysis (BSA) and
Genotyping
Selected individuals of F2 mapping populations of shr x S.
pimpinellifolium and shr x S. pennellii were screened for
polymorphism between bulks. DNA from fifteen shr and fifteen
long root plants from shr x S. pimpinellifolium population, and
twelve shr and twelve long root plants from shr x S. pennellii
population were selected for bulks preparation. Short root and
long root DNA bulks were prepared by pooling equivalent
amount of DNA from each plant with specific phenotypic
segregant of the F2 mapping population. The parent lines and
the bulks DNA were then subjected to BSA analysis for the
identification of the tightly linked marker (Michelmore et al.,
1991). Markers which corresponded to short root bulk and short
root mutant and differed in the size of the PCR product with both
long root parents (S. pennellii and S. pimpinellifolium) and long
root bulks were considered to co-segregate with shr phenotype.
Markers that were specific between bulks were assessed on
debulks along with their parents.

Screening of Additional Markers
For saturation of the shr locus, 14 SSRmarkers fromKazusa DNA
Research Institute (http://www.kazusa.or.jp/tomato/, Shirasawa
et al., 2010a,b),10 SSR markers from Veg Marks a DNA marker
database for vegetables (http://vegmarks.nivot.affrc.go.jp,
Last accessed in 2013) and 7 CAPS markers viz., At3g63190,
C2_At4g02580, C2_At2g29210, C2_At4g02680, C2_At1g02910,
C2_At4g03200, and U228448 (http://solgenomics.net) that
were specific to chromosome 9 were selected and screened
for polymorphism between the parental lines of mapping
population (Supplementary Tables 2–4 for marker details). For
amplification of CAPS region, 30 ng genomic DNA, 1µL of 5
pM/ µL primer, 1X PCR buffer (10mM Tris, 5mM KCl, 1.5mM
MgCl2, 0.1% (w/v) gelatin, 0.005% (v/v) Tween-20, 0.005%
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(v/v) Np-40, pH 8.8, 0.2mM dNTPs and 1µL Taq polymerase
were used. After confirming PCR amplification for CAPS
locus by agarose gel electrophoresis, the PCR amplicons of the
CAPS markers were digested using ApoI, Hinf I, DraI and MspI
(Fermentas) enzymes. Digestion reactions performed according
to the supplier’s manual and the products were separated on
3.5% (w/v) agarose gels.

Map Construction and Linkage Analysis
Markers that showed bulk specific segregation along with shr
phenotype were used for molecular mapping of the shr locus.
Given the availability of the higher number of F2 segregating
progeny, we selected shr x S. pimpinellifolium mapping
population for map construction for shr locus. Four SSR markers
and one CAPS marker were chosen for molecular mapping of the
shr locus. Total 769 F2 plants of shr x S. pimpinellifolium were
genotyped and analyzed by Chi-square test. Map construction
was carried out using the MAPMAKER/EXE V.3.0 (Lander et al.,
1987; Lincoln and Lander, 1992) program following Kosambi
Function (Kosambi, 1943). Linkage groups were determined
using “group” and “error detection on” commands with a LOD
score of 3.0 and a recombination fraction of 0.5. The “compare”
and “order” commands in Mapmaker were used to identify the
most probable marker order within a linkage group. The “ripple”
command was used to verify and confirm marker order as
determined by multipoint analysis. Recombination frequencies
were converted into map distances centi-Morgans (cM) using
the Kosambi mapping function (Kosambi, 1943), and the linkage
group maps were drawn using the MapChartv. 2.1 software
(Voorrips, 2002).

Genome Analysis and Candidate Gene
Prediction
The tomato genome, ITAG version 2.3 (SGN:
http://solgenomics.net/gb2/gbrowse/ITAG2.3_genomic/) was
used for overlaying the closest markers encompassing the shr
locus. The predicted genes in the region encompassing shr locus
were searched. The information on expression of the predicted
genes was found by BLASTN searching of Tomato Expression
Database (http://solgenomics.net/ted).

RESULTS

Inheritance of shr Locus
We crossed shr mutant with S. pimpinellifolium, a red fruited
wild relative of tomato for mapping of the shr gene, and
also compared the phenotypes of shr mutant plants and the
parental lines at the different stages of development. Both light
and dark grown seedlings of shr mutant showed extremely
short roots compared to parental lines (Figures 1A–D). The
F1 seedlings of shr x S. pimpinellifolium grown in both light
and dark conditions displayed elongated roots like WT and S.
pimpinellifolium. Examination of root length of F2 segregation
mapping populations suggested that shr locus is encoded by
a monogenic recessive locus (Supplementary Table 5). While
seedlings of S. pimpinellifolium did not form lateral roots,
however, light-grown seedlings of F1 cross of shr x S.
pimpinellifolium displayed lateral roots likeWT (Figure 1A). The

etiolated seedlings of WT lacked lateral roots and consequently
etiolated seedlings of F1 cross of shr x S. pimpinellifolium
roots did not display lateral roots (Figures 1B,D). Interestingly,
the lateral root formation in the F2 population of shr x
S. pimpinellifolium showed opposite segregation pattern of
1:3, indicating the presence of a locus in S. lycopersicum
controlling lateral root initiation independently of shr locus
(Supplementary Table 6).

The shortening of root in the shr mutant is associated with
hyperaccumulation of NO; therefore, cosegregation of short
root phenotype and accumulation of NO was examined by
staining the primary root tip with NO-sensitive fluorophore 4,
5-diaminofluorescein diacetate (DAF-2DA) (Correa-Aragunde
et al., 2004). In vivo imaging of NO levels in parental lines and
shr mutant showed stronger fluorescence of DAF-2DA in shr
mutant root tips, while the level of DAF-2 DA fluorescence in
root tips of parental lines was nearly similar. The F1 plants of shr
x S. pimpinellifolium showed DAF-2 DA fluorescence level that
was similar to parental lines indicating the recessive nature of shr
locus. The imaging of F2 population of shr x S. pimpinellifolium
showed DAF-2 DA fluorescence pattern consistent with above
results, showing a 3:1 segregation pattern in root tips. The
segregation pattern of NO accumulation as visualized by DAF-
2 DA fluorescence in F2 mapping population was consistent
with shr phenotype and indicated the cosegregation of NO
hyperaccumulation with the short root locus (Figure 1E).

The F1 seedlings of shr x S. pimpinellifoliumwere slightly taller
and had longer internodes than either WT or S. pimpinellifolium
(Supplementary Figures 1A,B). Similarly, the leaf of F1plant
was longer than shr mutant and possessed chlorophylls
and carotenoids similar to WT and S. pimpinellifolium
(Supplementary Figures 1C,D). However, F1 plants showed an
intermediate phenotype than either of its progenitors in the
number of flowers and the shape of inflorescence (Figure 1F). On
the contrary, the RR fruits of F1 hybrid (shr x S. pimpinellifolium)
emitted less ethylene (3.18 ± 0.2120 nL/h/g FW) than S.
pimpinellifolium (14.59± 1.11 nL/h/g FW) and shr fruits.

Mapping of shr Locus
To map the shr gene, the SSR markers described in Tomato
Mapping Resource Database (http://www.tomatomap.net/,
Last accessed in 2013) and Solanaceae Genome Network
(http://solgenomics.net) were screened using the bulk
segregation analysis (BSA). Out of 135 markers used, only
69 were polymorphic between the shr and S. pimpinellifolium.
These 69 polymorphic markers were used for BSA of shr x
S. pimpinellifolium populations. Among these, two markers,
SSR19, and SSR110 showed polymorphism and mapping results
indicated that the shr locus was located in a region intervening
between SSR19-SSR110 on chromosome 9 of tomato. To
develop high-resolution molecular map and saturate the region
around the shr locus, additional markers for chromosome 9
were selected and analyzed for polymorphism between shr
mutant and S. pimpinellifolium (Ohyama et al., 2009; Shirasawa
et al., 2010a). The bulk segregation analysis with TGS0213 and
C2_At3g63190 markers showed strong linkage with shr locus,
and these were used for genotyping of entire mapping population
(Supplementary Figures 2A–C).
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FIGURE 1 | Genetic segregation of phenotypic traits in shr mutant. Seedling phenotype (A,B), root and hypocotyl length (C,D) of Ailsa Craig (WT), S.

pimpinellifolium (SP), short root (shr) mutant and F1seedlings grown in light (A,C- 9-day old seedlings) and darkness (B,D- 5-day old seedlings). (E) NO levels in root

tips of 9-day old light-grown seedlings of parent plants (left panel) and mapping population (right panel) using NO-sensitive dye DAF-2DA. In F2 mapping population,

short-root seedlings showed NO staining similar to shr mutant parent(P1 type) and long-root seedlings showed NO staining similar to SP parent (P2 type). (F)

Inflorescence morphology of WT, SP, shr and F1 plants. The values are the mean ±SD (n = 79 seedlings). Asterisk indicates statistically significant difference between

WT and SP, shr, and F1(One-Way ANOVA;** P <0.001). In fluorescence microscopic picture of the root, scale bar corresponds to 10x zoom micro scale, Olympus

BX51.
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A total of six polymorphic markers around shr locus,
including one CAPS (C2_At3g63190), one InDel (Cosi52)
and four SSRs (SSR19, SSR110, SSR383, TGS0213) markers,
were genotyped on 769 F2shr x S. pimpinellifolium mapping
population. Out of these, five markers showed satisfactorily
expected ratio for the co-dominant inheritance of 1:2:1 and were
used for mapping the shr locus (Supplementary Table 7). Using
MAPMAKER3.0 program, the shr locus was mapped at 0.2 cM
from TGS0213 and 2.8 cM from C2_At3g63190, on chromosome
9 (Figure 2). To identify the candidate gene encoding shr
locus, the sequence of SSR markers tightly linked to shr was
searched with BLAST against the tomato genome sequence
release ITAG 2.3 Release SL2.40ch09:54045071..58939091(http://
solgenomics.net/gb2/gbrowse/ITAG2.3_genomic). The genomic
region flanked by two markers was about 4.89 Mb (4894020 bp)
and contained 197 genes, which were examined as candidate
genes for NO hyperaccumulation. However, the above genomic
region is not completely sequenced and consists of two major
gaps of size 35116 bp (SL2.40ch09:56426627...56461743) and
31568 bp (SL2.40ch09:56795954...56827522). Currently, it is not
known whether these two gaps also harbors functional genes
or consist of repetitive DNA sequences. Out of the 197 genes,
139 genes showed high to low expression in tomato root and
remaining showed no expression (Supplementary Table 8).

Out of 139 genes showing root specific expression, only
three genes were reported to be associated with modulation of
cellular NO levels; alcohol dehydrogenase III (ADH3)/GSNO
reductase (GSNOR1/HOT5/PAR2, Solyc09g064370 alcohol
dehydrogenase III gene), CUE domain containing protein
2 (Solyc09g064860CUE domain containing protein), and
glutathione S-transferase (Solyc09g063150 Glutathione S-
transferase) (Li et al., 2008; Chen et al., 2009; Lok et al.,
2012). The presence of the shr mutation in these three genes
was examined by amplifying complete ORF of genes from
WT and shr mutant using PCR and detection of mutation
in heteroduplexed DNA using mismatch endonuclease assay
(Sreelakshmi et al., 2010). However, no mutation was detected in
any of these three genes, thus ruling them out as candidate genes.

shr Mutant Shows Reduced Fruit Growth
and Delayed Ripening
The shr mutant shows sluggish growth, prolonged life cycle
(shr-150 ± 10 days, WT-110 ± 10 days) and a diminutive
phenotype with pale green leaves with reduced level of
photosynthetic pigments compared to WT (Negi et al.,
2010; Supplementary Figure 1D). The pleiotropic effect of shr
mutation also manifests during reproductive phase. Compared
to WT, the initiation of the first inflorescence in the mutant was
delayed by nearly 3 weeks (Figures 3A,B). The shr mutant made
fewer inflorescences with smaller flowers and inflorescence had
ca. 50% less flowers than the WT (Figures 3C–F).

The influence of shr mutation was examined on the
chronological development of fruit from anthesis (days post
anthesis- DPA) to RR stage. Analogous to delayed inflorescence
initiation, the fruit development was slower, and the ripened shr
fruits were smaller in size than WT (Figures 4A,B). In addition,

the shr mutation influenced the transition phases of ripening.
The time period to reach the MG stage was longer in shr fruits
(35–37 days shr, 30–33 days WT) (Figure 4C). The transition
from MG to RR Stage was 7–8 days slower in shr fruits than
WT. Though shr fruits were smaller in size at RR stage, they
emitted nearly two-fold higher ethylene than WT (Figure 7).
Among shr and WT fruits, no obvious difference was found in
TSS level (Brix) except at RR stage (Supplementary Figure 3A).
During ripening, the loss of firmness in shr fruits was
similar to WT (Supplementary Figure 3B). The pH of WT
and shr fruits was almost similar (Supplementary Figure 3C).
Unlike reduced photosynthetic pigments in shr leaves, the
accumulation of lycopene and β-carotene in shr fruits was only
mildly affected. However, the level of carotenoids precursors,
phytoene and phytofluene were higher in shr fruits than WT
(Supplementary Table 9).

shr Mutation Alters the Cellular
Metabolism during the Fruit Ripening
A total of 96 metabolites were identified in WT and shr fruits
at three ripening stages, MG, BR, and RR. The levels of several
metabolites in shr fruits were significantly different from WT
at one or more stages (Supplementary Table 10). Principal
component analysis (PCA) and the correlation variances
explained by the two principal components clearly revealed
two clusters of WT and shr metabolites (Figure 5). Based on
chemical nature the metabolites were grouped as amino acids
and amines, sugars, organic acids, fatty acids, and miscellaneous
(Supplementary Table 10). Only those metabolites which
showed up-regulation or down-regulation >1.5-fold (Log2
shr/WT value 0.5) in shr fruits than WT were mapped on the
metabolic networks (Figure 6, Supplementary Figures 4A–E).

shr Mutation Preferentially Stimulates
Tyrosine Accumulation in Fruits
In shr fruits, only 14 out of 25 amino acids/amines were
differentially regulated at one or more stages. Among these,
tyrosine was detected only in shr fruits, and its levels
progressively declined during ripening. The upregulation of
asparagine, tryptophan, alanine 3-cyano, and ornithine 1-5-
lactam in shr fruits was discernible at all stages with maxima
at BR (Figure 6, Supplementary Table 10). The glutamine
level in shr fruits was significantly higher at MG and BR
but was similar to WT at RR. Contrastingly, glutamate was
downregulated in shr fruits, most significantly at MG and
RR (Figure 6, Supplementary Table 10). The hydroxylamine
consistently showed higher levels in shr fruits. The amino acids
derived from the 3-phosphoglycerate and pyruvate showed no
or little change in shr fruits. Polyamine, putrescine showed
significantly high level at MG stage. Considering tyrosine,
asparagine, and glutamine showed substantial upregulation (∼
10-fold) and glutamate showed downregulation, these amino
acids may have a key role in cellular homeostasis of shr fruits.

A total of 27 sugars and their derivatives were identified in shr
and WT fruits; however only a few were up- or down-regulated
in shr fruit (Figure 6, Supplementary Table 10). The glucose
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FIGURE 2 | Genetic map of shr locus on chromosome 9 using shr x S. pimpinellifolium F2 mapping population (n = 769) (right). The Tomato-EXPEN 2000

map (left) shows positions of markers on the map. shr locus was identified within TGS0213 and C2_At3g63190 markers. The distances for the maker position are

given in centi-Morgan (cM).

6-phosphate derived metabolite ribofuranose was downregulated
at all stages in shr fruits. Similarly, arabinopyranose and
threose (immediate precursor glycerol-3-phosphate) were
downregulated in shr fruits. While glucopyranose levels were
high at BR and RR in shr fruits, it was undetectable in WT at
same stages.

shr Mutation Upregulates Tricarboxylic
Acid (TCA) Pathway Metabolites
In shr fruits, out of 6 TCA cycle components, citrate and cis-
aconitate were upregulated while succinate and methyl succinate
were downregulated at all stages. Isocitrate at BR, RR, and
malate at RR were upregulated, and fumarate was downregulated
at BR. Lactate increased considerably at MG and BR. Acetyl-
CoA derived compound- acetate significantly declined during
ripening (Figure 6). Interestingly, dehydroascorbate dimer and
tartarate were upregulated at all stages. Caffeate (a chlorogenic
acid metabolites) and nicotinate, derived from the shikimate
pathway considerably increased at all stages. In addition to
TCA cycle components nucleic acid metabolites; guanidine and
adenosine were also upregulated at MG-RR and BR-RR stage
respectively (Figure 6, Supplementary Table 10).

shr Mutation Retards Fatty Acid
Metabolism during Ripening
Interestingly in shr fruits, all fatty acids were significantly
downregulated at MG and BR except myristate that was

downregulated at all stages. Only linolate exhibited no alterations
in shr compared to WT. During ripening, free fatty acid
metabolites in WT progressively declined from a high level at
MG, while in shr though the level was half of WT, it remained
unchanged during ripening.

shr Mutation Regulates Ripening by
Modulating Auxin and Abscisic Acid Level
Among the plant hormones, GA and Epi-BR were below
the detectable level, and SA, zeatin, MeJA, and JA levels
were similar in WT and shr fruits. In shr fruits, ABA
level was low at MG and BR but attained level similar
to WT at RR (Figure 7). Conversely, IAA content was
high at BR and RR whereas IBA was high at MG in shr
fruits. The shr fruits also emitted higher ethylene at RR
(Figure 7). These results indicated that shr mutation influenced
the temporal changes in ethylene, auxins, and ABA during
ripening.

Metabolites and Hormones Regulatory
Network Analysis
The regulatory network involved in shr fruit ripening
was identified by constructing correlation network of
significantly different (P < 0.05) metabolites and hormones
at all stages. The network comprised of 28 metabolites and
2 hormones (ABA and JA) for WT and 16 metabolites
and hormone JA for shr. In both WT and shr network, 3
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FIGURE 3 | Inflorescence and floral morphology of shr mutant plants. (A) Inflorescence(s) in WT and shr mutant plants. The blue arrow points that WT plant

(60-day old) bears two inflorescences whereas shr mutant (80-day old) bear only one inflorescence with unopened flowers. (B) Days from sowing for the onset of the

flowering. (C) Number of inflorescences per plant. (D) Number of flowers per inflorescence. (E) Floral morphology of WT and shr mutant. (F) Inflorescence morphology

of WT, S. pimpinellifolium (SP), shr and F1. Note: The peduncle of the inflorescence of shr mutant was short and bore less number of flowers compared to WT. The

values are the mean ±SD (n = 5). Asterisk indicates statistically significant difference between WT and shr (One-Way ANOVA; ** P < 0.001).

clusters (I, II, and III) could be distinguished (Figure 8)
of which cluster II was most dense with a maximum node
connectivity while cluster I and III were sparse with less
connectivity.

The PCA of shr and WT revealed that the collective
complement of metabolites in shr fruits was distinctly different
from the WT at all stages of fruit ripening. Consistent with
this the correlation network of shr fruits was distinctly different
from WT. First, the network density in shr fruits (0.65)

was less than the WT (0.71) (Supplementary Table 11). The
number of interactions in shr was about 1/4th of the WT.
Unlike in WT where positive and negative interactions were
about 329 and 170 respectively, these were nearly equal in
shr (+37 and −41). Most importantly there was only a little
overlap in the interactions between WT and shr. Among 78
interactions that were present in shr only 14 were common with
WT and positive to the WT. Moreover, WT network showed
31 unique nodes and had only 9 nodes common with shr.
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FIGURE 4 | Fruit development and ripening of shr fruits. (A) WT and shr

fruits harvested at different days from anthesis. (B) Time course of fruit

development in WT and shr mutant from the day of anthesis to RR stage. (C)

Duration of different ripening phases of WT and shr mutant fruits. The values

are the mean ±SD (n = 5). All the data point statistically significantly different

between WT and shr were determined throughOne-Way ANOVA (P < 0.001).

FIGURE 5 | Principle component analysis (PCA) of metabolic profiles.

The WT and shr mutant fruits were analyzed at MG, BR, and RR stage The

PCA was constructed using the MetaboAnalyst 3.0. The variance of PC1 and

PC2 component is given within parentheses.

Similarly, shr also showed 8 unique nodes in its correlation
network.

These differences between WT and shr indicate that the
shr mutation causes a massive shift in metabolic interaction
during the fruit ripening. Most of the interactions that were
present in WT were not observed in shr. In addition, shr
showed several unique interactions that were not present in
WT. For several metabolites, the interactions were opposite
in nature, for example, the interaction of tyrosine with other
metabolites (Supplementary Table 11). Interestingly, most of
the fatty acids metabolites showed negative interaction with
group I (citrate and cis-Aconitate) and positive interaction
with group II (acetate, methylsuccinate, and succinate) in
WT network, while none of the fatty acids metabolites
showed interaction with group I and II metabolites in the
shr network. These results indicated the metabolites were
regulated in a different fashion in shr fruits than in the
WT.

Examination of WT and shr network revealed that
TCA pathway metabolites (citrate, cis-aconitate, succinate,
methylsuccinate, and acetate) were interconnected and also
had maximum connectivity with the other metabolites mostly
positioned in cluster II (Figure 8, Supplementary Table 11).
On the basis of interactions, two groups were discernible
in WT and shr. In WT the group I (citrate and cis-
acotinate) positively correlated with each other and negatively
correlated with group II (succinate, methylsuccinate, and
acetate) and vice-versa. Similarly, in shr the group I (citrate)
negatively correlated with group II (succinate, and acetate)
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FIGURE 6 | The metabolic shifts in shr fruits during ripening in comparison to WT. The relative changes in the metabolite levels at MG, BR, and RR stage in

shr fruits were determined by calculating the shr/WT ratio at respective ripening phases. Log2-fold changes are represented by varying shades of colors in the boxes

with dark red and dark green color representing a maximum increase and decrease respectively at bottom left-hand corner. The white box represents Log2 fold

changes in the range of −0.5 to + 0.5. The metabolites in gray letters on pathway were not detected in GC-MS analysis. The pink colored circle on pathways denotes

the enzymes reported to be modulated by NO in literature. The values are the mean ±SD (n = 3–5 fruits). The metabolites which level were higher or lower to log2FC

(−0.5 or +0.5) and statistically significant (Supplementary Table 10) in shr in comparison to WT were only showed on pathways.

and vice-versa. The phytohormones ABA and JA showed
maximum connectivity with cluster II (Figure 8). In WT,
ABA, and JA positively correlated with group II and
negatively correlated with group I. Similarly in shr, JA
negatively correlated with the group I and positively with
group II.

In both WT and shr, the cluster I and III were populated
with few metabolites. The tyrosine amino acid that specifically
is accumulated at a high level in shr fruits was positioned in
cluster III and it positively correlated with aspartate (Figure 8,
Supplementary Table 11). However, tyrosine negatively
correlated with most metabolites in shr fruit. In addition, several
significantly different out-class metabolites were identified that
were present only in shr network. Taken together the network

analysis indicated that the shr mutation distinctly influences the
regulation of metabolites during fruit ripening.

DISCUSSION

Mapping of shr Locus and Candidate Gene
Prediction
The genetic analysis of shr segregation indicated that the shr locus
is encoded by a single recessive gene located on chromosome nine
and it co-segregates with hyperaccumulation of NO.

Using the advantage of the availability of the complete genome
sequence of tomato, we overlaid the shr locus on to the tomato
physical map. The shr locus was located within 4.89Mb (4894020
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FIGURE 7 | Phytohormones level in WT and shr at different stages of

fruit ripening. The levels of all hormones except ethylene were estimated

using Liquid Chromatography-Mass Spectrometry (LC-MS). The ethylene was

measured by Gas Chromatography (GC). Asterisk indicates statistically

significant difference between WT and shr (n = 3 ±SD; One- Way

ANOVA * < 0.05, ** P ≤ 0.001. ABA (Abscisic acid), SA (Salicylic acid), IAA

(Indole -3- acetic acid), IBA (Indole-3- butyric acid), JA (Jasmonic acid), MeJA

(Methyl Jasmonic acid), Eth (ethylene).

bp) region of genome scaffold SL2.40ch09:54045071..58939091
(http://solgenomics.net/gb2/gbrowse/ITAG2.3_genomic).
Among the known genes regulating NO levels in plants,
only one gene was found in the region encompassing shr
locus. In Arabidopsis, the null alleles of the HOT5 locus
(GSNOR1/HOT5/PAR2) show increase in in vivo levels of NO
(Lee et al., 2008; Chen et al., 2009). Based on their reported role
in regulating NO level in the mammalian system, glutathione
S-transferase (Lok et al., 2012) and CUE domain containing
protein (Li et al., 2008) were also examined as potential candidate
genes. However, these three most obvious candidate genes did
not show a mutation in their respective ORFs. Considering that
the tomato genome sequence encompassing shr locus region has
two major unfilled gaps of 35116 bp and 31568 bp size, it could
be possible that these gaps may have additional genes and one of
them may be encoding for shr mutation. Since shr mutant was
obtained from γ-irradiated population, the possibility remains

FIGURE 8 | Correlation network of metabolites and hormones during

fruit ripening. The networks were constructed for WT (A) and shr (B) at MG,

BR, and RR stages by including only significantly varying (log2-fold ≤ −0.5, ≥

+0.5) metabolites and hormones. The nodes are represented by different

colored circles for metabolites and purple colored hexagons for hormones

(ABA and JA). The edges are represented with blue lines for positive

correlations and red lines for negative correlations. Statistically significant

differences in the level of metabolites across the ripening stages of WT and shr

were determined throughOne-Way ANOVA (P < 0.05).Green nodes, amino

acids; yellow nodes, sugars; red nodes, organic acids; blue nodes, fatty acids;

light pink nodes, nucleotides.

that rather than a single gene mutation, the chromosomal
rearrangement, and/or deletion may have contributed to the
phenotype attributed to shr locus.

shr Mutation Retards Growth and
Development
Although the source of in vivo NO production (Domingos
et al., 2015) remains to be fully deciphered, endogenous
NO regulates several facets of higher plant development. The
observed diminutive size, sluggish growth and delayed life cycle
of the shr mutant is consistent with the reports that high
endogenous NO level reduces the growth and prolongs the life
cycle (Morot-Gaudry-Talarmain et al., 2002). One distinct effect
of shr locus was on the onset and progression of the reproductive
phase. In Arabidopsis, NO overproducer mutant, nox1 shows
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delayed flowering (He et al., 2004) whereas NO under-producer
mutant nos1/noa1 shows earlier flowering (Guo et al., 2003).
Consistent with this, shr mutant displayed delayed development
of inflorescence(s) with smaller and fewer flowers than the
parental WT.

Delayed Ripening of shr Fruits May Be Due
to Alteration in Phytohormone Levels
Compared to vegetative development, little is known about the
role of endogenous NO in fruit development and quality. So
far the information is largely derived by the application of
exogenous NO donors to detached fruits with an aim to extend
the postharvest shelf life (Manjunatha et al., 2010; Lai et al., 2011).
Post-anthesis, the fruit development in shr was sluggish with 5–7
days delay in attaining MG stage than the WT. Consistent with
the reduction in root and leaf size due to high endogenous NO
levels, the MG fruits of shr mutant too were half in size than
the WT. Even post-MG stage, the transition to different ripening
stages was much slower in shr fruits than the WT. Attainment of
RR stage in shr fruit was delayed by ca. 9 days compared to WT.
Though hyperaccumulation of NO slowed ripening of fruits, the
on vine shelf life of shr fruit post-RR stage the was similar to WT.
Considering that the carotenoids levels, firmness, and brix of shr
fruits were similar to WT, it can be assumed that these responses
were not affected by NO hyperaccumulation.

Tomato being a climacteric fruit, its ripening is strongly
enhanced by the emission of the plant hormone ethylene before
the onset of the ripening. The reduction in ethylene biosynthesis
by transgenic means also delays tomato ripening (Oeller et al.,
1991). Considering that shr fruits emitted a higher amount of
ethylene than WT, the post MG-delay in ripening is apparently
not linked to ethylene biosynthesis. Moreover, our results are not
in conformity with the reports that NO downregulates ethylene
biosynthesis (Eum et al., 2009; Lai et al., 2011), presumably
by S-nitrosylation-mediated inhibition of enzymes regulating
ethylene synthesis (Abat and Deswal, 2009). Conversely, our
results indicate that higher endogenous NO likely extends the
shelf life by delaying the ripening process from MG to RR stage.
In several species such as banana, tomato, and strawberries,
the application of NO donor SNP (sodium nitroprusside) to
detached fruits extended postharvest life (Manjunatha et al.,
2010, 2012; Lai et al., 2011). It can be surmised that exogenous
NO donors may be extending the fruit shelf life by delaying the
overall ripening process.

Apart from their antagonistic interactions in several
developmental processes of plants, ethylene and ABA,
synergistically promote the ripening process in climacteric
fruits (Sun et al., 2012). ABA acts as a principal signal for the
onset of ripening, and a decline in ABA levels precedes the
climacteric ethylene production in tomato fruit. Considering
that the shr mutation upregulated ethylene emission at RR stage,
it may have affected the endogenous ABA levels. Consistent with
this ABA levels in shr fruit at MG and BR stages were lower
than the WT. The smaller size of shr fruits appears to be related
to lower ABA levels as ABA deficiency in tomato leads to a
reduction in fruit size (Galpaz et al., 2008; Nitsch et al., 2012;

Sun et al., 2012). Tomato fruits harvested at the pink stage from
ABA deficient plants showed significantly extended shelf life
(Sun et al., 2012). Analogously, the slower development of shr
fruits and prolonged post-MG ripening period is likely related
to reduced ABA levels. However, unlike ABA-deficient plants
(Galpaz et al., 2008; Sun et al., 2012), carotenoids levels and
firmness is not higher in shr fruits. Thus, the observed effects of
NO on above processes can also arise from a mechanism other
than ABA.

In tomato fruits, the endogenous level of free IAA massively
declines before the onset of ripening at MG stage followed by
a minor rise at RR stage (Böttcher et al., 2010). Contrarily
IAA level declined in WT fruits post-MG stage, whereas in shr
fruits it increased at RR stage. Conversely, shr fruits showed
higher IBA levels at MG stage than WT. While the role
of IBA per se is not yet established in fruit ripening, it is
well established that auxin-mediated gene expression strongly
influences the ripening process, and excess auxin levels cause
parthenocarpy in tomato fruits (de Jong et al., 2009). Tomato
WT/35S::IPT plants showed 1.5-2 fold higher zeatin levels
in ripe fruit accompanied with higher fruit weight (Ghanem
et al., 2011). Though shr fruit had 4-fold higher levels of
zeatin than WT, it had no effect on fruit weight. While
MeJa level in shr was nearly similar to WT, it had nearly 4-
fold less JA level at MG stage. Though JA-deficient tomato
mutants show a reduction in lycopene level (Liu et al., 2012),
shr fruit showed no such decline in lycopene. It remains to
be established how shr mutation affected multiple hormonal
responses during ripening. However, the observed changes may
result from cross talk between NO and phytohormone(s) as
NO is the part of signal transduction chain triggered by several
hormones. Such a cross talk has been recently reported in
developing tomato fruits where AUXINRESPONSE FACTOR 2A
homodimerizes with ABA STRESS RIPENING (ASR1) protein,
thus linking ABA and ethylene-dependent ripening. (Breitel
et al., 2016).

The shr Mutation Likely Affects
Metabolome by Modulating TCA Cycle
Tricarboxylic acid (TCA) cycle, at the center of cellular
metabolism, is interconnected to wider metabolic network
contributing to a plethora of pathways such as amino acid
biosynthesis (Mackenzie and McIntosh, 1999), regulation of
carbon/nitrogen balance (Noguchi and Terashima, 2006),
isoprenoid synthesis (Fatland et al., 2005) and cellular redox
control (Scheibe et al., 2005) etc. The profiling of proteins
from capsicum fruit exposed to NO revealed nitrosylation of
a substantial number of enzymes involved in photosynthesis,
glycolysis, oxidative/redox metabolism, amino acid biosynthesis,
and proteolysis (Chaki et al., 2015). Therefore, it can be
presumed that the increased level of NO in shr mutant
alters the cellular homeostasis by modifying the activity
of enzymes involved in metabolic pathways, consequently
affecting the fruit size and prolonging the ripening of fruits.
This presumption is in consonance with a previous report
wherein enhanced levels of central carbon metabolites are

Frontiers in Plant Science | www.frontiersin.org November 2016 | Volume 7 | Article 1714 | 145

http://www.frontiersin.org/Plant_Science
http://www.frontiersin.org
http://www.frontiersin.org/Plant_Science/archive


Bodanapu et al. NO Regulation of Tomato Fruit Ripening

associated with reduced fruit size in tomato (Schauer et al.,
2006).

Considering that the observed shifts in metabolite levels may
arise from multiple factors, we focused only on those metabolites
that were significantly different in shr fromWT at all three stages
of fruit development. In shr fruits among the intermediates of
TCA cycle, the citrate and cis-aconitate levels were high and
succinate and its derivative, methylsuccinate were low. In tobacco
leaf extracts addition of a NO donor inhibited aconitase activity
by forming a metal-nitrosyl complex with the Fe-S cluster of
the enzyme (Navarre et al., 2000). The higher levels of TCA
cycle intermediates in shr fruits appears to be related to NO-
mediated inhibition of aconitase activity. The leaves of aconitase
deficient mutant of Lycopersicon pennellii (Solanum pennellii)
show a similar increase in citrate levels (Carrari et al., 2003).
Likewise, hypoxia induced NO accumulation in Arabidopsis
roots concomitantly reduced aconitase activity and increased
the citrate and malate levels (Gupta et al., 2012). Similarly,
a reduction in aconitase activity in a tomato introgression
line increased citrate levels and reduced succinate level in
fruits (Morgan et al., 2013). Thus, it can be assumed that
enhanced citrate and reduced succinate levels in shr fruit
may have resulted from inhibition of aconitase. Considering
that the tomato non-ripening mutants rin, Nr, and nor also
display reduced level of succinate during ripening (Osorio
et al., 2011), the reduced succinate level in shr may be
linked to prolonged ripening period. However, nitric oxide also
affects the activity of other TCA cycle constituents; succinate
dehydrogenase (Simonin and Galina, 2013) and cytochrome
C oxidase (Millar and Day, 1996). The observed shift in
TCA cycle intermediates and ensuing metabolome may thus
represent a cumulative effect of NO on a plethora of enzymes
and proteins. From the foregoing, it is apparent that the
reduction in fruit size and prolonged ripening of shr fruits
may have a relationship with alteration in central carbon
metabolism.

The Cellular Aminome Is Altered in shr

Fruits
The shr mutation had a broad spectrum effect on the cellular
aminome eliciting significant changes in levels of several
amino acids during fruit ripening. The NO-mediated aconitase
inhibition reportedly activates the alternate oxidase pathway and
shifts the metabolism toward upregulation of amino acids (Gupta
et al., 2012). Among the upregulated amino acids, the high
level of hydroxylamine in shr fruits may have a relationship to
NO biosynthesis as tobacco cell suspensions reportedly convert
hydroxylamine to NO (Rümer et al., 2009). Little is known
about the role of 3-cyanoalanine in fruit ripening except that
it is a byproduct in detoxification of HCN produced during
ethylene emission from fruits. Though ornithine,1-5 lactam
levels were higher in shr fruits, it had no significant effect
on polyamines levels which are implicated for longer shelf
life of fruits (Mehta et al., 2002), except putrescine at MG
stage.

The strong upregulation of tyrosine in shr fruit is intriguing.
The increased level of tyrosine may signify a block in its
downstream metabolism or strong upregulation of its
biosynthesis. Considering that the activity of arogenate
dehydrogenase that converts arogenate to tyrosine is strongly
inhibited by tyrosine (Rippert and Matringe, 2002), the
upregulation of biosynthesis is unlikely. Alternately tyrosine can
be synthesized from prephenate by the action of prephenate
dehydrogenase which lacks feedback regulation by tyrosine via
4-hydroxyphenylpyruvate (Schenck et al., 2015). However, this
pathway is reported only in legumes. Nonetheless, upregulation
of tyrosine level represents a very specific modulation of a
metabolite level by shr mutation.

Considering that asparagine is derived from glutamine and
aspartate, the high level of glutamine may have correspondingly
increased the asparagine levels, indicating a co-ordinated
upregulation of these two amino acids. This is also corroborated
by the reduced level of aspartate in shr fruits. In tomato,
arbuscular mycorhizzal association specifically upregulates
asparagine and glutamine levels in fruits, presumably by
promoting their transport from root to the fruits (Salvioli et al.,
2012). Considering that shr mutation strongly influences the
root phenotype, it may have also influenced the mobilization of
these amino acids to the fruit. The reduced level of the glutamate
may have a relationship with the prolonged period of ripening
of shr fruit. A comparison of glutamate levels in rin and nor
non-ripening mutants of tomato with a normal cultivar revealed
a significant negative correlation between fruit glutamate levels
and shelf life, with lower glutamate levels being associated with
a longer shelf life (Pratta et al., 2004). Thus, the lower level of
glutamate in shr fruit is consistent with its slower ripening.

The progression of fruit ripening in tomato is associated with
a steady decline in the fatty acid levels. However, in shr fruits, the
levels of most fatty acids were much lower even at MG stage and
for some even at BR stage. By RR stage, due to a continual decline
in fatty acids levels in WT, their levels became nearly equal to
shr fruits. In leaves of Arabidopsis ssi2 mutant, the reduction in
oleic acid (18:1) level has been shown to induce NOproduction in
chloroplast (Mandal et al., 2012). Considering that level of oleate
in shr fruits is lower it may have a linkage with the shr mutation.

shr Mutation Shifts Cellular Homeostasis
The sizable shift in metabolomic interactions, loss of nodes
present in WT and appearance of new nodes in shr likely reflects
a broad spectrum action of shr mutation. A large number of
proteins regulating a range of metabolic and developmental
processes are known to be targets of NO (Hu et al., 2015).
Assuming that the observed shift is related to hyperaccumulation
of NO in shr mutant, it is plausible that it may have affected the
activity of several key proteins regulating cellular metabolism.
This presumption is consistent with the report that exogenous
application of NO to pepper fruits delayed fruit ripening which
may be related to protein nitration of key enzymes (Chaki
et al., 2015). One of the distinct responses related to protein
nitrosylation pertains to ABA signaling. Plants deficient in NO
are hypersensitive to ABA and tyrosine nitration of ABA receptor
by NO inhibits ABA signaling (Castillo et al., 2015). The absence
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of ABA in the correlation network of shr fruits may reflect such
a negative effect of the shr mutation on ABA-triggered signal
transduction. The effect of NO was not restricted to ABA alone.
Though JA mapped on the shr network, it interacted with a
different metabolite sets than in WT.

Currently, little is known how developmental mutants
regulate the metabolic shifts. Similar to shr mutant, tomato sun
mutant also showed massive shifts in metabolite interactions,
with the loss of several interactions and appearance of unique
interactions compared to WT (Clevenger et al., 2015). While
shr had 64 unique interaction pairs and lost 485 interaction
pairs present in the WT, sun fruits had 151 unique interaction
pairs and lost 273 interaction pairs. Consistent with SUN being
a protein with calmodulin recruitment domains, the mutation
in it affects the calcium related processes; the major metabolic
shifts in sunmutant were related to calcium signaling (Clevenger
et al., 2015). Likewise, it can be assumed that analogous to
sun mutant, the metabolic shifts in shr mutant may be related
to its modulation of NO level. The shift in shr correlation
networks probably stems from a requirement to sustain the
metabolomic homeostasis affected by the shr mutation. The
altered interactions between different metabolites likely arise
from the need to maintain the cellular homeostasis to continue
the normal process of ripening (Fares, 2015; Ho and Zhang,
2016), though the overall duration of ripening in shr is prolonged.
While it can be presumed that the observed loss and gain of
metabolite interactions in shr represents the process of metabolic
compensation, the mechanisms underlying this process are yet to
be deciphered.

In summary, the characterization of shr mutant indicated
that hyperaccumulation of NO slows the on-vine process of
fruit ripening in tomato, possibly by altering the overall cellular
homeostasis. Our results have an implication for increasing the
shelf life of tomato, as selective manipulation of NO levels during
ripening can keep the fruits fresh for a longer duration.
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Supplementary Figure S1 | The shr mutant plants showed sluggish

growth. 45-day-old greenhouse grown shr, WT, S. pimpinellifolium (SP), and F1
plants were compared (A) Morphology of plants. (B) Internode (5–6th) length

(upper panel) and height (lower panel). (C) Variation in leaf size and morphology.

The leaves were harvested from the 7th node of respective plants. (D)

Chlorophylls and carotenoids levels. Asterisk indicates statistically significant

difference between WT and SP, shr and F1. The values are the mean ±SD (n = 5).

Asterisk indicates statistically significant difference between WT and SP, shr, and

F1 (One Way ANOVA ∗
<0.05, ∗∗ P< 0.001).

Supplementary Figure S2 | Bulk segregant analysis (BSA) and genotyping

of F2 mapping lines. PCR amplification profile of bulk segregants with the

TGS0213 (A) and C2_At3g63190 markers (B). P1, short root parent; P2, S.

pimpinellifolium; B1, short root DNA bulk; B2, long root DNA bulk. (C) PCR-based

genotyping of TGS0123 marker using shr x S. pimpinellifolium F2mapping

population. The lanes 1–22 are F2 mapping population individuals. Lanes 1–6 are

shr individuals, and lanes 7–22 are other than short root. The lanes 7–9, 11,

13–15, and 17–20 are heterozygotes. The lanes 10, 12, 16, and 21–22 are long

root individuals. The PCR products were electrophoresed on 3.5% (w/v) agarose

gel. M- 100-bp DNA ladder.

Supplementary Figure S3 | Ripening induced changes in WT and shr

mutant at different stages of ripening. (A) Brix content. (B) Fruit firmness. (C)

Fruit pH at RR stage. Asterisk indicates statistically significant difference between

WT and shr mutant (mean ±SD; n = 5, Student’s t-test ∗ P ≤ 0.05).

Supplementary Figure S4 | Relative levels of different metabolites in shr

and WT. The relative level of metabolites was obtained by dividing the peak area

of ribitol, the internal standard. Data are the mean value of n ≥ 3 ± S.D. (One Way

ANNOVA ∗ P < 0.05, ∗∗ P ≤ 0.001). Only most significant metabolites are

presented here, the list of total metabolites is given in Supplementary Table 10.

(A), organic acids; (B), Amino acids; (C), Sugars; (D), Fatty acids; (E),

miscellaneous compounds. MG, mature green; BR,breaker; RR, red ripe.

Supplementary Table S1 | The details of SSR and Indel markers used for

mapping of shr locus. (http://solgenomics.net/ and

http://www.tomatomap.net/, Last accessed in 2013).

Supplementary Table S2 | List of additional Simple Sequence Repeats

(SSR) markers selected from Kazusa DNA research institute

(http://marker.kazusa.or.jp/tomato).

Supplementary Table S3 | List of additional Simple Sequence Repeats

(SSR) markers selected from Veg Marks, a DNA marker database for

vegetables (http://vegmarks.nivot.affrc.go.jp, Last accessed in 2013).

Supplementary Table S4 | List of Cleaved Amplified Polymorphic

Sequences (CAPS) markers used to map shr locus on the chromosome

(http://solgenomics.net).

Supplementary Table S5 | The genetic segregation of short root

phenotype. The segregation was analyzed in the progeny of shr x S.

pimpinellifolium and WT x shr. The seedlings were grown under white light and

segregation of short root, and long root phenotype in F1 and F2 generation was

analyzed 7–9 days after germination.

Supplementary Table S6 | The segregation of lateral root phenotype in the

progeny of shr x S. pimpinellifolium. The seedlings were grown under white

light and segregation of lateral root, and no lateral root phenotype in F1 and F2
generation was analyzed 7–9 days after germination. The identical segregation

ratio for lateral root was obtained for another tomato mutant in Ailsa Craig

background that was crossed with S. pimpinellifolium (data not shown) indicating
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that lateral root gene was contributed by S. lycopersicon and was unrelated to shr

locus.

Supplementary Table S7 | Genotype frequency for molecular markers on

chromosome 9 in the mapping population derived from shr x S.

pimpinellifolium.

Supplementary Table S8 | List of genes between SSR marker TGS0213

and CAPS marker C2_At3g6310

(http://solgenomics.net/gb2/gbrowse/ITAG2.3_genomic/). Expression of

genes was retrieved from Tomato Genome Consortium (2012).

Supplementary Table S9 | Carotenoids content in fruits of WT and shr

mutant at mature green (MG), breaker (BR) and red ripe stage (RR) stages

of ripening.

Supplementary Table S10 | List of metabolites identified in MG, BR, and

RR stage of WT and shr fruits by GC-MS.

Supplementary Table S11 | List of metabolites interactions in WT and shr

correlation networks. The metabolites present in WT and shr networks, shared

metabolites, their interaction with hormone and fatty acids is also presented.
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Secondary metabolites have important defense and signaling roles, and they contribute
to the overall quality of developing and ripening fruits. Blueberries, bilberries, cranberries,
and other Vaccinium berries are fleshy berry fruits recognized for the high levels of
bioactive compounds, especially anthocyanin pigments. Besides anthocyanins and
other products of the phenylpropanoid and flavonoid pathways, these berries also
contain other metabolites of interest, such as carotenoid derivatives, vitamins and flavor
compounds. Recently, new information has been achieved on the mechanisms related
with developmental, environmental, and genetic factors involved in the regulation of
secondary metabolism in Vaccinium fruits. Especially light conditions and temperature
are demonstrated to have a prominent role on the composition of phenolic compounds.
The present review focuses on the studies on mechanisms associated with the
regulation of key secondary metabolites, mainly phenolic compounds, in Vaccinium
berries. The advances in the research concerning biosynthesis of phenolic compounds
in Vaccinium species, including specific studies with mutant genotypes in addition to
controlled and field experiments on the genotype × environment (G×E) interaction,
are discussed. The recently published Vaccinium transcriptome and genome databases
provide new tools for the studies on the metabolic routes.

Keywords: anthocyanins, bilberry, blueberry, carotenoids, flavonoids, fruits, light, temperature

INTRODUCTION

Genus Vaccinium includes over 450 deciduous or evergreen species distributed in cool temperate
regions and mountains of the northern and southern hemispheres. The genus contains
economically important cultivated and wild berry species, such as blueberries (e.g., Vaccinium
corymbosum, V. angustifolium), bilberry (V. myrtillus), cranberries (V. macrocarpon, V. oxycoccos),
and lingonberry (V. vitis-idaea; Figure 1A). Numerous studies have given evidence on the
beneficial health effects of these berries, for instance in reducing risk of metabolic syndrome
and various microbial and degenerative diseases (Kolehmainen et al., 2012; Blumberg et al.,
2013; Norberto et al., 2013; Patel, 2014). These health-benefits are mostly attributed to the
various phenolic compounds. Vaccinium berries are rich with flavonoids, including anthocyanins,
flavonols, and proanthocyanidins (Määttä-Riihinen et al., 2004; Rodrigues-Mateos et al., 2012;
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Ancillotti et al., 2016), which are linked to many biological
activities such as anti-inflammatory, antimutagenic,
antimicrobial, anticancer, antiobesity, and antioxidant properties
(Szajdek and Borowska, 2008; He and Giusti, 2010; Nile and
Park, 2014). However, these berries also contain other valuable
compounds, such as carotenoids and their derivatives, other
flavor compounds and vitamins. This review covers the current
knowledge on the developmental and environmental regulation
of the biosynthesis of key metabolites in Vaccinium berries. Most
studies in this topic have been performed on flavonoids but
other compounds, such as other phenylpropanoids, carotenoid
derivatives, and vitamin C are also covered.

DEVELOPMENTAL REGULATION

Development and ripening of fleshy fruits include major
changes in fruit structure and in overall metabolism. At
the metabolic level, development of Vaccinium berries is
characterized by the production of high amounts of flavonoids,
especially red/blue-pigmented anthocyanins coloring the ripe
fruits (Figure 1A). At the early stages of berry development,
proanthocyanidins, flavonols, and hydroxinnamic acids are
the major phenolic compounds in these berries, and the

accumulation of anthocyanins begins at the onset of ripening
(Jaakola et al., 2002; Vvedenskaya and Vorsa, 2004; Castrejón
et al., 2008; Zifkin et al., 2012; Gibson et al., 2013; Figure 1B).
However, the flavonoid profiles vary between Vaccinium berries
most of which accumulate anthocyanins only in the skin at
ripening. Bilberry, which is recognized as one of the richest
source of anthocyanins, accumulates these compounds also in
flesh of ripe fruits with 15 different major anthocyanin glycosides
identified (Jaakola et al., 2002; Zoratti et al., 2014b). The profile
of anthocyanins in ripe bilberries and blueberries comprises
glycosides of cyanidin, delphinidin, peonidin, petunidin, and
malvidin anthocyanidins (Lohachoompol et al., 2008; Zoratti
et al., 2014b). In red-colored Vaccinium berries, the profile of
anthocyanins is less diverse, cyanidin glycosides being the major
anthocyanins in ripe lingonberries, in addition to peonidins
in ripe cranberries (Lee and Finn, 2012; Grace et al., 2014;
Česonienė et al., 2015). However, proanthocyanidin content in
ripe berries is typically higher in red-colored Vaccinium berries
compared with blueberries. The proanthocyanidin profile of
ripe Vaccinium berries includes procyanidins with rare A-type
linkages (Määttä-Riihinen et al., 2005; Lätti et al., 2011; Grace
et al., 2014). In addition to the role of anthocyanins in
seed dispersal, the variation in flavonoid profile during berry
development is considered to be related in defense responses.

FIGURE 1 | (A) Vaccinium berries: highbush blueberry (V. corymbosum), bilberry (V. myrtillus), cranberry (V. macrocarpon), lingonberry (V. vitis-idaea), and bog
bilberry (V. uliginosum). (B) Schematic representation of the accumulation of key metabolites during bilberry fruit development and ripening. The highest mean values
of different compounds are 3960 µg g−1 FW for anthocyanins, 216 µg g−1 FW for proanthocyanidins, 130 µg g−1 FW for flavonols, 82.5 µg g−1 FW for vitamin C,
6.2 µg g−1 FW for ABA and 81.8 µg g−1 DW (14.4 µg g−1 FW) for carotenoids, according to Jaakola et al. (2002), Cocetta et al. (2012), and Karppinen et al.
(2013, 2016).
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For instance, the astringent proanthocyanidins are suggested to
provide protection against predation in unripe berries (Harborne,
1997).

Fleshy fruits are traditionally defined as either climacteric
or non-climacteric according to the differences in respiration
rate and production of ethylene at ripening (Gapper et al.,
2013; McAtee et al., 2013; Osorio et al., 2013). In recent years,
regulatory role of abscisic acid (ABA) has been established
at molecular level in ripening initiation as well as in control
of ripening-related anthocyanin biosynthesis of non-climacteric
fruits (Jia et al., 2011; Li et al., 2011; Shen et al., 2014; Kadomura-
Ishikawa et al., 2015), which includes Vaccinium berries. The
increase in ABA levels at fruit ripening has been demonstrated
in several non-climacteric fruits (Wheeler et al., 2009; Jia et al.,
2011; Luo et al., 2014), also in bilberry (Karppinen et al.,
2013; Figure 1B) and highbush blueberry (Zifkin et al., 2012),
suggesting a role for ABA in ripening regulation in Vaccinium
berries.

The flavonoid biosynthetic routes in plants are well
understood and they are known to be regulated mainly
through transcriptional control of structural genes (Hichri et al.,
2011). The flavonoid pathway has been intensively studied also
in Vaccinium berries, especially in bilberries and blueberries.
The main structural genes have been isolated from bilberry
(Jaakola et al., 2002), highbush blueberry (Zifkin et al., 2012),
cranberry (Polashock et al., 2002; Sun et al., 2015), and bog
bilberry (V. uliginosum; Primetta et al., 2015). The studies
have indicated the increase in transcription levels of especially
chalcone synthase (CHS), dihydroflavonol 4-reductase (DFR),
anthocyanidin synthase (ANS), and UDP-glucose flavonoid
3-O-glucosyltransferase (UFGT) at the ripening stage leading to
anthocyanin accumulation.

The key regulators of the flavonoid pathway have been
characterized as R2R3 MYB transcription factors, MYC-like
basic helix-loop-helix (bHLH) and WD40-repeat proteins, which
comprise so called MBW-complex (Ferreyra et al., 2012; Xu
et al., 2015). In Vaccinium species, potential R2R3 MYB genes
involved in flavonoid biosynthesis have been identified in bilberry
(Jaakola et al., 2010), highbush blueberry (Li X. et al., 2012;
Zifkin et al., 2012; Gupta et al., 2015), and bog bilberry
(Primetta et al., 2015). However, the upstream signaling network
behind flavonoid biosynthesis is still unclear. At least part of
the regulatory network controlling fleshy fruit ripening seems
to be conserved during the evolution throughout climacteric
and non-climacteric fruits (Seymour et al., 2013). In bilberry,
a link between anthocyanin biosynthesis and one of the key
regulators of fruit development, a SQUAMOSA-class MADS-box
transcription factor, has been demonstrated (Jaakola et al., 2010).
However, there are indications that the regulation of anthocyanin
biosynthesis might differ in genus Vaccinium compared with
other species studied so far. In a recent study, white berry
mutants of bog bilberry and bilberry deficient in anthocyanins
were demonstrated to have a down-regulated MYBPA1-type
transcription factor (Primetta et al., 2015), which has been
indicated as the key regulator of proanthocyanidin biosynthesis
in other fruit species. During recent years, several transcriptome
and genome databases of Vaccinium berries have been published

(Li X. et al., 2012; Rowland et al., 2012; Zifkin et al., 2012;
Polashock et al., 2014; Gupta et al., 2015; Sun et al., 2015). From
these databases, different families of transcription factors with
potential roles in flavonoid biosynthesis have been identified. The
databases will serve as an important tool in revealing signaling
network involved in regulation of flavonoid biosynthesis and
other metabolites in Vaccinium species.

Due to the high accumulation of anthocyanins in skin
at ripening, carotenoids do not serve as the main pigments
attracting seed dispersers in Vaccinium berries. However, among
fruits Vaccinium berries can be considered as good sources
of carotenoids, especially lutein and β-carotene (Marinova
and Ribarova, 2007; Bunea et al., 2012; Lashmanova et al.,
2012; Karppinen et al., 2016). Our recent study on carotenoid
biosynthesis has shown that carotenoid content in bilberry fruit is
modified during berry development with decreasing trend from
small green berry toward ripening berries (Karppinen et al., 2016;
Figure 1B). This trend is likely to reflect the variable roles of
carotenoids during berry development and ripening. In unripe
fruits, carotenoids are primarily involved in photosynthesis,
whereas during ripening the carotenoid metabolism can turn
toward enzymatic degradation to produce apocarotenoids, such
as ABA and flavor compounds (McQuinn et al., 2015). Based
on study in bilberry, transcriptional regulation of the both key
biosynthetic and cleavage genes plays a role in the determination
of carotenoid content during berry development and ripening
(Karppinen et al., 2016). This indicates coordinately regulated
interplay with ABA and carotenoid biosynthetic routes and,
furthermore, anthocyanin biosynthesis at bilberry ripening.

Many berries accumulate carotenoid derived volatile flavor
compounds at ripening (Beekwilder et al., 2008; García-Limones
et al., 2008). However, reports concerning the regulation
of formation of these compounds during development and
ripening of Vaccinium berries are still scant (Rohloff et al.,
2009; Gilbert et al., 2013). The aroma of ripe fruits is a
complex combination of various flavor compounds, sugars and
acids, and variations in these can be high even between the
cultivars of the same species (El Hadi et al., 2013). Cultivar-
specific differences in volatile profiles have been reported among
Vaccinium species and highbush blueberry cultivars (Hirvi and
Honkanen, 1983; Baloga et al., 1995; Horvat et al., 1996; Forney
et al., 2012). The most critical volatiles for the blueberry aroma
are considered to be linalool, trans-2-hexenol, trans-2-hexenal,
hexanal, and 1-penten-3-ol, which show increasing trend in
highbush blueberries toward fruit maturity (Du et al., 2011;
Gilbert et al., 2013).

Fruits and berries are recognized as dietary sources of
vitamins. Among berries, Vaccinium species have shown to be
low or moderate sources of vitamin C with the levels of 0.1–27 mg
100 g−1 FW (Bushway et al., 1983; Klein, 2005; Walker et al.,
2006; Brown et al., 2012). In bilberry, the levels of vitamin C have
shown to be relatively stable during the berry development and
ripening (Cocetta et al., 2012; Figure 1B), whereas more decrease
during berry development was detected in highbush blueberry
cultivars (Liu et al., 2015). Moreover, low to moderate levels of
other vitamins are reported in Vaccinium fruits (Mazza, 2005;
Chun et al., 2006). So far, studies on the upstream regulation of
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vitamin C biosynthesis during berry development in Vaccinium
spp. species are lacking.

ENVIRONMENTAL REGULATION

Environmental factors have a substantial role in the regulation of
secondary metabolism in fruits. In general, genetic background
determines the secondary metabolite profile of species, whereas
environmental factors can cause prominent qualitative and
quantitative changes to the metabolite composition. In addition
to temperature and light conditions, nutritional status, water
balance, diseases and other stresses have been shown to affect
the production of secondary metabolites in fruits and berries
(Ferrandino and Lovisolo, 2014; Zoratti et al., 2014a; Koshita,
2015). The environmental effects on berry secondary metabolism
have been studied widely also in genus Vaccinium (Table 1).
Many studies have focused on the influence of growth conditions
on the content of anthocyanins and other phenolic compounds
in berries of both wild and cultivated species.

Light conditions have a significant role in the flavonoid
metabolism in fruits (Zoratti et al., 2014a), including Vaccinium
berries, in which especially content and composition of
anthocyanins is affected. However, the effect of light on
the accumulation of flavonoids in Vaccinium berries seems
to be regulated in a species-specific manner. Many of the
wild Vaccinium berries, such as bilberry and lingonberry,
grow in shaded habitats and do not require high light for
induction of anthocyanin biosynthesis. In these berries, light
conditions appear to have merely fine-tuning effects on flavonoid
biosynthesis. Recently, it was reported that bilberries grown in
sites with higher photosynthetic active radiation contained higher
levels of anthocyanins, flavonols, hydroxycinnamic acids, and
total phenolics (Mikulic-Petkovsek et al., 2015). The positive
effect of light on total phenolics and anthocyanin was also
apparent in bilberries grown under sunlight versus shadowed
habitats in Montenegro (Jovančević et al., 2011). Although
blueberries are also shade-adapted species they seem to require
higher solar exposure for normal ripening and anthocyanin
accumulation (Zoratti et al., 2015b). In a postharvest study, light
had also positive effect on the accumulation of anthocyanins in
cranberries (Zhou and Singh, 2004).

In addition to intensity, light effect can be transmitted
through perception of other attributes, such as light quality
and day length (Zoratti et al., 2014a). Longer days seem to be
associated with more intense flavonoid production than shorter
days (Jaakola and Hohtola, 2010; Mazur et al., 2014). In bilberry,
the effect of photoperiod appears to be one reason for more
rapid accumulation and higher concentrations of anthocyanins
at northern latitudes compared to southern growth conditions
(Uleberg et al., 2012; Table 1).

Higher plants utilize multiple photoreceptors to detect
different wavelengths of light from ultraviolet (UV)-B to far-
red (Möglich et al., 2010; Casal, 2013). In a recent study, a
short exposure to specific portions of light spectrum during the
early development of bilberry fruit affected the final flavonoid
profile in ripe berry (Zoratti et al., 2014b). Especially blue

wavelengths increased the accumulation of more hydroxylated
anthocyanins; delphinidins, petunidins and malvidins, but not
cyanidins and peonidins. Earlier, short treatments with red
wavelengths increased anthocyanin accumulation in cranberries
compared to white light- or dark-treated berries (Zhou and
Singh, 2002). Postharvest studies with UV-B and UV-C light
induced anthocyanin accumulation in blueberries (Perkins-
Veazie et al., 2008; Wang et al., 2009; Nguyen et al., 2014).
However, the signaling pathway from different photoreceptors
to flavonoid accumulation and induction of R2R3 MYB
transcription factors is not well understood. It is generally
accepted that CONSTITUTIVE PHOTOMORPHOGENIC 1
(COP1) acts as a major center of light signaling directly
interacting with photoreceptors (Jang et al., 2010; Galvão and
Fankhauser, 2015). The MdCOP1 was shown to interact with
MdMYB1, a positive regulator of anthocyanin biosynthesis, in
apple (Li Y.Y. et al., 2012). A recent study in non-climacteric
strawberry fruit revealed that light regulates anthocyanin
biosynthesis and related R2R3 MYB transcription factors
independently from ABA (Kadomura-Ishikawa et al., 2015). In
accordance, additive effect on anthocyanin accumulation was
observed under combined light and ABA treatments.

Temperature also affects the composition of secondary
metabolites in fruits. In general, cooler temperatures favor
biosynthesis of phenolic compounds and vitamin C (Lee and
Kader, 2000; Koshita, 2015), whereas both lower and higher
temperatures have been shown to decrease the carotenoid
biosynthesis in tomatoes and other carotenoid accumulating
fruits (Gross, 1991). In Vaccinium berries, the temperature
effect has been most intensively studied in regards to formation
of phenolic compounds. Many studies have concerned the
optimal postharvest storage temperature for the stability of
phenolic compounds in blueberries and cranberries (Wang
and Stretch, 2001; Connor et al., 2002a; Schotsmans et al.,
2007). Moreover, Uleberg et al. (2012) showed in a controlled
experiment that bilberries produced higher levels of flavonols
and hydroxycinnamic acids in 12◦C than in 18◦C, whereas
contents of all anthocyanins, except delphinidin glycosides, were
higher in 18◦C. Zoratti et al. (2015b) compared the effect
of light-temperature combinations contemporary on bilberry
and highbush blueberry (cv. Brigitta Blue). For both species,
lower temperatures favored the accumulation of anthocyanins
in berries. In bilberry, decrease in temperature from 25 to
10◦C increased the more hydroxylated forms of anthocyanins in
ripening fruits. Similarly, a higher accumulation of anthocyanins
was detected in blueberries ripened at 25◦C compared to 30◦C.
However, temperatures below 25◦C delayed the ripening of
blueberries leading to a slight decrease in all anthocyanins
(Zoratti et al., 2015a,b).

Genotype × environment (G×E) interaction related with the
formation of secondary metabolites has been studied in many
Vaccinium species. Connor et al. (2002b) reported significant
variation in anthocyanin content among highbush blueberry
cultivars across different locations in US, as well as within years
in each location indicating a considerable G×E interaction in
regulation of anthocyanin content. The G×E interaction was
observed also in bilberries affecting especially to accumulation of
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TABLE 1 | Main responses of secondary metabolites to environmental effects in Vaccinium berries.

Species Metabolite Experimental condition Response Reference

Vaccinium
corymbosum
(highbush
blueberry)

Phenolic compounds Year/season Affects significantly the accumulation
of total phenolic content and
anthocyanins in different cultivars.

Connor et al., 2002b

Location Affects significantly the accumulation
of total phenolic content and
anthocyanins in different cultivars.

Prior et al., 1998; Connor et al., 2002b;
Spinardi et al., 2009; Jovančević et al.,
2011; Može et al., 2011; Zoratti et al.,
2015a

Light Anthocyanin accumulation is
dependent from high solar radiation.

Zoratti et al., 2015b

Temperature The accumulation of anthocyanins is
favored at 25◦C compared to 30◦C.
Temperatures lower than 25◦C retard
ripening and anthocyanin
accumulation.

Zoratti et al., 2015a,b

Post-harvest UV light UV-B and UV-C increase
accumulation of anthocyanins,
flavonols, and phenolic acids.

Perkins-Veazie et al., 2008; Wang et al.,
2009; Eichholz et al., 2011; Nguyen
et al., 2014

Volatile compounds Year/season 1-Hexenol, E2-hexanal, and hexanoic
acid are the most variable
compounds in six cultivars.

Gilbert et al., 2015

Location Significant effect on volatile
accumulation depending on the
cultivar.

Du et al., 2011; Gilbert et al., 2015

Post-harvest
UV light

In cv. Bluecrop, UV-B increases the
accumulation of terpenes, ketones,
and aldehydes after 2 h of high
irradiance whereas alcoholic
compounds increased after 24 h.

Eichholz et al., 2011

Post-harvest
visible light

In cv. Scintilla, hexanal and
trans-2-hexenal are increased after
8 h treatment under red and far-red
light compared to white light.

Colquhoun et al., 2013

V. myrtillus
(bilberry)

Phenolic compounds Year/season Affects significantly anthocyanins in
bilberry individuals grown in the same
location.

Åkerström et al., 2010; Zoratti et al.,
2015a

Location The accumulation of anthocyanins
increases progressively with
increasing latitude and altitude.

Lätti et al., 2008; Rieger et al., 2008;
Åkerström et al., 2010; Zoratti et al.,
2015a,b

Light High light increases content of
anthocyanins, flavonols,
hydroxycinnamic acids, and total
phenolics. Blue, red, and far-red light
increase the accumulation of
anthocyanins and flavonols under
controlled temperature conditions.

Jovančević et al., 2011; Zoratti et al.,
2014b; Mikulic-Petkovsek et al., 2015

Photoperiod Photoperiod of 24 h increases the
accumulation of phenolic compounds
compared to 12 h day/night.

Uleberg et al., 2012

Temperature Higher levels of flavonols and
hydroxycinnamic acids in 12◦C vs.
18◦C. Lower temperatures (10–15◦C)
favor the accumulation of
delphinidins.

Uleberg et al., 2012; Zoratti et al.,
2015a,b

V. macrocarpon
(cranberry)

Phenolic compounds Light Visible light increases accumulation of
anthocyanins. The highest increase
was observed under red light
wavelengths.

Zhou and Singh, 2002

Post-harvest visible light Increases accumulation of
anthocyanins.

Zhou and Singh, 2004
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anthocyanins in relation to differences in latitude and altitude, in
which the variation of climatic factors such as temperature, day
length, and spectral composition of sunlight are closely correlated
(Zoratti et al., 2015a,b). Especially latitude has been shown to
influence the accumulation of anthocyanins in Vaccinium berries,
as a clear increasing trend in anthocyanin content toward north
has been reported for North European populations of both
bilberry and bog bilberry (Lätti et al., 2008, 2010; Åkerström et al.,
2010). Bilberries of the northernmost clones contained not only
higher yields of anthocyanins but also a higher proportion of
delphinidins whereas more cyanidins accumulated in the berries
grown in southern latitudes.

In Vaccinium berries, only few studies on the production
of secondary metabolites have specifically focused on the effect
of increasing altitudes, which are characterized by progressive
decrease in temperature and increase in the intensity of visible
light. In Northern Italy, higher levels of anthocyanins and
ascorbic acid were found in blueberries grown at 600 m a.s.l.
compared with 450 m a.s.l. (Spinardi et al., 2009). The same trend
in anthocyanin accumulation in bilberries and blueberries was
detected along an altitudinal gradient in the Alps of Italy (Zoratti
et al., 2015a) as well as in accumulation of anthocyanins and total
phenolics in bilberries grown in different altitudes in Montenegro
(Jovančević et al., 2011). In the study of Zoratti et al. (2015a),
six natural bilberry populations between 1166 and 1829 m a.s.l.
showed a clear positive trend in anthocyanin accumulation
with increasing elevation, in a 2-year study. In the same
study, highbush blueberries showed variation in the anthocyanin
accumulation in relation to growth location at different altitude
levels, although it resulted to be mostly dependent on the season
and particularly temperature. Seasonal differences might explain
the results of a 2-year study in Austria (Rieger et al., 2008), where
decreasing bilberry anthocyanin contents were found along with
increasing altitude (from 800 to 1500 m a.s.l.).

Moreover, environmental factors affect other metabolites in
Vaccinium berries. In blueberry, G×E interaction was detected
in the accumulation of volatile compounds of blueberry aroma
profile. Eichholz et al. (2011) and Colquhoun et al. (2013)
reported that the accumulation of volatile compounds is affected
by light quality, especially UV and red/far-red wavelengths
(Table 1). The variation of triterpenoid compounds has been

studied in bilberry and lingonberry (Szakiel et al., 2012a,b). In
lingonberry, dependence of the metabolite levels on geographical
origin was detected and considered to be related to length of the
growing season and thickness of snow cover.

FUTURE PROSPECTS

Vaccinium berries are among economically the most important
fleshy berry fruits worldwide, and the interest in utilization
of both cultivated and wild berries of the genus has been
showing an increasing trend. The studies reviewed here
show that environmental factors can modify the content and
composition of secondary metabolites in Vaccinium berries,
which is important to consider when using these berries in
industrial applications. The recent and upcoming data from
transcriptome and genome databases along with more accurate
tools for metabolite and metabolomics analyses are opening
a new era in studies concerning regulation of secondary
metabolism in Vaccinium species. New methods allow more in
depth studies at species and cultivar level and they will increase
our understanding on the role of complicated G×E interactions
in the regulation of formation of the health-beneficial secondary
compounds.
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Phenylpropanoids are major secondary metabolites in eggplant (Solanum melongena)
fruits. Chlorogenic acid (CGA) accounts for 70–90% of total phenolics in flesh
tissues, while anthocyanins are mainly present in the fruit skin. As a contribution
to the understanding of the peculiar accumulation of these health-promoting
metabolites in eggplant, we report on metabolite abundance, regulation of CGA and
anthocyanin biosynthesis, and characterization of candidate CGA biosynthetic genes
in S. melongena. Higher contents of CGA, Delphinidin 3-rutinoside, and rutin were
found in eggplant fruits compared to other tissues, associated to an elevated transcript
abundance of structural genes such as PAL, HQT, DFR, and ANS, suggesting that
active in situ biosynthesis contributes to anthocyanin and CGA accumulation in fruit
tissues. Putative orthologs of the two CGA biosynthetic genes PAL and HQT, as well
as a variant of a MYB1 transcription factor showing identity with group six MYBs,
were isolated from an Occidental S. melongena traditional variety and demonstrated
to differ from published sequences from Asiatic varieties. In silico analysis of the
isolated SmPAL1, SmHQT1, SmANS, and SmMyb1 promoters revealed the presence
of several Myb regulatory elements for the biosynthetic genes and unique elements for
the TF, suggesting its involvement in other physiological roles beside phenylpropanoid
biosynthesis regulation. Transient overexpression in Nicotiana benthamiana leaves
of SmMyb1 and of a C-terminal SmMyb1 truncated form (SmMyb1�9) resulted in
anthocyanin accumulation only of SmMyb1 agro-infiltrated leaves. A yeast two-hybrid
assay confirmed the interaction of both SmMyb1 and SmMyb1�9 with an anthocyanin-
related potato bHLH1 TF. Interestingly, a doubled amount of CGA was detected in both
SmMyb1 and SmMyb1�9 agro-infiltrated leaves, thus suggesting that the N-terminal
region of SmMyb1 is sufficient to activate its synthesis. These data suggest that a
deletion of the C-terminal region of SmMyb1 does not limit its capability to regulate
CGA accumulation, but impairs anthocyanin biosynthesis. To our knowledge, this is the
first study reporting a functional elucidation of the role of the C-term conserved domain
in MYB activator proteins.

Keywords: S. melongena, chlorogenic acid, RACE, qRT-PCR, gene regulation, genome walking
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INTRODUCTION

Eggplant, also known as brinjal, is a berry-producing vegetable
belonging to the large Solanaceae family and, similarly to other
popular and important Solanaceous crop such as tomato, potato,
and pepper, is cultivated across all continents. Eggplant is
represented by three cultivated species, Solanum macrocarpon L.
and S. aethiopicum L., which are indigenous to a vast area of
Africa and are locally cultivated, and the worldwide cultivated
S. melongena L., which was domesticated in multiple locations
of the Asian continent (Knapp et al., 2013). Thus, opposite
to the other widely cultivated Solanaceae, tomato, potato, and
pepper, which are native of the NewWorld (Fukuoka et al., 2010;
Albert and Chang, 2014; Hirakawa et al., 2014), eggplant has a
phylogenetic uniqueness, due to its exclusive Old World origin.

In the Solanaceae family, eggplant is the second most
consumed fruit crop after tomato. Although generally considered
as a “low-calorie vegetable,” the nutritional value of its fruits
is comparable to most common vegetables, and they are also
rich in important phytonutrients like phenolic compounds and
flavonoids, many of which have antioxidant activities (Raigón
et al., 2008), conferring to this vegetable a high nutritional
value and extraordinary health-promoting effects (Stommel and
Whitaker, 2003). As basic ingredient of the Eastern cuisine, it has
been shown that daily eggplant dietary intake appears to be linked
to a reduction of chronical disease risks (McCullough et al., 2002).
In fact, eggplant has been used in traditional medicine; its tissue
extracts have been considered useful for the treatment of asthma,
bronchitis, cholera, and dysuria, beneficial in lowering blood
cholesterol and showed also antimutagenic properties (Khan,
1979; Hinata, 1986; Kalloo, 1993; Collonnier et al., 2001; Kashyap
et al., 2003).

Chlorogenic acid (CGA) is the main phenylpropanoid
metabolite in the Solanaceae (Niggeweg et al., 2004). Growing
interest for this molecule is due to its many beneficial properties
for the treatment of various metabolic and cardiovascular
diseases (Dos Santos et al., 2006; Cho et al., 2010; Plazas
et al., 2013a). Moreover, CGA is highly stable at high
temperatures, and its bioavailability in eggplant increases after
cooking compared to the raw product (Lo Scalzo et al.,
2010, 2016). CGA is accumulated in all plant tissues, reaching
the highest amount in fruits, ranging from 75 to 90% of
total phenolics. Other phenylpropanoid compounds include the
purple and red anthocyanic pigments (D3R and Nasunin) and
the flavonols, which are reported to be the major antioxidant
constituents in eggplant fruit skin (Mennella et al., 2010). Along
with CGA, anthocyanins and flavonols display considerable
health-promoting effects due also to their ability to modulate
mammalian cell signaling pathways (Meiers et al., 2001; Lamy
et al., 2006). The three initial reactions of the phenylpropanoid
pathway are catalyzed by phenylalanine ammonia lyase (PAL),
cinnamate 4-hydroxylase (C4H) and 4-coumaroyl CoA ligase
(4CL), to provide the high energy intermediate Coumaroyl-CoA

Abbreviations: bHLH, basic helix-loop-helix; DNA, deoxyribonucleic acid; LC–
MS, liquid chromatography–mass spectrometry; qRT-PCR, quantitative real time-
polymerase chain reaction; RNA, ribonucleic acid; TF, transcription factor.

ester. In eggplant, 4-Coumaroyl CoA is esterified with quinic
acid by the hydroxycinnamoyl CoA-quinate transferase (HQT)
enzyme to form CGA, and is also the substrate for the chalcone
synthase (CHS) enzyme to form naringenin, the entry molecule
of the flavonoid pathway (Vogt, 2010).

In several fruits and vegetables, such as apple, tomato, onion,
and potato, skin and flesh tissues are often characterized by a
distinct metabolite composition or content (Vrhovsek et al., 2004;
Takos et al., 2006; Mintz-Oron et al., 2008; Stushnoff et al., 2010).
This is also true for eggplant, whose phenylpropanoid profile
differs between skin and fruit flesh, indicating that their degree
of accumulation is tightly regulated (Mennella et al., 2010, 2012;
Plazas et al., 2013b).

The production of phenylalanine-derived compounds in
plants is mostly regulated by R2R3-MYB proteins, which are
the largest class of secondary metabolism modulators (Stracke
et al., 2007). A number of 222, 138, 118, 244 R2R3-MYB proteins
have been reported in apple, Arabidopsis thaliana, grapevine, and
soybean, respectively (Matus et al., 2008; Wilkins et al., 2009; Du
et al., 2012; Katiyar et al., 2012; Cao et al., 2013), and more than
a hundred seems to be present in eggplant (The Italian Eggplant
Genome Consortium, unpublished).

Functional redundancy has been often reported for this class
ofMYBTFs, since several structurally relatedMYBTFs have been
shown to activate identical gene subsets by interacting with the
same cis elements in their gene promoters (Hartmann et al., 2005;
Stracke et al., 2007). Differently, structural genes controlling the
late steps of the anthocyanin biosynthetic pathway are regulated
by a ternary transcriptional complex composed by members of
the R2R3-MYB family (like, in Arabidopsis, Myb114, Myb111,
PAP1, and PAP2), in combination with bHLH TFs (TT8, GL3,
and EGL3) and WD40 repeat proteins such as TTG1 (Dare et al.,
2008; Petroni and Tonelli, 2011; Laursen et al., 2015).

Albeit several MYB R2R3-TFs seem to regulate the same
activation program, localization and expression studies indicate
major differences in their spatial and temporal expression
pattern, thus suggesting that their recruitment is indeed selective
(Feller et al., 2011). Moreover, endogenous signals, such as cell
or tissue specificity, as well as exogenous stimuli, operate to
fine tuning this network, thus making phenylpropanoid pathway
regulation extremely accurate (Hahlbrock et al., 2003; Wilkins
et al., 2009). In this regard, it has been reported that heterologous
expression of several MYB TFs induces the biosynthesis of
phenylpropanoids in a species-specific manner (Docimo et al.,
2013), even in closely related species. For example, theA. thaliana
and tobacco flavonol regulator AtMyb12, when heterologously
over-expressed in tomato plants, leads to the activation of off-
target genes, determining an increase of CGA content, thus
indicating that target genes transactivation might differ between
different plant species (Luo et al., 2008).

Despite the phenylpropanoid pathway and its regulation, as
well as the members of the MYBs-WRD40-bHLH complex,
have been extensively studied in many plant species including
Solanaceae (Spelt et al., 2000; Thorup et al., 2000; Pattanaik
et al., 2010; Povero et al., 2011; D’Amelia et al., 2014;
Kiferle et al., 2015; Montefiori et al., 2015) the peculiar high
production of CGA in eggplant has been investigated to a
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lesser extent. Genetic studies pointed to the understanding
of quantitative traits loci (QTL) affecting either CGA or
anthocyanin content, in order to address breeding programs
toward the improvement of these quality traits (Barchi et al.,
2011; Plazas et al., 2013b; Gramazio et al., 2014). Gramazio
et al. (2014) mapped candidate CGA biosynthetic genes on a
interspecific map (S. melongena × S. incanum) on chromosomes
E01, E03, E06, E07, and E09. More recently, a QTL study for
the metabolic content of anti-nutritional and flavor and health-
related metabolites performed on a intra-specific map of eggplant
already described by Barchi et al. (2011, 2012) allowed the
localization of two conserved major/minor QTLs for CGA on
chromosomes E04 and E06 (Toppino et al., unpublished).

The recently published draft genome of the Asian eggplant
cv. ‘Nakate-Shinkuro’ (Hirakawa et al., 2014) and a rich
ESTs collection (Fukuoka et al., 2010) are providing valuable
information on the accumulation of metabolites of interest for
eggplant. Mining of the eggplant draft genome revealed a single
HQT gene, but multiple copies of putative CH3 genes, belonging
to the CYP family, and their comparison with tomato and
potato genes suggested that the CGA biosynthetic pathway might
have encountered a different evolution in eggplant compared
to these two species, possibly to grant a higher metabolic rate
(Fukuoka et al., 2010; Hirakawa et al., 2014). Besides, two
Myb-like genes were also identified, supposedly involved in
controlling anthocyanin accumulation in the flower (Hirakawa
et al., 2014), while the SmMYB1 gene, isolated from a cultivar
with purple fruits, was able to drive anthocyanin accumulation
in over-expressing shoots (Zhang et al., 2014). A few more
studies addressed the biosynthesis of flavonoids or the regulative
mechanisms responsible for the high presence and accumulation
of anthocyanins in eggplant, and indicate that domestication of
S. melongena might have affected the accumulation of phenolic
compounds (Meyer et al., 2015), as well as altered the regulation
of some anthocyanin target genes (Doganlar et al., 2002).
Hence, the presence of multiple copies of structural genes and
the redundancy of different regulatory proteins suggest that
evolutionary mechanisms affected qualitative and quantitative
accumulation of CGA and anthocyanins.

Further studies on metabolite distribution and relevant gene
expression along with the isolation and characterization of
structural and regulatory genes are needed to better explain the
peculiar accumulation of metabolites in eggplant.

To this aim, we investigated phenylpropanoid accumulation
in several tissues and organs of the Occidental eggplant cv.
‘Lunga Napoletana’ by LC–MS analysis, and characterized the
spatial and temporal expression of the relative structural and
potential regulatory genes by qRT-PCR. We report here our
independent isolation of SmPAL and SmHQT key genes for CGA
biosynthesis and of a genetic variant of the recently isolated
MYB TF SmMyb1 (Zhang et al., 2014). Although pathway genes
are fully represented in the eggplant draft genome1, in this
study we provide further indication of the genetic diversity
between S. melongena varieties. To expand our understanding
of the regulatory mechanisms underlying phenylpropanoid

1http://eggplant.kazusa.or.jp/

accumulation, we also isolated SmANS (Anthocyanidin synthase)
and SmMyb1 promoter sequences, whose in silico analysis
for cis-acting elements highlighted common regulatory motifs,
suggesting a possible coordinated regulation. On the contrary,
comparison with other anthocyanins and phenolic acids-related
TFs revealed distinctive regulatory motifs of the isolated eggplant
SmMyb1 promoter.

Finally, to assess the function of SmMyb1, both the entire
coding sequence and a truncated C-terminal form were
transiently over expressed in tobacco leaves and their effects were
evaluated by molecular and biochemical analysis. In addition, the
ability of SmMyb1 to interact with a bHLH partner was assessed
by yeast two hybrid assay. To our knowledge this is the first time
that the function of the C-terminal domain in MYB activator
proteins is reported.

Our results indicate that the regulatory function of the isolated
genetic variant of SmMyb1 is not limited to the activation of
anthocyanin biosynthesis but might also have a role in regulation
of CGA accumulation

MATERIALS AND METHODS

Plant Material
Solanum melongena cultivar “Lunga Napoletana” with purple-
black oblong fruits, was cultivated in the greenhouse of the
CNR-IBBR,UOS Portici, (Italy). Samples were all harvestedwhen
fruits reached a commercially ripe stage (Mennella et al., 2012).
Flowers, leaves in two stages (young and mature), stem, roots
and fruits (skin and flesh) were simultaneously collected for
biochemical andmolecular analyses. Samples from three different
plants were frozen in liquid nitrogen and stored for further
molecular and biochemical analysis.

Nicotiana benthamiana plants for transient transformation
assays were grown in growth chamber of CNR-IBBR, UOS
Portici, (Italy) at the temperature of 22◦C with a photoperiod of
16 h light/8 h dark. After 1 month, youngest leaves were used for
transient assays. Leaf samples were collected in liquid nitrogen
and stored at –80◦C for further biochemical and molecular
analyses.

LC–MS Analysis of Phenylpropanoids
Anthocyanins, flavonoids and CGA were analyzed by mass
spectrometry in different tissues and organs of the S. melongena
cultivar “Lunga Napoletana” and in N. benthamiana leaves.
Metabolic analysis of N. benthamiana agro-infiltrated leaves was
carried out on three independent replicates collected for each
infiltration.

Phenylpropanoids were extracted according to the following
protocol. Briefly, 5 and 25mg of lyophilized samples, respectively,
for eggplant and N. benthamiana, were extracted in 1.5 ml of
75% (v/v) methanol containing 0.05% (v/v) trifluoroacetic acid
(TFA). After homogenization, the samples were stirred for 40min
and centrifuged at 19,000 × g for 10 min. The extracts were
filtered through 0.2 μm polytetrafluoroethylene filters. For each
tissue and/or genotype, three biological replicates (each in two
technical replicates) were prepared. All the extracts were analyzed
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through reversed phase liquid chromatography coupled to a
photodiode array detector and to an ion trap mass spectrometry
(LC–PDA–MS) system. Such a system consisted of an ultra-
performance liquid chromatography (UPLC) DIONEX Ultimate
3000 model coupled to a LTQ XL mass spectrometer (Thermo
Fisher Scientific). A 5 μl aliquot of sample was injected on a
Luna C18 (100 mm × 2.0 mm, 2.5 μm particle size) column
equipped with a Security Guard column (3.0mm× 4.0mm) from
Phenomenex. The separations were carried out using a binary
gradient of ultrapure water (A) and acetonitrile (B), both acidified
with 0.1% (v/v) formic acid, with a flow rate of 0.22 ml/min.

The initial solvent composition consisted of 95% (v/v) of A
and 5% (v/v) of B; increased linearly to 25% A and 75% B in
25 min and maintained for 1 min; returned to 95% of A in 1 min.
The column was equilibrated to 95% A and 5% B for 11 min
before the next injection. The analysis lasted for 38 min and the
column temperature was set to 40◦C. Mass spectra were obtained
in positive ion mode over the range m/z 70–1,400. The capillary
voltages were set at 9.95 V and the source temperature was 34◦C.
Quantitative determination of compounds was conducted by
comparison with dose–response curves based on m/z data from
authentic, distinct and appropriately diluted standard solutions
of D3R (Polyphenols Laboratories AS, Sandnes, Norway), CGA
and rutin (Sigma–Aldrich, St. Louis, MO, USA). Xcalibur
software (Thermo Fisher Scientific) was used to control all
instruments and for data acquisition and data analysis.

RNA Isolation and qRT-PCR
Total RNA was extracted from 100 mg of eggplant tissues and
organs using an RNAsy kit (Qiagen, Valencia, CA, USA). Using
a Super ScriptIITM kit (Life Technologies, Carlsbad, CA, USA),
first-strand cDNA was synthesized by reverse transcription (RT)
with oligo-dT primers following the manufacturer’s instructions.
Gene expression was analyzed using qRT-PCR, which was
performed using an ABI7900 HT (Life Technologies, Carlsbad,
CA, USA). To amplify the gene fragments, 1 μL of 1:25 diluted
cDNA was used as a template in a 20 μL PCR reaction with 10μL
SYBR Green, and 0.4 μM of each primer. The PCR reaction was
conducted as follows: 50◦C for 2 min, followed by incubation for
30 s at 95◦C and denaturation for 15 s at 95◦C, annealing for
20 s at 60◦C, and 40 cycles of elongation at 72◦C for 20 s. The
analysis was done on three biological replicates and in technical
triplicate. A relative standard curve for each gene was developed
using fourfold serial diluted cDNA and included in all runs to
relate to quantitative data. PCR efficiency of primer pairs was
optimized to be between 79 and 97% with R2-values of 0.985.
PCR product melting curves were analyzed for the presence of a
single peak, showing that only one PCR product is formed. PCR
products were cloned and sequenced to verify that all primer pairs
targeted the desired RNA. Adenine phosphoribosyltransferase
(APRT) was used as internal reference gene since its expression
was found stable in all the analyzed tissues as also reported by
Gantasala et al. (2013). Results were analyzed using the ��Ct
method (Pfaffl, 2001, 2004) and reported as relative expression
levels, compared to young leaves as internal calibrator.

Expression analysis on N. benthamiana was performed on
RNA extracted from 5 days post agro-infiltration leaves. The

results were expressed in the form of relative expression through
the ��Ct method, by using tobacco wild type leaves as internal
calibrator tissue. Normalization was performed by using α-
Tubulin as housekeeping gene, since its expression was stable as
reported by Pattanaik et al. (2010).

A list of the analyzed genes, accession numbers, and primer
sequences can be found in Supplementary Table S1. For tobacco
qPCR primers, the sequences used in this study are identical to
primer pair sequences reported by Pattanaik et al. (2010).

SmPAL, SmHQT, and SmMyb1 Genes
Isolation and Cloning
Gene isolation from the Occidental traditional eggplant cv.
‘Lunga Napoletana’ was initially attempted by using degenerate
primers designed on PAL, HQT, and Myb nucleotidic sequences
from other Solanaceae, which however, amplified several
unspecific fragments. Therefore, 5′3′ RACE strategy was used
for gene isolation. Sequences available for PAL and HQT
from Solanaceae were used to BLAST search orthologs in a
S. melongena ESTs collection (Fukuoka et al., 2010). Gene specific
primers were designed on ESTs FS058603.1 and FS083932.1
for PAL and HQT, respectively. For Myb1 isolation, primers
designed on the S. melongena FS084890 EST were used for 3′–
5′ end RACE. Total RNA extracted from S. melongena fruit
tissues was used as a template to amplify the SmPAL, SmHQT,
and SmMyb1cDNAs. Both 3′–RACE (3′-RACE System, Life
Technologies, Carlsbad, CA, USA) and 5′-RACE (Smart Race
Kit, Clontech, Mountain View, CA, USA) were performed,
following the manufacturers’ instructions. Two groups of two
gene-specific primers, 3′GSP1, 3′GSP2, and 5′GSP1, 5′GSP2,
(Supplementary Table S1) were used for 3′-RACE and 5′-RACE,
for SmPAL and SmHQT, respectively. Touchdown-PCR reactions
were performed as follows: 3 min pre-denaturation at 94◦C,
followed by 94◦C for 30 s, 68◦C for 30 s, and 72◦C for 1 min
in the first cycle, then decreasing the annealing temperature
by 1◦C/cycle for 11 cycles, followed by 94◦C for 30 s, 57◦C
for 30 s, and 72◦C for 1 min for 19 cycles and ending with
7 min of elongation at 72◦C. Amplified cDNA fragments were
ligated to the TOPO TA vector (Life Technologies, Carlsbad, CA,
USA) following the manufacturer’s instructions. Recombinant
bacteria growing on kanamycin selective media were screened
and verified by PCR. All sequences were confirmed by DNA
sequencing (Primm s.r.l. laboratories, Milan, Italy2).

Genomic DNA was extracted from eggplant leaves using the
“DNAsy Plant mini kit” (Qiagen, Valencia, CA, USA). SmMYB1
was amplified by PCR starting from genomic DNA isolated
from eggplant leaves using Phusion DNA polymerase (Thermo
Fisher Scientific, Waltham, Ma, USA) and specific primers
(Supplementary Table S1). The amplified SmMYB1 was cloned
into TOPO-TA vectors and verified by sequencing as above
reported.

Bioinformatics and Statistical Analyses
The ORF finder program of Vector NTII was used to search
for open reading frames in the putative full-length cDNAs of

2http://www.primmbiotech.com
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S. melongena PAL (KT259041), HQT (KT259042), and Myb1
(KT259043). The fundamental properties and structural features
of the proteins were analyzed via ScanProsite3. Alignments of
multiple amino acid sequences were carried out using ClustalW4.
Phylogenetic trees of the SmPAL, SmHQT, and SmMYB1 proteins
were produced by Neighbor Joining matrix (Saitou and Nei,
1987) with 1,000 bootstrap trials using MEGA6 (Tamura et al.,
2013). The evolutionary distances were computed using the
p-distance method and are in the units of the number of amino
acid differences per site (Nei and Kumar, 2000).

Analysis of variance (ANOVA) on qPCR �Ct data was carried
out using SigmaPlot version 12.0, from Systat Software Inc.,
San Jose, CA, USA5. Duncan’s test was performed to compare
mean values. Pearson product moment correlation coefficients
(r-values) were calculated by Systat Software using the means of
metabolite concentrations or relative gene expression values.

Promoter Cloning and Regulatory
Elements Analysis
Promoter sequences for the SmANS and SmMyb1 genes of the
cv. ‘Lunga Napoletana’ were amplified by the Genome walking
strategy (Clontech, Mountain View, CA, USA) by using gene
specific primers (Supplementary Table S1) designed in order to
amplify the 5′UTR region. Promoter regions longer than 1 Kb
were isolated, cloned into TOPO-TA vectors (Life Technologies,
Carlsbad, CA, USA) and sequenced. Putative promoter sequences
for SmPAL and SmHQT were also obtained by GenomeWalking,
but sequence mining of the genome sequenced by the Italian
Eggplant Consortium revealed that they in fact belonged to
another PAL isoform and to a putative HCT highly similar to
S. tuberosum (personal communication). Since the ANS and
MYB1 upstream sequences isolated from ‘LungaNapoletana’ (this
work) were found identical to the sequences from the genome of
the Italian Eggplant Genome Consortium, we used the latter PAL
and HQT promoters for further studies, after verifying sequence
identity. Promoter sequences corresponding to S. lycopersicum
ANT1, S. tuberosum AN1, S. tuberosum CAI, and Vitis vinifera
cultivar Pinot Noir VvMybA1 were retrieved from the respective
publically available genomic sources. Analysis of cis-regulatory
elements was performed through the Genomatix platform6.

SmMyb1 Transient Expression in
Nicotiana benthamiana
SmMyb1 cds was Pfu amplified with primers designed for
pENTR-D-TOPO cloning vector (Life Technologies, Carlsbad,
CA, USA). SmMyb1 gene from the entry clone was cloned in
the 35SCaMV expression cassette of pGWB411 (Nakagawa et al.,
2009) using the Gateway recombination technology (Invitrogen,
Carlsbad, CA, USA). Spectinomycin positive colonies were
sequenced and used to transform Agrobacterium tumefaciens
LBA4404.

3http://www.expasy.ch/tools/scanprosite/
4http://www.genome.jp/tools/clustalw/
5www.sigmaplot.com
6https://www.genomatix.de

Nicotiana benthamiana plants were grown until they had six
leaves and the youngest leaves over 1 cm long were infiltrated
with A. tumefaciens LBA4404. Bacteria were cultured on Lennox
agar (Life Technologies, Carlsbad, CA, USA) supplemented with
50 μg ml−1 kanamycin (Sigma–Aldrich, St. Louis, MO, USA)
and incubated at 28◦C. A 10 μl loop of confluent bacteria were
re-suspended in 10 ml of infiltration media (10 mM MgCl2,
0.5 μM acetosyringone), to an OD600 of 0.3, and incubated at
room temperature without shaking for 2 h before infiltration.
Infiltrations were performed according to the method of Voinnet
et al. (2003). Approximately 300 μl of the Agrobacterium
suspension were infiltrated into a young leaf of N. benthamiana
and transient expression was assayed 5 days post inoculation.

Yeast Two-Hybrid Assay
For yeast two-hybrid experiments, the prey plasmid pGADT7
(Clontech, Mountain View, CA, USA) was used. The full-length
coding sequence of SmMyb1 and a truncated form lacking
the last nine amino acids (SmMyb1�9) were PCR amplified
and cloned in frame into pGADT7 between EcoRI and XhoI
restriction sites. Plasmids were sequenced to rule out PCR-
induced mutations. The bait plasmid StbHLH1pGBKT7 was
previously described (D’Amelia et al., 2014). The bait and
prey plasmids were transformed into the yeast strain AH109
(Clontech, Mountain View, CA, USA) using the Lithium
acetate/Polyethylene glycol method (Bai and Elledge, 1997).
The self-activation test was performed prior to the testing of
combinations of interest. In particular an equal amount of
cells transformed with the prey plasmid pGADT7 containing
SmMyb1 or SmMyb1�9 was spotted on medium lacking leucine
and medium lacking adenine, histidine, leucine. The same
was done for the bait plasmid StbHLH1 pGBKT7, that was
grown on medium lacking tryptophan and medium lacking
adenine, histidine, and tryptophan. After verifying that the bait
and prey plasmids when transformed alone conferred ability
to grow on tryptophan or leucine, respectively, indicating
presence of the plasmid, but not on media lacking three
amino acids, which would have indicated self-activation,
co-transformations to verify interactions were performed.
Transformed colonies containing bait and prey plasmids were
selected on synthetic drop-out medium lacking leucine and
tryptophan (–W/–L). Co-transformants were grown overnight
in liquid culture lacking leucine and tryptophan (–W/–L).
For the interaction between bait and prey, an equal amount
of cells was spotted on medium lacking adenine, histidine,
leucine and tryptophan (–W/–L/–H/–A). Positive and negative
controls were also performed as indicated in the legend of
Figure 6.

Accession Numbers
The cloned sequences for SmPAL (KT259041), SmHQT
(KT259042), SmMyb1 (KT259043) CDS, SmMyb1 genomic
and promoter sequence (KT727965) and ANS promoter
(KT727965) sequences were submitted to the GenBank/EMBL
database. Promoter sequences for SmPAL (KT591485) and
SmHQT (KT591484) were kindly provided by the Italian
Eggplant Genome Consortium. The genomic localization of
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the analyzed promoters were Chr10: 64468200. . .64466701 for
SlANT1, 219865. . .218366 for StAN1; Ch9: 163301. . .161802
for StCAI; Ch2: 14242103. . .14240604 for VvMybA1. Sequences
used for phylogenetic analyses are reported in Figure 3 and
Supplementary Figures S1–S3.

RESULTS

Phenylpropanoid Content in
S. melongena Cultivar “Lunga
Napoletana”
The patterns of accumulation of the major phenylpropanoid
metabolites of S. melongena, namely the anthocyanin D3R, the
phenolic acid CGA and the flavonoid rutin were investigated
in several tissues and organs of the eggplant cultivar “Lunga
Napoletana,” namely two leaf stages (young and mature), stems,
flowers, roots, and fruit skin and flesh.

As expected, the D3R content mirrored anthocyanic
pigmentation in all the considered tissues. A concentration
of about 200 μg/100 mg dw was detected in flowers, while
a six times higher amount (∼1200 μg/100 mg dw) was
measured in the eggplant fruit skin (Figure 1). CGA was
detected in all the tissues, and its amount ranged from 1300
to 1800 μg/100 mg dw in leaves and flowers to more than
3000 μg/100 mg dw in fruits. The lowest content was detected in
stems and roots, with 600 and 250 μg/100 mg dw, respectively
(Figure 1).

The flavonoid rutin was detected only in leaves at both stages,
stems and fruit skin and its amount in the green tissues ranged
from 1μg in stems and young leaves to 3μg/100mg dw inmature
leaves, while about a three times higher content was detected in
the fruit skin.

Overall, the fruits showed the highest content of CGA, D3R,
and rutin.

FIGURE 1 | LC–MS analysis of phenylpropanoids. Chlorogenic acid,
delphinidin 3-rutinoside, rutin were extracted from 100 mg of lyophilized tissue
in 75% MeOH and quantified by LC–MS. Values are expressed as
means ± SD (n = 3). ∗Compounds were not detected.

Expression Analysis of Phenylpropanoid
Biosynthetic Genes
Quantitative expression analyses were performed in the same
tissues sampled for accumulation of metabolites. The transcript
abundance of both the early genes, i.e., PAL, C4H, and 4CL,
and the late genes of the phenylpropanoid pathway encoding for
enzymatic steps leading to CGA, D3R, and rutin biosynthesis,
namely hydroxycinnamoyl-CoA quinate transferase (HQT),
dehydroflavonol reductase (DFR), and anthocyanidin synthase
(ANS) were analyzed (Figure 2).

PAL, C4H, and 4CL transcripts were detected in all the tissues,
with a lower transcript abundance being observed in green tissues
(young and mature leaves and stem) than in flowers, roots and
fruits, where the expression levels were overall higher. Expression
levels were notably high in fruits, where PAL transcripts were
1 to 2 orders of magnitude more abundant than in the other
tissues. Expression of HQT, the key biosynthetic gene in CGA
formation, was strongest in both fruit skin and flesh, while
showing low expression levels in the other tissues.

Anthocyanin and flavonoid common biosynthetic genes for
D3R and rutin formation were also examined. DFR and ANS
transcripts showed a similar pattern of accumulation, with higher
expression levels detected in anthocyanin-pigmented tissues, i.e.,
in flowers and fruit skin. Interestingly, the expression of the
two genes was almost 25 and 35 times higher in fruit skin than
in flowers, respectively. On the contrary, transcripts levels were
significantly lower in non-anthocyanic pigmented tissues.

PAL and HQT Genes Isolation
Our biochemical and gene expression results indicated that a
high accumulation of CGA mainly occurs in fruits, due to the
up-regulation of its biosynthetic genes at the transcriptional
level. Therefore, isolation of PAL and HQT encoding genes
was achieved through RACE PCR starting from fruit tissues
mRNA. Since at the time of the experiments the eggplant
draft genome was not available yet, we used conserved PAL
and HQT sequences from tomato and potato to mine an
eggplant ESTs collection through BlastN. Gene specific primers
designed on the two S. melongena ESTs FS058603.1 and
FS083932.1, corresponding to putative SmPAL and SmHQT-
encoding sequences, respectively, amplified single products by
5′ 3′ RACE PCR. Regarding SmPAL, a 2712 bp fragment
was cloned and confirmed by sequencing to contain a full
length ORF of 2430 bp, encoding for a 724 aa protein of
78.7 kD molecular mass and isoelectric point at 6.4 pH. The
sequence isolated from ‘Lunga Napoletana’ was blasted in the
eggplant draft genome, and several partial sequences were
found. Sequence comparison showed a similarity of 89% with
Sme2.5_03336.1_g00008.1, an eggplant sequence annotated as
PAL1 (Supplementary Figure S1A). On the contrary, higher
similarity was found with orthologous PALmembers from other
Solanaceae, 93%withCapsicum annuum and Solanum tuberosum
and 92% with Solanum lycopersicum (Supplementary Figure
S1A). Prosite scan revealed that S. melongena PAL, similarly
to all the other PAL proteins, possesses the typical features
of an Histidine Lyase protein with the conserved active site
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FIGURE 2 | Relative transcript levels of SmPAL, SmC4H, Sm4CL, SmHQT, SmDFR, and SmANS in various Solanum melongena organs and at two leaf
development stages (YL, young leaves and ML, mature leaves). The results were analyzed using the ��Ct method and presented as fold changes compared
with the young leaves, used as internal calibrator. Data are reported as means ± SD. Means denoted by the same letter did not differ significantly at p ≤ 0.05
according to Duncan’s multiple range test.

(GTITASGDLVPLSYIA), including the Ala-Ser-Gly motif at
position 206–208, which autocatalytically forms the methylidine-
4h-imidazol-4-one (MIO) prosthetic group (MacDonald and
D’Cunha, 2007) by cyclization and dehydration. Moreover, the
residues involved in the modulation of PAL activities, i.e., Gly501
in the active site pocket, and Thr556 in the post transcriptional

phosphorylation site are also conserved, thus suggesting that
SmPAL is a functionally active protein.

Sequence analysis of the cloned 5′ and 3′ RACE-PCR SmHQT
fragment identified a 1694 bp full length sequence containing
an ORF of 1284 bp, encoding for a putative protein of 428 aa,
with 47.6 kD molecular mass and isoelectric point at 6.4 pH.
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FIGURE 3 | Gene structure and phylogenetic analysis of S. melongena
Myb1. (A) Representation of SmMyb1 genomic sequence (KT727965) and
cDNA (KT259043). Light and dark gray boxes indicate the R2R3 domain in
the SmMyb1 coding sequence, solid black line indicates the intronic regions.
(B) R2R3-MYB proteins from other species were aligned using Clustal X, and
the evolutionary history was inferred using the Neighbor-Joining method. The
optimal tree with the sum of branch length = 2.20562095 is shown. The
percentage of replicate trees in which the associated taxa clustered together
in the bootstrap test (1000 replicates) are shown next to the branches. The
tree is drawn to scale, with branch lengths in the same units as those of the
evolutionary distances used to infer the phylogenetic tree. The evolutionary
distances were computed using the p-distance method and are in the units of
the number of amino acid differences per site. The analysis involved 29 amino
acid sequences. All positions containing gaps and missing data were
eliminated. There were a total of 94 positions in the final dataset. Evolutionary
analyses were conducted in MEGA6. Protein sequences used for the
phylogenetic tree have the following accession numbers: Malus domestica
MdMYB1 (ADQ27443.1); Malus domestica MdMYB10 (ACQ45201.1); Malus
domestica MdMYB110a (AFC88038.1); Arabidopsis thaliana AtMYB75
(AEE33419.1); Arabidopsis thaliana AtMYB113 (NP_176811.1); Arabidopsis
thaliana AtMYB114 (AEE34502.1); Brassica oleracea var. botrytis BoMYB2
(ADP76651.1); Morella rubra MrMYB1 (ADG21957.1); i GhMYB10
(CAD87010.1); Vitis vinifera VvMYBA1 (BAD18977.1); Vitis vinifera VvMYBA2
(BAC07540.1); Ipomoea purpurea IpMYB1 (BAE94388.1); Nicotiana tabacum
NtAN2 (ACO52470.1); Solanum lycopersicum SlANT1 (AAQ55181.1);
Solanum lycopersicum SlAN2 (FJ705333.1); Antirrhinum majus AmROSEA2
(ABB83827.1); Antirrhinum majus AmROSEA1 (ABB83826.1); Solanum
tuberosum StCAI (ABY40370.1); Solanum tuberosum StAN1 (AGC31676.1);
Fragaria x ananassa FaMYB (ABX79947); Epimedium sagittatum EsMYBA1
(AGT39059.1); Lilium hybrid division I LhMYB6 (BAJ05399.1); Medicago
truncatula MtLAP2 (ACN79539.1); Pyrus communis PcMYB10 (ABX71487.1);
Solanum melongena SmMYB2 (AIP93874); Solanum melongena SmMYB1
(KT259043).

The predicted eggplant HQT from cv. ‘Lunga Napoletana’ was
blasted in the eggplant draft genome, and a 96% similarity was
found with Sme2.5_00673.1_g00011.1, an HQT-like gene lacking
the N-terminal portion. Then SmHQT was aligned to other dicot
members encoding HQT protein, and a high degree of similarity
was found with other Solanaceous HQTs (89% to Solanum
lycopersicum, 88% to Solanum tuberosum, and 87% to Nicotiana
tabacum). SmHQT possesses the characteristic HTLSD peptide
of acyltransferase proteins from position 153, corresponding
to the conserved sequence motif HXXXDG, and the DFGWG
block from position 383, observed in other plant acyltransferases
belonging to the BAHD family (St-Pierre and De Luca, 2000;
D’Auria et al., 2002; Supplementary Figure S2A).

The results for S. melongena PAL and HQT protein sequences
were used to construct phylogenetic trees using the Neighbor
Joining method and illustrate their evolutionary relationships
with respect to the related enzymes from other plants. Notably,
eggplant proteins encoded by the SmPAL and SmHQT genes
isolated in this study cluster within the same clade with other
Solanaceae (tomato, potato, and tobacco) characterized enzymes,
as shown in Supplementary Figures S1B and S2B.

Myb1 Isolation and Characterization
In search for a MYB TF responsible for the activation of
the phenylpropanoid pathway in eggplant, the eggplant ESTs
database was searched by BLAST with the CDS of S. tuberosum
Chlorogenate inducer (CAI; EU310399), since neither the
sequence of the eggplant SmMyb TF by Zhang et al. (2014)
nor those of the eggplant draft genome were publically available
yet. Primers for qRT-PCR were designed on the identified
S. melongena FS084890 EST and adapted for 5′3′ end RACE PCR
of eggplant leaf RNA. Cloning and sequencing of the amplified
fragments revealed a full length cDNA of 1197 bp containing a
771 bp ORF, which from BLAST analysis was found homologous
to a sequence recently isolated from fruits of the Chinese eggplant
cv. ‘Zi Chang’ and recorded as MYB1 (KF727476; Zhang et al.,
2014). The S. melongena “Lunga Napoletana” Myb1 variant
differed from this sequence for the presence of four SNPs at
positions 260, 675, 678, and 737, determining non-synonymous
amino acid transitions in position 87 from Aspartate to Glycine
and in position 246 from Serine to Phenylalanine. BLAST
analysis of this MYB sequence in the draft eggplant genome
demonstrated a 98% similarity at the nucleotidic level with the
sequence Sme2.5_05099.1_g00002.1, annotated as ANT1. This
eggplant isoform also showed four SNPs, which, however, did not
result in amino acid transitions, and therefore encoded a MYB
protein identical to the one encoded by our SmMyb sequence
(Supplementary Figure S3).

Sequence comparison between the cDNA and the genomic
sequence of SmMyb1, isolated from genomic DNA (KT727965)
with specific primers designed on the start and stop codons of
the cDNA, revealed that SmMyb1 contains two introns, located in
the R2R3 domain (Figure 3A), as reported for other Myb genes
(Pattanaik et al., 2010).

Alignment of the encoded MYB1 protein of 258 aa with
12 R2R3-MYB proteins belonging to clade 6 (Liu et al., 2015)
and known as anthocyanin and phenolic acids MYB regulators
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FIGURE 4 | Relative transcript levels of SmMyb1, SmMyb2, SmTT8,
and SmHSC-70-2-like in various S. melongena organs and at two leaf
development stages (YL, young leaves and ML, mature leaves). The
results were analyzed using the ��Ct method and presented as fold changes
compared with the young leaves, used as internal calibrator. Data are reported
as means ± SD.

demonstrated high sequence homology in the R2R3 domain
(Supplementary Figure S3), while less sequence homology is
shared in the C-terminal region of all the sequences. SmMYB1
shares 72 and 71% amino acid identity with S. lycopersicum
ANT1 and S. tuberosum CAI, respectively, while 66, 56, and 47%
homology is shared with S. tuberosum AN2, V. vinifera MYBA1
and Petunia hybrida AN2, respectively. A phylogenetic analysis
was performed on the alignment of 28 R2R3-MYB protein
sequences and the evolutionary history was inferred by using
the Neighbor Joining method. The analysis included R2R3-MYB
proteins involved not only in the activation of the anthocyanin
pathway but also in the regulation of phenolic compounds.

Interestingly, SmMYB1 clusters more closely to ANT1 from
S. lycopersicum as well as with AN1 from potato thus suggesting
that it may be the homologous protein in S. melongena.
Noteworthily, SmMYB1 clusters also with CaiMYB protein from
potato (Figure 3B).

Myb1 Expression Analysis in
S. melongena
In order to further investigate the function of SmMyb1 as putative
regulator of phenylpropanoid accumulation, we performed a
qPCR expression analysis of the distribution of Myb1 transcripts
in different S. melongena organs and tissues along with other
three genes putatively involved in anthocyanin biosynthesis,
namely SmMyb2, whose sequence mostly resembles the AN2
gene from Solanaceae (Supplementary Figure S4), SmTT8
(KT591486), a putative homolog of the bHLH TF encoding
gene AtTT8 involved in anthocyanin regulation, and the heat
shock cognate 70 protein 2 (SmHSC70-2-like, KT591487), which
was previously found associated with a S. melongena QTL for
anthocyanin accumulation mapping on chromosome 10 (Barchi
et al., 2012). As shown in Figure 4, SmMyb1 is expressed in
all the tissues at a relatively low level except in stems. In the
fruit flesh, both SmMyb1 and SmMyb2 show a low expression

level, while SmTT8 and SmHSC70-2-like are highly expressed.
In addition, SmMyb2 resulted to be induced at the highest
level in flowers while SmTT8 is mostly induced in the fruit
skin. Interestingly, a higher SmMyb2, SmTT8, and SmHSC70-
2-like transcript accumulation was observed in pigmented
tissues, thus suggesting a correlation between the expression
level of these regulatory genes and the accumulation of D3R
(Figures 1–4).

Isolation and In Silico Analysis of
Phenylpropanoid Biosynthetic Genes
and TFs Regulator Promoters
The coordinated expression of the CGA biosynthetic genes in
fruit tissues as well as the high expression of late anthocyanin
biosynthetic genes in the fruit skin, suggested that in
S. melongena, as in other Solanaceae fruits, fruit skin and
flesh are characterized by different metabolic processes and
regulation (Jung et al., 2009). In order to investigate whether
CGA and anthocyanin biosynthesis might be differentially
regulated in eggplant, PAL, HQT and ANS gene promoters
were in silico scanned for regulatory elements. MatInspector
analysis (Cartharius et al., 2005) of 5′ upstream regions of
1546 bp for SmPAL, 1500 bp for SmHQT, and 1194 bp for
SmANS showed that they share the presence of common
motifs such as auxin, circadian rhythm, light, stress and
phytohormone responsive elements, along with several MYB
regulatory elements. Moreover, several sugar responsive
elements were found in the promoters of SmPAL, SmHQT,
and SmANS, whereas sugar starvation or hormone signaling
motifs were not found in the ANS promoter (Table 1). Along
with the structural genes, the isolated promoter region of
S. melongena Myb1 was compared with the promoter regions
of other four MYBTF belonging to group 6 (Liu et al., 2015),
namely S. lycopersicum ANT1, S. tuberosum AN1 and CAI,
and V. vinifera MybA1, whose sequences were retrieved
from the respective genomic resources. Interestingly, the
comparison between the TFs revealed that only MYBST1,
MYBGAH, and MYBAT consensus were present in SmMyb1,
while all the other putative MYB binding sites corresponding
to MYBPLANT (MACCWAMC), MYBPZM (CCWACC),
MYCATERD (CATGTGG), and MYBCORE (CNGTTR) were
absent (Table 1). Moreover, some distinctive elements, such as
elements for cell proliferation and growth, were found only in
SmMyb1 and VvMybA1 promoters, while phosphate starvation
responsive elements were present only in S. tuberosum and
S. melongena TFs. Unique elements were found in the SmMyb1
promoter, such as the TATCCAT motif, which is required for
alpha-amylase expression during sugar starvation, as well as the
SURE motif, shared only with SmPAL and SmHQT structural
genes.

Transient Expression in N. benthamiana
The role of the isolated SmMyb1 in the regulation of the
phenylpropanoid biosynthetic pathway was investigated through
transient transformation of N. benthamiana leaves of the full
length SmMyb1 gene. SmMYB1�9, a truncated mutant obtained
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TABLE 1 | List of common cis-acting regulatory elements for structural biosynthetic genes, SmMYB1 and TF from other species.

IUPAC Family SmANS SmHQT SmPAL SlANT1 StAN1 StCai VvMYBA1 SmMYB1 Function

PFAM014 1 3 7 3 3 3 3 3 MybSt1

PFAM171 3 0 3 0 4 0 2 0 Myc

P$FAM003 3 4 4 3 2 3 2 0 MybPLANT

Pfam170 4 0 0 0 0 4 4 0 MybPZM

Pfam266 1 3 1 2 2 5 4 3 MybAT

Pfam325 0 0 2 0 3 1 0 0 MYBCOREATCYCB1

3 1 1 1 0 0 1 2 Mybgah

PFAM099 0 0 0 0 0 0 0 2 Phytocrome regulation

PFAM08 2 3 4 0 8 1 1 3 Plastid regulation

PFAM302 0 0 0 0 0 0 1 3 Cell proliferation and growth

PFAM234 0 0 0 2 0 1 0 1 Sporamine

Defense signaling and Wounding

PFAM002 6 1 4 6 17 3 16 4 Wounding stress jasmonateinduction

PFAM010 5 3 5 6 2 3 5 4 WRKY and SalicylicAcid

PFAM322 5 2 3 3 0 1 6 2 Disease

PFAM290 7 8 8 11 0 5 2 12 Pathogen and Salt induced

Plant stress signaling

PFAM292 1 1 1 0 0 1 1 1 Hypo osmolarity-responsive element

PFAM310 1 3 2 1 0 0 0 3 Cytokinin

PFAM266-026 5 4 1 4 2 7 9 3 Abscisic acid and Aba mediation

PFAM260-170 4 1 2 1 0 0 3 2 Gibberellin responsive

PFAM204 1 1 1 0 0 1 0 1 Gibberellin and abscisic acid

PFAM205 1 4 3 4 2 5 3 3 Gibberellin and sugar repression

PFAM107-273-025 0 1 2 0 0 0 1 3 Sugar starvation and hormone regulation

PFAM272 1 1 0 0 0 0 0 1 Binding amylase

PFAM267-098 16 10 6 2 3 6 5 7 Auxin/Auxine response

PFAM295 0 0 0 0 4 4 0 2 Phosphate starvation response

PFAM311 4 0 3 2 0 1 4 5 Low Co2

PFAM124 2 1 2 0 0 0 1 2 Ethylene responsive elements

PFAM305 1 0 1 0 0 2 0 2 Fermentative pathway

Light responsive cis-acting elements

PFAM012-027 6 17 12 3 4 6 1 5 Light responsiveness /light regulation

PFAM262 2 3 2 2 7 2 1 1 Circadian expression/light

PFAM300 0 2 0 0 1 1 1 4 Sorlip

by deleting nine C-terminal triplets from the SmMyb1 sequence,
was also transformed in N. benthamiana leaves to study the
functional role of the conserved C-terminal domain. Both
the full length and the truncated genes were cloned into the
transient expression Gateway vector pGWB411, transfected
into Agrobacterium and infiltrated into N. benthamiana leaves,
alongside with the empty vector. Five days post inoculation,
SmMyb1 agro-infiltrated N. benthamiana leaves showed
an anthocyanic-pigmented phenotype, which was clearly
visible due to the lack of anthocyanic pigmentation in wild
type tobacco leaves. On the contrary, SmMyb1�9 as well
as the empty vector-infiltrated leaves did not show any
red pigmentation (Figure 5A). Beside visible anthocyanin
accumulation, metabolic analysis showed that SmMyb1
over-expression induces a strong accumulation of D3R
(130.21 ± 20.56 μg/100 mg dw), which was barely detectable
in SmMYB1�9 agro-infiltrated leaves (14.95 ± 3.04 μg/100 mg
dw) and not detectable in the empty vector agro-infiltrated

controls. Interestingly, a CGA content of 835.09 ± 60.06 and
792.00 ± 50.03 μg/100 mg dw was found in SmMyb1 and
SmMyb1�9 agro-infiltrated leaves, respectively, an almost
doubled amount in comparison to what was found in the
empty vector transformed and in untransformed leaves
(464.80 ± 43.71 μg/100 mg dw, 354.67 ± 13.34 μg/100 mg dw,
respectively, Table 2).

Expression analysis of several key phenylpropanoid
biosynthetic genes, i.e. HQT, CHS, DFR, and ANS, detected
a similar expression level of the SmHQT gene in SmMyb1 and
SmMyb1�9 agro-infiltrated leaves, whereas higher levels of
expression for CHS, DFR, and ANS were measured in SmMyb1
leaves in comparison with SmMyb1�9 transformed leaves
(Figure 5B). In agreement with previous studies (Spelt et al.,
2000; Kiferle et al., 2015), a strong induction of the DFR gene
was detected in SmMyb1 agro-infiltrated leaves, about 10 and
100 times higher than in SmMyb1�9 agro-infiltrated and control
leaves.
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FIGURE 5 | The effects of over-expression of SmMyb1 in Nicotiana benthamiana leaves. (A) Leaves of N. benthamiana after agro-infiltration with SmMyb1,
SmMyb1�9, pGWB411 (empty vector, EV). (B) Gene expression analysis of HQT, CHS, DFR, and ANS late phenylpropanoid structural genes in agro-infiltrated
N. benthamiana leaves monitored by qRT-PCR. The results were analyzed using the ��Ct method and presented as fold changes compared with the young leaves,
used as internal calibrator. Data are reported as means ± SD. Means denoted by the same letter did not differ significantly at p ≤ 0.05 according to Duncan’s
multiple range test.

Protein–Protein Interaction
The regulatory function of several MYB proteins in anthocyanin
biosynthesis depends on their ability to form a regulatory
complex with bHLH partners (Lin-Wang et al., 2010; Pattanaik
et al., 2010; Albert et al., 2014). To determine the ability of
SmMYB1 to interact with heterologous bHLH proteins, we
performed a yeast two-hybrid assay to verify interaction with
a previously identified StbHLH1 from potato. This particular
bHLH was selected because its role in anthocyanin regulation is
well established both in tubers and leaves of potato (Payyavula
et al., 2013; D’Amelia et al., 2014). Because a previous report
had shown that fusion of an anthocyanin MYB-type regulator

from petunia with the GAL4 binding domain (GAL4 BD)
resulted in auto activation of the reporter genes HIS and ADE,
while fusion with the GAL4 activation domain (GAL4 AD)
did not (Quattrocchio et al., 2006), we fused SmMYB1 or a
truncated form lacking the last nine amino acids (SmMyb1�9)
with GAL4 AD. After preliminary assessment of the absence
of auto-activation of reporter genes for all the used constructs
(Supplementary Figure S5), the interaction of SmMYB1 or
SmMYB1�9 with StbHLH1 fused with GAL4 BD was verified.
As shown in Figure 6, yeast cells co-transformed with SmMyb1
and StbHLH1 were capable of growing on selective media lacking
leucine, tryptophan, histidine, and adenine. Negative controls,
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TABLE 2 | Metabolite content in Nicotiana benthamiana agro-infiltered
leaves with SmMyb1, SmMyb1�9, EV (Empty Vector), and WT (Wild Type).

N. benthamiana leaves D3R (µg/100 mg Dw) CGA (µg/100 mg Dw)

SmMyb1 130.21 ± 20.56 835.09 ± 60.06a

Sm Myb1�9 14.95 ± 3.04 792.00 ± 50.03a

EV Nd∗ 464.80 ± 43.71b

WT Nd∗ 354.67 ± 13.34c

∗Nd, not detected compounds.
Data are reported as means ± SD. Means denoted by the same letter did not differ
significantly at p ≤ 0.05 according to Duncan’s multiple range test.

consisting of yeast cells co-transformed with prey plasmids
containing SmMyb1 and empty bait plasmid, as well as the
opposite combination, StbHLH1 combined with empty prey
plasmid, did not grow on selective medium, indicating that an
interaction between SmMYB1 and StbHLH1 does take place in
yeast. SmMYB1�9 was still capable of interaction with StbHLH1,
suggesting that the tested C-term truncation did not interfere
with the interaction, as expected by previous reports showing that
interaction with bHLH partners requires the N-terminal portion
of MYB-type TFs (Plazas et al., 2013a).

DISCUSSION

Solanum melongena is placed in the top rank among the
edible Solanaceae and other vegetables with high radical
scavenging properties. These beneficial traits are due to the
high accumulation of antioxidant polyphenols in eggplant fruit
flesh and skin (Plazas et al., 2013a). The most important
phytonutrients in this species are CGA, and the anthocyanic
pigments, delphinidin 3- rutinoside and/or nasunin (Mennella
et al., 2010). Besides the benefits to the human health (Jaganath
and Crozier, 2009), these compounds play an active role in the
plant defense against biotic and abiotic injuries (Hura et al., 2008)
and thus their synthesis must be tightly regulated.

The importance of these specialized metabolites prompted
us to investigate phenylpropanoid biosynthesis and its
regulation in eggplant. In this study we report our findings
on metabolite distribution, transcripts accumulation, along with
a characterization of biosynthetic genes and a special focus on
a R2R-MYB putatively involved in transcriptional regulation of
biosynthetic genes.

Phenylpropanoid Accumulation and
Expression Analysis of Structural Genes
Metabolic analysis showed CGA accumulation in all the analyzed
tissues of the Occidental eggplant cv. “Lunga Napoletana.” The
highest content of CGA, of about 4000 μg/100 mg dw, was found
in fruit flesh and skin, while almost half the amount was detected
in all the other tissues. However, it is roughly 10 and 100 times
higher than in tomato and potato, respectively. Although a wide
variation of CGA content has been reported in the eggplant gene
pool (Plazas et al., 2013b), our data confirm that this vegetable is
the best source of CGA among Solanaceous species (Plazas et al.,
2013a).

FIGURE 6 | SmMYB1 interacts with bHLH TF StbHLH1 in the yeast
two-hybrid assay. SmMYB1 and SmMyb1�9 were cloned in the prey
plasmid pGADT7 and co-transformed with StbHLH1pGBKT7 (D’Amelia et al.,
2014) in yeast strain AH109. The SmMyb1pGADT7/pGBKT7 and
pGADT7/StbHLH1pGBKT7 combinations served as negative controls while
StbHLH1/StAN1 is shown as positive control. Yeast cells grown on synthetic
complete media (–W/–L, Right) and on selective media (–W/–L/–H/–A, Left)
are shown. Pictures were taken 3 days after incubation at 30◦C.

The flavonol rutin was barely detectable in leaves at two
developmental stages and in stems, and slightly higher in the
fruit skin, where D3R was found in high amounts, similarly to
flowers, another pigmented tissue. The D3R content detected
in the fruit skin of our eggplant cultivar is consistent with the
amounts reported by Mennella et al. (2012) for non-Japanese
genotypes.

Overall, our metabolic analysis indicates the eggplant fruit,
and in particular the fruit skin, as the major accumulator of
nutraceutical compounds.

Transcription profiles of flavonoid and CGA structural
genes supported metabolic analyses. Early genes of the
phenylpropanoid pathway were found expressed in all tissues,
with higher transcript levels detected in fruits. However, SmPAL
and the late gene SmHQT showed an order of magnitude
higher expression levels in the fruit skin than C4H and 4CL,
which mirrored the higher accumulation of CGA in this
tissue. This result may reflect the different functions of these
genes. PAL, C4H, and 4CL enzymes, as initial committed steps
in phenylpropanoid formation, can play multiple functions
by providing phenylalanine-derived units for the different
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branches of the pathway, while HQT is specifically responsible
for CGA biosynthesis. However, the coordinated expression
(correlation coefficient r = 0.756, p < 0.05) of the eggplant
PAL and HQT genes isolated in this paper may account for the
high accumulation of CGA in eggplant, similarly to what was
demonstrated for specific HQT and PAL isoforms in tobacco
and tomato (Niggeweg et al., 2004; Payyavula et al., 2014). In
pigmented tissues, like fruit skin and flowers, extremely high
expression levels were detected for the flavonoid structural
genes, DFR and ANS, which correlated with the D3R content
(r = 0.991, p < 0.05, and r = 0.992 p < 0.05, respectively).
As shown in tomato, the fruit surface accumulates a vast array
of secondary metabolites, which are necessary for the fruit
survival (Mintz-Oron et al., 2008), but whether metabolite
accumulation in the fruit peel is the result of de novo biosynthesis
or of active transport remains unclear. The correlation between
accumulation of key structural gene transcripts and of the
corresponding metabolites in the eggplant fruit skin suggest
that this tissue might have an active role in their biosynthesis,
although more accurate studies, e.g., isotope labeling (Docimo
et al., 2012) or epidermis cell enrichment by laser dissection
technologies combined with transcriptomic and metabolic
profiling, would be necessary to definitively clarify this point.

Isolation of CGA Biosynthetic Genes and
of a MYB Regulatory Gene
To gain knowledge on the accumulation of CGA, we firstly
searched for the candidate biosynthetic genes, whose sequences
were not publically available from the eggplant draft genome
at the time of these experiments. Besides, draft genomes are
known to be less complete than finished genomes, and to be
prone to misassembling and sequencing errors. Therefore, the
full length cDNA sequences of SmPAL and SmHQT were isolated
by conventional 3′ 5′ RACE from eggplant fruit flesh tissue.
The PAL protein is encoded by a multi gene family, which
encountered extensive duplications during evolution. About 18
and 13 PAL sequences are found in the potato and tomato
genomes, respectively (Albert and Chang, 2014). Blast analysis
in the draft genome indicated that several PAL partial sequences
were present, which, however, showed a relatively low similarity
level in respect to homologs sequences from “sister species,”
confirming the extensive genetic variation already reported in
eggplant varieties (Li et al., 2010). According to our phylogenetic
analysis (Supplementary Figure S1) performed on homologous
sequences from other plant species including Solanaceae, SmPAL
is closely related to the C. annuum, S. tuberosum, and
S. lycopersicum ones, and its structure mostly resembles a PAL1-
like protein (Joos and Hahlbrock, 1992). Similarly, SmHQT
resulted phylogenetically grouped with S. tuberosum HQT,
S. lycopersicum HQT, and N. tabacum HQT (Supplementary
Figure S2). Although from the sequence similarity it is not
possible to predict whether shikimate or quinate might be the
preferential substrate for this enzyme, shikimate esters were not
detectable in our analyses, thus indicating this eggplant HQT
as a true HQT (Comino et al., 2009; Sonnante et al., 2010;
Lallemand et al., 2012; Pardo Torre et al., 2013). Unlike potato
tubers (Payyavula et al., 2012), SmHQT expression in eggplant

correlates with CGA accumulation, suggesting that the major
route for CGA formation in eggplant might be through HQT, as
reported in tomato and tobacco (Niggeweg et al., 2004). Deeper
comparative analysis would be necessary to evaluate the level
of conservation among the sequences isolated in this work in
respect to those of the eggplant draft genome. Nevertheless,
it is worth noting that the presence of several SNPs might
underlie that eggplant lines geographically unrelated (Asian cvs.
versus Occidental cvs.) have encountered a different evolutionary
program.

Along with CGA, also the high anthocyanin content
contributes to the sensorial and nutraceutical properties of
eggplant fruits, as well as to improved plant tolerance to
biotic and abiotic stresses. Correlation between fruit color and
improved quality has been reported for many species, and it is
known that higher anthocyanins content in tomato fruits reduces
pathogen susceptibility (Bassolino et al., 2013; Zhang et al., 2013).
Therefore, knowledge of the factors controlling the production
and distribution of CGA and anthocyanins is of great moment
for genetic improvement of plant species.

To provide insights into the regulation of phenylpropanoid
production in eggplant, we searched for a MYB TF homologous
to S. tuberosum CAI, which was shown to be a regulator of
CGA and flavonoids biosynthesis (Rommens et al., 2008). We
isolated a MYBTF from the S. melongena cv. ‘Lunga Napoletana,’
which resulted to contain four SNPs in respect to SmMYB1
from the cv. ‘Zi Chang’ (Zhang et al., 2014), determining two
non-synonymous amino acid transitions, possibly affecting the
function of the encoded protein. Interestingly, also the draft
eggplant genome contains a nucleotide sequence with four
SNPs, encoding a protein identical to our sequence, which was
annotated as ANT1 (Hirakawa et al., 2014).

Similarly to several R2R3-MYB proteins-encoding genes, such
as PhAN2, NtAN2, and PAP1, also SmMyb1 shares a conserved
intron/exons organization, thus supporting the idea that they
might have a common evolutionary origin (Quattrocchio et al.,
1999; Borevitz et al., 2000; Pattanaik et al., 2010).

The alignment with 12 highly similar R2R3-MYB TF showed
that SmMYB1 shares all the typical features of a MYB
anthocyanin biosynthesis activator (Supplementary Figure S3),
a bHLH interaction domain, a ANDV domain, as well as the
conserved sequence KPRPRS/TF at the end of the R3 domain
(Stracke et al., 2014). As most MYB proteins of this class,
SmMYB1 retains the residues FXXXDLVS at the C-terminal,
whose function, contrarily to MYB repressor proteins (Dubos
et al., 2008, 2010; Matsui et al., 2008; Albert et al., 2014; Xu et al.,
2014) has been investigated to a lesser extent.

Further, we investigated the phylogenetic relationships of
SmMYB1 with 28 related R3R2-MYB proteins involved in the
activation of phenylpropanoids. Neighbor Joining analysis placed
SmMYB1 in a clade with other sequences from Solanaceae,
namely S. tuberosum Chlorogenate inducer CAI, S. tuberosum
AN1 and S. lycopersicum ANT1, suggesting that SmMyb1 is an
eggplant homologous of SlANT1. Moreover, a BLAST analysis
of SmMyb2 (Zhang et al., 2014) onto the tomato genome
indicated that this gene is located, together with the Heat
Shock-encoding gene SmHsp70-2-like and with several candidate
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genes for anthocyanin accumulation, on chromosome 10, in
a QTL controlling anthocyanin pigmentation (Doganlar et al.,
2002; Barchi et al., 2012; Fukuoka et al., 2012), and is syntenic
with SlAN2 (Tomato Genome Consortium, 2012). Consistently,
SmMYB2 clusters closely to AN2 from S. lycopersicum and
S. tuberosum, thus suggesting a possible distinct regulatory
role from SmMYB1. Eggplant R2R3-MYB TFs homologous to
SlANT1 and SlAN2 were recognized as main regulators of
anthocyanin pigmentation (Kiferle et al., 2015). Nevertheless,
the SlANT1-homologous potato gene StAN1 was also shown
to have a key role in phenylpropanoid accumulation, namely
in regulating CGA synthesis in potato (Payyavula et al., 2014).
To determine the involvement of SmMYB1 in the regulation
of phenylpropanoid accumulation, we measured the expression
levels of SmMyb1, SmMyb2, SmTT8 and SmHsp70-2-like. Except
for stems, SmMyb1 expression was overall low in all tissues, while
SmMyb2 transcripts accumulated at high levels in anthocyanic
tissues, and especially in flowers, confirming previous data on
SlANT1 and SlAN2, respectively, in tomato (Kiferle et al., 2015).
The bHLH-encoding TT8 and HSC70-2-like genes resulted to be
highly expressed in stems and flowers, and even more in the fruit
flesh and skin, where their expression levels were about 10 to
100 times higher than the analyzed MYBs. These results strongly
supported the involvement of these two genes in anthocyanin
accumulation.

Anthocyanins are known to contribute to stress resistance
in plants (Chalker-Scott, 1999; Lev-Yadun and Gould, 2009).
During heat stress, anthocyanins are produced to decrease leaf
osmotic potential and prevent loss of water, while bHLH proteins
participate to heat-related mechanisms and hormone signaling
(Leivar and Quail, 2011) and heat shock proteins function
in avoiding protein misfolding (Bita and Gerats, 2013). It is
tempting to speculate that TT8, HSC70-2 like and anthocyanins
take part to protective mechanisms toward the gradual increase in
temperature experienced by ripening fruits. However, elucidation
of the functions that TT8, HSC70-2 like and anthocyanins may
play during eggplant development or stress response requires
further investigation. Our biochemical and expression data,
together with the sequence homology between SmMyb1 and
SlANT1 suggest that the TF gene isolated in this study is somehow
involved in the control of anthocyanin pigmentation by taking
part in the MBW complex, although with a more marginal role
than hypothesized by Zhang et al. (2014), and in accordance to
the recent reports on SlANT1 in tomato (Kiferle et al., 2015).

Since CGA and anthocyanin production is modulated by
biotic and abiotic factors, we searched the promoter regions of
SmPAL, SmHQT, SmANS, and SmMyb1 for relevant cis-acting
elements. Multiple cis-acting elements, including fundamental
and special elements associated with defense signaling and
hormone regulation were found in the SmMyb1, PAL, HQT,
and ANS promoters. The presence of the same light, circadian
rhythm and sucrose responsive elements in S. melongena
phenylpropanoid genes and SmMyb1 promoters suggests they
may be coordinately expressed and supports the idea that in
eggplant CGA and anthocyanins accumulation is controlled by
the same environmental factors as in potato tubers (Payyavula
et al., 2013). This is consistent with the CGA and anthocyanin

role in plant biotic interactions (Dixon, 2001; Del Campo et al.,
2013), and their abundance in eggplant tissues suggests that this
specialized metabolites might actively participate in inducible
defenses, either by triggering plant resistance to pathogens
or functioning as donor of structural elements for cell wall
formation in case of damage (Malinovsky et al., 2014). A BLAST
analysis of the ‘Lunga Napoletana’ promoter sequences in the
draft genome of the Asian cv. ‘Nakate-Shinkuro’ highlighted that,
beside the ANS promoter, all the other 5′ upstream regions have
a lower level of similarity (data not shown), thus suggesting that
general phenylpropanoid gene regulation may be influenced by
distinct regulatory signals in the two eggplant varieties.

Extension of the comparative analysis to the promoters of
other anthocyanins and phenolic acids-related TFs, SlANT1,
StAN1, StCAI, and VvMybA1, detected distinctive regulatory
motifs in the SmMyb1 promoter. Several elements for ethylene,
cytokinin and gibberellin responsiveness were found, which were
scarcely represented or absent in SlANT1 and in the potato AN1
and CAI TFs promoters, thus suggesting that this eggplant TF
might sense hormone signaling and mediate phenylpropanoids
production as an active response to abiotic and biotic stresses
(Croteau et al., 2000; Gális et al., 2006). Moreover, the presence
of additional and distinctive elements involved in the response
to phosphate/sugar starvation, phytochrome/plastid regulation,
sporamine formation and cell proliferation and growth gives an
indication that the activation of this TF is induced by different
factors than the other TFs and that it may play various and
different physiological roles in eggplant.

The functional role of SmMyb1 in phenylpropanoid
biosynthesis regulation was further tested by transient
overexpression in N. benthamiana leaves. It is known that
sequence variability at the conserved C-terminal region of
PhAN2-like, as well as C1 from maize, is tolerated without
affecting protein functionality, while mutation or nucleotide
variation determining premature stop codon results in a
complete loss of activity (Goff et al., 1992; Quattrocchio
et al., 1999). However, the function of this domain has not
been elucidated so far. To address this point, we performed
functional analysis of a SmMyb1 C-terminal truncated form.
Opposite to SmMyb1�9 and empty vector-transformed leaves,
SmMyb1 over-expression determined a red pigmentation of
tobacco leaves, which normally accumulate very low amounts of
anthocyanins. The red leaf phenotype correlated both with a high
expression level of the late anthocyanin biosynthetic gene DFR
and with a higher content of the D3R pigment. Additionally, the
normal phenotype of the tobacco leaves carrying the MYBTF
truncated form was consistent with the lower expression of
the DFR gene and with a barely detectable D3R content. These
results confirmed that anthocyanin regulation by SmMyb1
proceeds thorough the activation of DFR transcription, as it was
shown for SlANT1 and SlAN2 (Kiferle et al., 2015). Interestingly,
SmMyb1 and SmMyb1�9 transformed leaves also showed higher
expression of CHS, HQT, and ANS, along with a doubled content
of CGA. These results suggest that, similarly to StAN1, SmMyb1
may have a direct involvement in CGA biosynthesis and that
a deletion at the C-terminal determines a loss of activity on
anthocyanin biosynthesis. Therefore, we may speculate that the
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C-terminal domain in SmMYB1 is essential for transcriptional
activation of anthocyanin genes, though its regulative function
on the production of other metabolites, like CGA, is not
compromised by the mutation.

Remarkably, we found a high accumulation of HSC70-2 like
and TT8 in both anthocyanic and non-anthocyanic eggplant
tissues, thus suggesting that these anthocyanin-related genes
(Barchi et al., 2011) are not the limiting factor for anthocyanin
accumulation, but require parallel MYBs expression to promote
their synthesis via the MBW complex in S. melongena flower and
fruit skin.

Two-hybrid interaction indicated that the SmMyb1 and its
truncated form are both able to interact with a heterologous
bHLH, but results of the transient overexpression of SmMyb1
without bHLH suggests that the eggplant TF is able to recruit
a tobacco endogenous partner (Quattrocchio et al., 1998;
Pattanaik et al., 2010). Moreover, these results indicate that
the SmMyb1 TF alone is sufficient to trigger anthocyanin
accumulation

CONCLUSION

We have improved our knowledge on the behavior of
phenylpropanoid genes in eggplant, and demonstrated the
role of SmMyb1 in controlling both anthocyanin and CGA
synthesis in S. melongena tissues. Besides, for the first time,
we propose a functional role of the C-terminal domain of
this TF. Our results may thus contribute at facilitating and
improving the design of targeted breeding strategies and
metabolic engineering approaches to increase accumulation

of specific antioxidant and color-related phenolics in target
species.
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Solanum lycopersicum represents an important dietary source of bioactive compounds
including the antioxidants flavonoids and phenolic acids. We previously identified two
genotypes (IL7-3 and IL12-4) carrying loci from the wild species Solanum pennellii,
which increased antioxidants in the fruit. Successively, these lines were crossed and
two genotypes carrying both introgressions at the homozygous condition (DHO88
and DHO88-SL) were selected. The amount of total antioxidant compounds was
increased in DHOs compared to both ILs and the control genotype M82. In order to
understand the genetic mechanisms underlying the positive interaction between the
two wild regions pyramided in DHO genotypes, detailed analyses of the metabolites
accumulated in the fruit were carried out by colorimetric methods and LC/MS/MS.
These analyses evidenced a lower content of flavonoids in DHOs and in ILs, compared
to M82. By contrast, in the DHOs the relative content of phenolic acids increased,
particularly the fraction of hexoses, thus evidencing a redirection of the phenylpropanoid
flux toward the biosynthesis of phenolic acid glycosides in these genotypes. In
addition, the line DHO88 exhibited a lower content of free phenolic acids compared
to M82. Interestingly, the two DHOs analyzed differ in the size of the wild region on
chromosome 12. Genes mapping in the introgression regions were further investigated.
Several genes of the phenylpropanoid biosynthetic pathway were identified, such as
one 4-coumarate:CoA ligase and two UDP-glycosyltransferases in the region 12-4
and one chalcone isomerase and one UDP-glycosyltransferase in the region 7-3.
Transcriptomic analyses demonstrated a different expression of the detected genes in
the ILs and in the DHOs compared to M82. These analyses, combined with biochemical
analyses, suggested a central role of the 4-coumarate:CoA ligase in redirecting the
phenylpropanoid pathways toward the biosynthesis of phenolic acids in the pyramided
lines. Moreover, analyses here carried out suggest the presence in the introgression
regions of novel regulatory proteins, such as one Myb4 detected on chromosome 7 and
one bHLH detected in chromosome 12. Overall our data indicate that structural and
regulatory genes identified in this study might have a key role for the manipulation of the
phenylpropanoid metabolic pathway in tomato fruit.
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INTRODUCTION

Tomato (Solanum lycopersicum) is the second most consumed
vegetable in the world; indeed, tomato consumption reaches 40–
45 kg pro capita per year in several European countries (FAO
database). Consumption of tomato fruits is associated with a
reduced risk of some types of cancer and of several chronic non-
communicable diseases (CNCDs), such as diabetes, hypertension,
and obesity (Raiola et al., 2014). These health benefits are
mainly attributed to the occurring of hydrophilic and lipophilic
phytochemicals (polyphenols, ascorbic acid, carotenoids, and
tocopherols) in the fruits. Among these, polyphenols are very
active compounds that in humans are able to reduce DNA
oxidation and to control inflammation and cell proliferation and
differentiation (Lodovici et al., 2001; Visioli et al., 2011). In plants
these secondary metabolites are implicated in UV-B tolerance,
plant response toward biotic and abiotic stimuli, growth control
and developmental processes (Vogt, 2010; Tohge et al., 2015).
In the first step of the general phenylpropanoid biosynthetic
pathway, the phenylalanine is deaminated by the enzyme PAL
(phenylalanine ammonia lyase) to form cinnamic acid that is
then hydroxylated to generate coumaric acid (Figure 1). The
enzyme 4-coumarate:CoA ligase (4CL) catalyzes the last step of
the general phenylpropanoid pathway. The enzyme 4CL converts
coumaric acid and other substituted cinnamic acids (caffeic,
ferulic, and sinapic acids) into corresponding CoA esters that
are then used for the biosynthesis of flavonoids, isoflavonoids,
lignins, coumarins, and other phenolics (Alberstein et al., 2012;
Sun et al., 2013; Li et al., 2015; Pandey et al., 2015). It is thought
that the substrate specificity of 4CL determines the direction of
the metabolic flux in the downstream reactions (Alberstein et al.,
2012). In tomato, flavonoids are located mostly in the skin and are
involved in the pigmentation and aroma of the fruit; they include
naringenin, quercetin, rutin, kampferol, and catechin and show a
protective action against intestinal inflammation and rheumatoid
arthritis (Kauss et al., 2008; González et al., 2011; Raiola et al.,
2014). Phenolic acids are responsible for the astringent taste
of tomato fruits and consist mainly of gallic, chlorogenic,
and ferulic acids (Moco et al., 2007). Hydroxycinnamates,
due to their antioxidant capacity, have important beneficial
health effects: they can limit LDL (low-density lipid) oxidation,
prevent carcinogenesis and are potential therapeutic agents for
neurodegenerative diseases, such as Alzheimer and Parkinson
and for the prevention of cardiovascular disease and diabetes
(Niggeweg et al., 2004; Calvenzani et al., 2015; Tohge et al., 2015).

The cultivated tomato varieties generally do not contain high
amounts of phenolic compounds in the fruit (Tohge et al., 2015).
This is also due to tomato domestication that resulted in the loss
of about 95% of the chemical diversity of wild relatives (Perez-
Fons et al., 2014). For example, domestication in S. lycopersicum
has led to poor tasting tomatoes also due to reduced formation
of volatile compounds (Bolger et al., 2014). Several strategies
have been previously used to increase the content of antioxidants
in tomato fruits. One strategy considers screening wild genetic
resources for quality traits, such as antioxidant content, that
could be introduced into modern varieties (Gur and Zamir,
2004; Schauer et al., 2006). Around 20 years ago nearly isogenic

lines were generated to effectively reintroduce unused genetic
variation from wild species into cultivated varieties and to
facilitate the mapping of traits originating from wild donors (Gur
and Zamir, 2015). Introgression lines (ILs) include single marker-
defined introgressed genomic regions from the wild species into
the genomic background of the cultivated variety S. lycopersicum
(M82). Solanum pennellii ILs were produced and were used to
map several QTLs associated with traits related to tomato fruit
quality (Eshed and Zamir, 1995; Rousseaux et al., 2005). We
previously identified two introgression lines (IL7-3 and IL12-4)
carrying loci from the wild species S. pennellii that increase
antioxidants in the fruit (Sacco et al., 2013). Successively, these
lines were crossed and genotypes carrying both introgressions at
the homozygous condition were selected (Rigano et al., 2014).
When we examined their nutritional quality we found that the
amount of total antioxidant compounds was increased in the
pyramided lines compared to the parental lines and the cultivated
control genotype M82. Additional metabolic analyses revealed
significant increase of total polyphenols in the pyramided lines
compared to the parental lines and to M82 and a concomitant
reduction of flavonoids (Rigano et al., 2014). In this study,
two pyramided lines with a different S. pennellii introgression
region in chromosome 12 were selected and analyzed in order
to better investigate the genetic mechanisms underlying the
interaction between the two wild regions. The integration of
genomic, transcriptomic, metabolic and biochemical analyses
was carried out and allowed us to define the role of different wild
S. pennellii genes in redirecting the phenylpropanoid pathways
toward the biosynthesis of phenolic acids in the pyramided
lines.

MATERIALS AND METHODS

Chemical and Reagents
Phenylalanine, cinnamic, ferulic, caffeic, p-coumaric, chlorogenic
and gallic acids, rutin, and quercetin standard were purchased
from Sigma (Italy), naringenin from Aldrich (Italy), naringenin-
7-O-glucoside from Infodine (USA). Methanol, formic acid,
and water HPLC grade were obtained from Merck (Darmstadt,
Germany). Deionized water was obtained from a Milli-Q
water purification system (Millipore, Bedford, MA, USA).
Chromatographic solvents were degassed for 20 min using a
Branson 5200 (Branson Ultrasonic, Corp., USA) ultrasonic bath.

Plant Material and Growth Conditions
Seeds from IL12-4 (LA4102), IL7-3 (LA4066) and their parental
line M82 (LA3475) were kindly provided by the Tomato Genetics
Resource Centre (TGRC)1. Genotypes DHO88 and DHO88-
SL were selected from F2 genotypes previously obtained by
intercrossing IL12-4 and IL7-3 (Sacco et al., 2013). The F2
genotypes were selfed for two generations and then screened
by species-specific markers. During the years 2014 and 2015,
the double-homozygous plants of the F4 progenies and their
parents were grown in an experimental field located in Acerra

1http://tgrc.ucdavis.edu/
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FIGURE 1 | Schematic overview of the phenylpropanoid pathway in tomato. PAL, phenylalanine-ammonia-lyase; C4H, cinnamate 4-hydroxylase; 4CL,
4-coumarate:CoA ligase; HCT, cinnamoyl-CoA shikimate/quinate transferase; C3H, p-coumaroyl ester 3-hydroxylase; HQT, hydroxycinnamoyl-CoA quinate
transferase; CHS, chalcone synthase; CHI, chalcone isomerase; F3H, flavanone-3-hydroxylase; F3′H, flavonoid-3′-hydroxylase; FLS, flavonol synthase; 3GT,
flavonoid-3-O-glucosyltransferase; RT, flavonoid 3-O-glucoside-rhamnosyltransferase; F3′5′H, flavonoid-3′-5′-hydroxylase; DFR, dihydroflavonol reductase; ANS,
anthocyanidin synthase; AAC, anthocyanin acyltransferase; 5GT, flavonoid 5-glucosyltransferase.

(Naples, Italy), according to a completely randomized design
with three replicates (10 plants/replicate). The physico-chemical
properties of the soil have been reported in Supplementary
Table S1. Seeds were first germinated in Petri dishes on water-
soaked filter paper and subsequently transferred in peat on a
seed tray and incubated in a growth chamber at 22◦C and
16 h/8 h light/dark. Plants were transplanted at the four leaf-
stage. Before transplanting urea phosphate fertilizer (40 kg ha−1)
was applied to the soil. Tillage treatments included plowing
followed by one or two milling. Successively, weeding and
ridging were carried out. Plants were irrigated as required
(2–3 times per week in absence of rain). Recommended levels
of N (190 kg ha−1), P (25 kg ha−1), and K (20 kg ha−1) were
applied during cultivation via fertirrigation. During the growing
season, the insecticides and fungicides were applied according
to general local practices and recommendations. In the two
growing seasons we recorded temperatures and precipitation
in the seasonal media for the Campania region, even though
in 2014 rainfall was slightly heavier than in 2015, whereas in
the latter year the temperatures where slightly higher than in
2014.

Samples of about 20 full mature red fruits per plot were
collected. Tomato fruits were chopped, ground in liquid nitrogen
in a blender (FRI150, Fimar) to a fine powder, and kept at−80◦C

until the subsequent metabolic, molecular, and enzymatic
analyses were performed.

Chemical Extractions
For the metabolic analyses, each sample consisted of 20-pooled
fruits per plot. The extraction of the polyphenolic fraction
was carried out according to the procedure reported by Choi
et al. (2011) with some changes. Briefly, frozen tomato powder
(3 g) was weighed, placed into a 50 ml Falcon tube, and
extracted with 15 ml of 70% methanol into an ultrasonic
bath (Branson 5200, Ultrasonic, Corp.) for 30 min at 30◦C.
The mixture was centrifuged at 20000 g for 10 min at 4◦C,
and the supernatant was collected, while the pellet was re-
extracted for the second time as previously described. An
aliquot (500 µl) of the methanolic extract was stored at −20◦C
until further analyses, while 25 ml of extract were dried by
rotary evaporator (Buchi R-210, Milan, Italy) at 30◦C for
10 min and dissolved in 70% methanol (2 ml). Then, the
extract was transferred in a glass tube and was further dried
by using a SpeedVac (Thermo Scientific, Savant, SPD131DDA
SpeedVac Concentrator, Waltham, MA, USA). The dried extract
was dissolved in 70% methanol (500 µl) obtaining a final
concentration of 5 g fresh weight (FW)/ml. The extract was
passed through a 0.45 µm Millipore nylon filter (Merck Millipore,
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Bedford, MA, USA) and stored at −20◦C until LC/MS/MS
analysis.

Total Flavonoids
Total flavonoids were quantified by the aluminum chloride
colorimetric test reported by Marinova et al. (2005) with slight
modifications. An aliquot (500 µl) of methanolic extract (see
Chemical Extractions) was added to 5% NaNO2 (30 µl) and,
after an incubation of 5 min, 10% AlCl3 (30 µl) was added.
After 6 min 1 M NaOH (200 µl) and H2O (240 µl) were added
and the absorbance of the resulting solution was measured at
510 nm. Total flavonoids content was expressed as mg quercetin
equivalent (QE)/100 g FW. Three biological replicates and three
technical assays for each biological repetition were analyzed.

LC/MS/MS Analysis of Polyphenols
Chromatographic separation was performed using an
HPLC apparatus equipped with two Micropumps Series
200 (PerkinElmer, Shellton, CT, USA), a UV/VIS series 200
detector (PerkinElmer, Shellton, CT, USA) set at 330 nm and a
Prodigy ODS3 100 Å column (250 mm × 4.6 mm, particle size
5 µ; Phenomenex, CA, USA).

The eluents were: A water 0.2% formic acid; B aceto-
nitrile/methanol (60:40, v/v). The gradient program was as
follows: 20–30% B (6 min), 30–40% B (10 min), 40–50% B
(8 min), 50–90% B (8 min), 90–90% B (3 min), 90–20% B
(3 min) at a constant flow of 0.8 ml/min. The LC flow was split
and 0.2 ml/min was sent to the mass spectrometry. Injection
volume was 20 µl. Mass spectrometer analyses were performed
on an API 3000 triple quadrupole (Applied Biosystems, Canada)
equipped with a TurboIonSpray source working in the negative
ion mode. The analyses were performed in MRM (multiple
reaction monitoring), using the following settings: drying gas
(air) was heated to 400◦C, capillary voltage (IS) was set to 4000 V.
The MS/MS characteristics of phenolic compounds identified
in extracts are reported in Supplementary Table S2. Example
of a chromatogram of phenolic compounds in M82 detected at
330 nm is reported in Supplementary Figure S1.

The compounds were identified comparing retention times
and MS/MS fragments with standards data. Identification of
compounds that were not available as standards was obtained
comparing their MS and MS/MS spectra with the literature data
(Moco et al., 2006; Vallverdú-Queralt et al., 2011).

Molecular Marker Analyses
In order to define the wild region size of the DHO lines,
polymorphic markers previously selected in our laboratory and
spanning the introgression regions 7-3 and 12-4 were used
(Ruggieri et al., 2015; Calafiore et al., 2016). Total genomic
DNA was extracted from leaves using the PureLinkTM Genomic
DNA Kit (Invitrogen). PCR DNA amplification was carried out
in 50 µl reaction volume containing 50 ng DNA, 1X reaction
buffer, 0.2 mM each dNTP, 1.0 mM primer and 1.25 U GoTaq
polymerase (Promega). The restriction endonuclease reaction
was performed in 50 µl of reaction volume containing 20 µl
PCR product, 5 µl 10X reaction buffer and 1 µl of the selected

restriction enzyme (10 u/ml). Digested fragments were separated
by electrophoresis on 2% agarose gel in 1X TAE buffer.

Identification and Expression of
Candidate Genes
The search for candidate genes (CG) mapping in the regions 7-
3 and 12-4 of chromosomes 7 and 12 and potentially associated
with phenolics metabolism was conducted by exploring the
annotations and the Gene Ontology terms of genes included
in the two regions. The number of CGs was then reduced
by selecting only those expressed in the fruit at different
developmental stages in the reference cv. Heinz, as reported in the
Tomato Functional Genomic Database (TED2). RNA-Seq data
from the red fruit of S. pennellii ILs and of S. lycopersicum cv.
M82 were also retrieved from the TED.

The expression of CGs in the ILs fruit compared to that
in M82 was verified by Real-Time PCR amplification. Total
RNA was isolated from tomato fruit of lines M82, IL7-3,
IL12-4, DHO88, and DHO88-SL by using the TRIzol R© reagent
(Invitrogen, Carlsbad, CA, USA) and treated with RNase-
free DNase (Invitrogen, Carlsbad, CA, USA; Madison, WI,
USA) according to the method reported by the manufacturer
(Invitrogen). Total RNA (1 µg) was treated by the Transcriptor
High Fidelity cDNA Synthesis Kit (Roche) and cDNA was stored
at−20◦C until RT-PCR analysis. For each RT-PCR reaction, 1 µl
of cDNA diluted 1:10 was mixed with 12.5 µl SYBR Green PCR
master mix (Applied) and 5 pmol each of forward and reverse
primers (Supplementary Table S3) in a final volume of 25 µl. The
reaction was carried out by using the 7900HT Fast-Real Time
PCR System (Applied Biosystems). The amplification program
was carried out according to the following steps: 2 min at 50◦C,
10 min at 95◦C, 0.15 min at 95◦C and 60◦C for 1 min for 40 cycles.
In order to verify the amplification specificity, the amplification
program was followed by the thermal denaturing step (0.15 min
at 95◦C, 0.15 min at 60◦C, 0.15 min at 95◦C) to generate the
dissociation curves. All reactions were run in triplicate for each
of the three biological replicates and a housekeeping gene coding
for the elongation factor 1-alpha (Ef 1- α – Solyc06g005060) was
used as reference gene (Calafiore et al., 2016). The expression
levels relative to the reference gene were calculated using the
formula 2−1CT , where 1CT = (CT RNAtarget – CT reference RNA)
(Schmittgen et al., 2004). Comparison of RNA expression was
based on a comparative CT method (1CT) and the relative
expression was quantified and expressed according to log2RQ,
where RQ was calculated as 2−11CT and where 1CT = (CT
RNAtarget – CT reference RNA) – (CT calibrator – CT reference RNA)
(Winer et al., 1999; Livak and Schmittgen, 2001). M82 was
selected as calibrator. Quantitative results were expressed as the
mean value± SE.

Phylogenetic Analysis
All known and reported 4CL and UDP-glycosyltransferase
protein-coding sequences were retrieved from the National
Center for Biotechnology Information (NCBI). In total, 34
4CL protein sequences and 38 UDP-glycosyltransferases from

2www.ted.bti.cornell.edu
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several dicots and monocots species were collected and accession
numbers are reported in Supplementary Table S4. The 4CL and
UDP amino acid alignments were performed using ClustalW
implemented in MEGA 6 (Tamura et al., 2013) and non-
rooted phylogenetic trees were constructed using the Maximum
Likelihood method and the Jones-Taylor-Thornton (JTT) model
using default parameters. Initial trees for the heuristic search were
obtained by applying the Neighbor-Joining method to a matrix
of pairwise distances estimated using a JTT model. All positions
containing gaps and missing data were eliminated. Bootstrap-
supported consensus trees were inferred from 500 replicates.
Branches with <50% bootstrap support were collapsed.

Enzymatic Assays
Enzyme extractions were performed at 4◦C following the
method described in Weitzel and Petersen (2010) with slight
modifications. Tomato frozen powder (0.3 g) was ground with
0.1 M potassium phosphate buffer pH 7.5 containing 1 mM DTT,
0.1 mM EDTA, 5 mM ascorbic acid, 1 mM PMSF, 0.15% w/v PVP.
Then the homogenate was centrifuged at 12000 g for 20 min at
4◦C and the supernatant was used as a source of crude enzymes
for assaying PAL and 4CL activities. Protein concentration was
evaluated by the method of Bradford (1976).

Phenylalanine ammonia lyase activity was determined
spectrophotometrically. The reaction mixture contained 50 mM
Tris-HCl buffer pH 8.9, 3.6 mM NaCl, 10 mM phenylalanine
and 50 µl protein extract. The reaction was incubated at 37◦C
for 1 h and stopped by adding 150 µl 6 M HCl. The tubes were
centrifuged for 10 min at 12000 g. The absorbance was read at
290 nm using as control a reaction without phenylalanine. The
rate of appearance of cinnamic acid was taken as a measure of
enzyme activity using an increase of 0.01 A290 equal to 3.09 nmol
of cinnamic acid formed (Saunders and McClure, 1975).

4CL enzyme activity was measured spectrophotometrically.
The reaction mixture contained 0.1 M potassium phosphate
buffer, pH 7.5, 2.5 mM ATP, 2.5 mM MgCl2, 1 mM DTT,
50 µl protein preparation and 0.5 mM substrate. The reaction
was started by the addition of 0.3 mM CoA and incubated for
1 h at 40◦C. The formation of the respective CoA thioesters
was measured at different path length depending on the used
substrate: 311 nm (cinnamic acid), 333 nm (4-coumaric acid),
346 nm (caffeic acid), and 345 nm (ferulic acid). The extinction
coefficient of these esters was used to calculate enzyme activity
(Lee et al., 1997; Chen et al., 2006).

Statistical Analyses
In Real-time q-PCR analyses, differences of expression of CGs
among samples were determined by using SPSS (Statistical
Package for Social Sciences) Package 6, version 15.0. Significant
different expression levels were determined by comparing the
genotypes through a Student’s t-test at a significance level of 0.05.
In metabolic analyses, quantitative results were expressed as the
mean value ± SD. Differences among analyzed genotypes were
determined by using SPSS (Statistical Package for Social Sciences)
Package 6, version 15.0 (SSPS, Inc., Chicago, IL, USA). Significant
different metabolite levels were determined by comparing mean
values through a factorial analysis of variance (ANOVA) with

Duncan post hoc test at a significance level of 0.05. Enzymatic
data were subjected to ANOVA statistical analyses and means
were compared using the Tukey HSD test (p ≤ 0.05) by using
SigmaPlot software.

The percentage of variations of quantitative parameters
compared to M82 was calculated by using the following formula:

Increase or Decrease (%) =[
value of tested genotype− value of M82

value of M82

]
∗ 100.

RESULTS

Phenolic Compounds in Introgression
and Pyramided Lines
Metabolic analyses were performed on mature red fruits of the
cultivated genotype M82, of the ILs 7-3 and 12-4 and of two
selected pyramided lines (DHO88 and DHO88-SL) obtained
by crossing the two introgression lines (IL7-3 × IL12-4). The
cultivated genotype M82 contained a mean concentration of
flavonoids of 19.70 ± 2.74 mg/100 g FW that was reduced
by 40.2% in IL7-3 and by 25.1% in IL12-4 (Figure 2).
A significant decrease of total flavonoids in the pyramided
genotypes compared to the cultivated genotype M82 was also
recorded and was comparable to that calculated in the parental
lines IL7-3 and IL12-4.

Results from LC/MS/MS analysis of polyphenols are reported
in Supplementary Table S5 and Figure 3. Data showed that
chlorogenic acid, coumaric acid hexose, caffeic acid hexose,
rutin, naringenin glucoside, and chalconaringenin were the
main polyphenols present in all the samples. Considering the
parental lines, the amount of chlorogenic acid, the most abundant
compound among free phenolic acids in the analyzed lines,

FIGURE 2 | Content of total flavonoids calculated in red ripe fruits of
M82, IL7-3, IL12-4, DHO88, and DHO88-SL. Total flavonoids are expressed
as mg QE/100 g FW. Values are mean ± SD. Values with different letters are
significantly different (p < 0.05).
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FIGURE 3 | Phenolic compounds amount (mg/100 g FW) calculated in red ripe fruits from M82, IL7-3, IL12-4, DHO88, and DHO88-SL quantified by
LC/MS/MS: (A) chlorogenic acid; (B) coumaric acid hexose; (C) caffeic acid hexose; (D) rutin; (E) naringenin glucoside; (F) chalconaringenin. Values
are mean ± SD. Values with different letters are significantly different (p < 0.05).

significantly decreased both in IL7-3 (−43.6%), and in IL12-
4 (−40.5%) compared to M82. A decrease of caffeic acid
in IL12-4 (−31.25%) compared to M82 was also detected
(Supplementary Table S5). Regarding the fraction of hexoses, the
amount of coumaric acid hexose decreased in IL12-4 compared
to M82, while the concentrations of caffeic acid hexose were
comparable in both the ILs and in M82. The amount of detected
flavonoids was significantly different in the genotypes analyzed.
In particular, the compound rutin decreased of 43.5% in IL12-4
compared to M82. A significant decrease of naringenin glucoside
and of chalconaringenin was detected both in IL7-3 and in IL12-4
compared to M82.

As for the pyramided lines, the amount of chlorogenic
acid exhibited a significant decrease (−41.5%) only in DHO88
compared to M82. By contrast, this acid significantly increased
in DHO88-SL compared to the ILs and to the pyramided
line DHO88. As for the content of caffeic acid, no significant
differences were detected in DHO88 compared to M82, whereas
a significant increase was found in DHO88-SL compared to
the cultivated line and to the parental lines. Both coumaric
acid hexose and caffeic acid hexose were significantly higher in
DHO88 and DHO88-SL than in M82 and in the ILs. Overall, in
the DHO lines the content of phenolic acids increased compared
to the parental line IL7-3 and IL12-4, above all the fraction of
hexoses.

As for the flavonoids, the amount of rutin detected in
DHO88 was comparable to that found in M82 and IL7-3.
In contrast, in DHO88-SL it decreased compared to M82
and was comparable to the amount recorded in IL12-4.

Lower levels of naringenin glucoside and chalconaringenin
were found in both the pyramided lines compared to
M82. The amount of chalconaringenin detected in the
pyramided lines was comparable to the amount found in
the ILs.

Genomic Characterization of DHO Lines
In order to understand which genetic mechanisms might
explain the interactions between the two wild S. pennellii
regions pyramided in DHO genotypes in influencing the
phenylpropanoid metabolism, the introgression regions borders
were precisely defined by using molecular markers reported in
Ruggieri et al. (2015) and Calafiore et al. (2016) (Table 1).
In both genotypes DHO88 and DHO88-SL the wild region
7-3 stretches from marker N27 to marker N17, spanning the
same 6.6 Mbp region of IL7-3. By contrast, the wild region
of chromosome 12 has different size in DHO88 and DHO88-
SL. In particular, in DHO88 this stretches from marker M1
to marker M18, whereas from marker M10 to marker M18 in
the line DHO88-SL, thus reducing in the latter the S. pennellii
genome to 2.1 Mbp. Consequently, the number of wild alleles
at potential CGs for phenylpropanoid accumulation varied in
the two lines. Out of 725 genes mapping in the region 7-3
(Calafiore et al., 2016), four CGs involved in the flavonoid
biosynthetic pathway were identified, that are Solyc07g062030
annotated as a chalcone-flavonone isomerase (CHI) and three
genes coding for UDP-glucosyltranferase (UGT). Out of 480
genes mapping in the region 12-4 (Ruggieri et al., 2015),
DHO88 line shares with IL12-4 the same wild alleles for 14
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TABLE 1 | Candidate genes mapping in the introgressed regions 7-3 and 12-4.

Candidate gene Gene identifier
(Solyc ID)

Gene position
(release SL2.50) bp

Expression
level (RPKM)

Chromosome 7

N27

Myb family transcription factor-like Solyc07g049640 59978797–59979255 0.00

Myb-related transcription factor Solyc07g052300 60797135–60800394 0.00

Myb family transcription factor Solyc07g052490 61003154–61004234 0.00

Glycosyltransferase-like protein Solyc07g052630 61096621–61100859 0.00

Glycosyltransferase-like protein Solyc07g052650 61109726–61111909 0.00

Transcription factor (Fragment) Solyc07g052670 61115970–61120548 0.55

bHLH transcription factor-like Solyc07g052930 61324832–61326734 0.30

Myb like-4 Solyc07g053230 61699380–61700488 1.97

Myb like-4 Solyc07g053240 61710088–61711189 0.18

Myb like Solyc07g053630 62062717–62066811 0.00

Myb transcription factor Solyc07g054840 63019149–63020392 0.00

Myb-related transcription factor Solyc07g054960 63121625–63123021 0.00

Myb-related transcription factor Solyc07g054980 63133145–63137020 0.00

Myb like-4 Solyc07g055000 63145852–63147956 0.36

Glycosyltransferase Solyc07g055930 63851843–63858435 38.33

Myb transcription factor Solyc07g056120 63983586–63986633 5.06

Chalcone–flavonone isomerase Solyc07g062030 64874570–64877582 6.41

Transcription factor bHLH126 Solyc07g062200 64999668–65002971 0.00

N17

Chromosome 12

M1

4-Coumarate-CoA ligase Solyc12g094520 64739117–64737891 26.05

M10

UDP-glucosyltransferase family 1 protein Solyc12g096080 65151226–65150412 0.00

N-hydroxycinnamoyl/benzoyltransferase 5 Solyc12g096250 65264285–65263439 0.06

Hydroxycinnamoyl CoA quinate transferase Solyc12g096770 65547985–65549310 0.00

Hydroxycinnamoyl CoA quinate transferase Solyc12g096790 65568543–65567197 0.00

Hydroxycinnamoyl CoA quinate transferase Solyc12g096800 65570588–65569209 0.00

UDP-glucosyltransferase family 1 protein Solyc12g096820 65586813–65587528 0.25

UDP-glucosyltransferase family 1 protein Solyc12g096830 65589413–65590134 8.56

N-acetyltransferase Solyc12g096840 65599970–65599549 0.00

UDP-glucosyltransferase 1 Solyc12g096870 65622881–65624341 0.10

Chalcone synthase Solyc12g098090 65743943–65744925 0.00

UDP-glucosyltransferase family 1 protein Solyc12g098580 66045023–66043754 1.02

UDP-glucosyltransferase family 1 protein Solyc12g098590 66047542–66048121 0.00

UDP-glucosyltransferase family 1 protein Solyc12g098600 66049474–66050865 0.00

bHLH Solyc12g098620 66065713–66066266 5.95

WD-repeat protein-like Solyc12g098690 66118366–66118781 36.47

Myb transcription factor Solyc12g099120 66392195–66392661 0.15

Myb transcription factor Solyc12g099130 66395992–66396421 0.38

Myb transcription factor Solyc12g099140 66404232–66404530 0.56

M18

For each Solyc the position on the chromosome is reported in bp. RPKM: expression values as those reported in the Tomato Functional Genomic Database.

CGs involved in the phenylpropanoid metabolism, that are one
4-coumarate:CoA ligase (4CL), seven UDP-glucosyltransferase,
three hydroxycinnamoyl-CoA quinate transferase (HCT), one
N-hydroxycinnamoyl/benzoyltransferase, one N-acetyltransferase,
and one chalcone synthase. Due to its reduced introgression
region size, line DHO88-SL included wild alleles for 13 CGs,

the most consistent difference between DHO88 and DHO88-
SL being the lack of the 4-coumarate:CoA ligase wild allele in
line DHO88SL. Interestingly, all the genes for the biosynthesis
of flavonoids were located in the lower part of the introgressed
region 12-4. In addition, several transcription factors (TFs),
such as the TFs Myb, WD-40 and bHLH, were identified in
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FIGURE 4 | Real-time qPCR analysis of expression of the CGs mapping in the introgressed region 7-3 in the fruit of IL7-3, IL12-4, DHO88, and
DHO88-SL. The expression levels of (A) Solyc07g062030 (CHI); (B) Solyc07g055930 (UGT); (C) Solyc07g053230 (Myb 4-like); (D) Solyc07g056120 (Myb) are
reported in comparison to those observed in M82. Asterisks indicate statistically significant differences of each genotype compared to M82 (∗∗p < 0.01,
∗∗∗p < 0.001).

both introgressed regions. Among the identified TFs, three Myb
like-4 mapped in the introgressed region 7-3. Myb4 TFs are
known to be able to negatively regulate the expression of several
genes of the phenylpropanoids pathway such as cinnamate 4-
hydrolase and dihydroflavonol 4-reductase (Preston et al., 2004).
Out of the 37 CGs and TFs identified in the introgressed
regions 7-3 and 12-4, 28 genes are not expressed in tomato
fruit, as reported in the Tomato Functional Genomics Database
(Table 1). These genes were eliminated from subsequent
analyses.

Expression Variability of Selected
Candidate Genes
We studied the modulation in expression of nine selected CGs
in ripe fruits of M82, ILs and pyramided lines DHO88 and
DHO88-SL through real-time q-PCR. As for the introgressed
region 7-3, we analyzed the expression of two selected genes
involved in the biosynthetic pathways and of two genes coding
for TFs (Figure 4). The gene coding for one chalcone isomerase
(CHI – Solyc07g062030) demonstrated a higher expression
only in the lines DHO88 and DHO88-SL compared to

M82. A drop in the expression of the gene coding for
one UDP-glucosyltransferase (UGT- Solyc07g055930) was
demonstrated in all the genotypes tested compared to
M82. The expression of the gene coding for the TF Myb4-
like Solyc07g053230 was higher in IL7-3 and in the two
pyramided lines compared to M82. Finally, the gene coding
for the Myb Solyc07g056120 showed a lower expression
level in IL7-3 and in the two pyramided lines compared to
M82.

As for genes mapping on the introgressed region 12-4
(Figure 5), the gene Solyc12g094520 coding for one 4-
coumarate:CoA ligase and located in the upper part of the
introgression region 12-4 displayed lower mRNA levels in ripe
fruits of IL12-4 and DHO88 compared to M82. The expression of
the gene Solyc12g096830 coding for one UDP-glucosyltransferase
(UGT) did not change in the lines here tested (data not shown).
A drop in expression of the gene Solyc12g098580 coding for
another UDP-glucosyltransferase family 1 (UGT) protein and
located in the lower part of the introgressed region 12-4 was
instead recorded in IL12-4 and in both the pyramided lines.
Interestingly, a down-regulation of the gene Solyc12g098620
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FIGURE 5 | Real-time qPCR analysis of expression of the CGs mapping in the introgressed region 12-4 in the fruit of IL7-3, IL12-4, DHO88, and
DHO88-SL. The expression levels of (A) Solyc12g094520 (4CL); (B) Solyc12g098580 (UGT); (C) Solyc12g098620 (bHLH); (D) Solyc12g098690 (WD40) are
reported in comparison to those observed in M82. Asterisks indicate statistically significant differences of each genotype compared to M82 (∗∗∗p < 0.001).

coding for one bHLH protein and of the gene Solyc12g098690
coding for one WD40 protein was recorded in IL12-4 and in both
pyramided lines. A lower expression of the gene Solyc12g098690
was recorded also in the introgression line IL7-3. Interestingly,
the genes coding for the TFs bHLH and WD40 were located next
to the gene Solyc12g098580 coding for one UGT.

Additionally, we tested the expression of two genes located
outside of the introgressed regions (Figure 6). We tested the
expression levels of the genes HQT (hydroxycinnamoyl-CoA
quinate hydroxycinnamoyl transferase) Solycg07g005760 that is
the central gene for the production of chlorogenic acid in
tomato fruit (Moglia et al., 2014). Indeed, this gene catalyzes
the formation of chlorogenic acid from caffeoyl CoA and quinic
acid (Niggeweg et al., 2004). We also analyzed the expression
levels of the gene Solyc01g079620 coding for the Myb12, a TF
that regulates the production of flavonones and in particular
of naringenin chalcone in tomato fruit (Ballester et al., 2010).
We demonstrated that the gene HQT was down-regulated in
IL7-3 and in IL12-4. A slightly higher expression for this gene
was detected in DHO88-SL compared to M82. A drop in the
expression of the gene coding for Myb12 was instead detected
in the red ripe fruit of all the genotypes here tested compared
to M82.

Phylogenetic Analyses of Candidate
Genes
Phylogenetic analyses were performed on the CGs 4CL and UGTs
identified in the introgressed regions 12-4 and 7-3. Since 4CL
converts 4-coumaric acid and other cinammic acids (such as
caffeic and ferulic acids) into corresponding CoA thiolesters then
used for the biosynthesis of flavonoids, lignins, isoflavonoids,
suberins, coumarins and wall-bound phenolics (Sun et al., 2013),
members of the 4CL family have overlapping yet distinct roles in
phenylpropanoid metabolism. A phylogenetic analysis of the 4CL
superfamily was carried out exploiting the amino acid sequences
of 34 4CL available from different plant species and allowed
to generate a Maximum Likelihood (ML) tree. As shown in
Figure 7 class I and class II clades (Alberstein et al., 2012; Li
et al., 2015) are distinctly defined, and Solyc12g094520 is closely
linked to other 4CLs of class I, which have been previously
associated with the biosynthesis of lignin and structurally related
phenylpropanoid derivatives (Docimo et al., 2013). Instead,
flavonoid biosynthesis has been mostly associated to Class II
enzymes (Alberstein et al., 2012; Li et al., 2015). Therefore, albeit
experimental studies are necessary for functional assignments,
this preliminary analysis suggested that the tomato 4CL encoded
by Solyc12g094520 could be mostly involved into channeling

Frontiers in Plant Science | www.frontiersin.org October 2016 | Volume 7 | Article 1484 | 186

http://www.frontiersin.org/Plant_Science/
http://www.frontiersin.org/
http://www.frontiersin.org/Plant_Science/archive


fpls-07-01484 October 1, 2016 Time: 18:32 # 10

Rigano et al. Phenylpropanoid Biosynthetic Pathway in Tomato

FIGURE 6 | Real-time qPCR analysis of expression of the genes HQT and Myb12 in the fruit of IL7-3, IL12-4, DHO88 and DHO88-SL. The expression
levels of (A) Solyc07g005760 (HQT) and (B) Solyc01g079620 (Myb12) are reported in comparison to those observed in M82. Asterisks indicate statistically
significant differences of each genotype compared to M82 (∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001).

FIGURE 7 | Phylogenetic Tree of 4CL proteins. The evolutionary history was inferred by using the Maximum Likelihood method based on the JTT matrix-based
model. The tree with the highest log likelihood (-10913.5091) is shown. Initial trees for the heuristic search were obtained by applying the Neighbor-Joining method
to a matrix of pairwise distances estimated using a JTT model. The analysis involved 34 amino acid sequences. All positions containing gaps and missing data were
eliminated. There were a total of 444 positions in the final dataset. Evolutionary analyses were conducted in MEGA6. Branches corresponding to partitions
reproduced in less than 50% bootstrap replicates are collapsed. The 4CL accession numbers are available in Supplementary Table S4.
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FIGURE 8 | Phylogenetic Tree of Flavonoid UGTs. The evolutionary history
was inferred by using the Maximum Likelihood method based on the JTT
matrix-based model. The tree with the highest log likelihood (-42146.3982) is
shown. Initial tree(s) for the heuristic search were obtained by applying the
Neighbor-Joining method to a matrix of pairwise distances estimated using a
JTT model. The analysis involved 38 amino acid sequences. All positions
containing gaps and missing data were eliminated. There were a total of 402
positions in the final dataset. Evolutionary analyses were conducted in
MEGA6. Branches corresponding to partitions reproduced in less than 50%
bootstrap replicates are collapsed. The UGT accession numbers are available
in Supplementary Table S4.

FIGURE 9 | Phenylalanine ammonia lyase (PAL) enzymatic activity in
tomato lines: M82, IL7-3, IL12-4 and pyramided lines DHO88 and
DHO88-SL. Values expressed as nmol/mg protein/min are reported as
mean ± SD of three biological replicates. Means denoted by the same letter
do not differ significantly at p ≤ 0.05 according to Tukey HSD test.

hydroxicinnamic acids into lignin synthesis rather than in
flavonoid formation.

It is also known that the transfer from nucleoside diphosphate-
activated sugars to aglycon substrates is catalyzed by glycosyl-
transferase enzymes; however, the substrate specificity of these
enzymes includes several class of molecules, such as flavonoids,

coumarins, terpenoids, and cyanohydrins (Shao et al., 2005).
Therefore, since several UDP-glycosyltransferases mapped into
the introgressed regions, we wanted to evaluate the relatedness
of the identified tomato glycosyltransferases to other UGTs with
different function. In order to predict a substrate specificity
for the identified tomato UGT enzymes, a phylogenetic tree
was constructed for Solyc07g055930, Solyc12g098580, and
Solyc12g09683 along with other characterized UGTs from other
plant families (Figure 8). The phylogenetic tree constructed on
39 UGT members highlighted the formation of four clusters. The
two tomato glycosyltransferases from chromosome 12 clustered
in the clade I, where mostly are grouped UGTs involved in
the 3-O- and 5-O-glycosilation of flavonoids, whereas clusters
II and III mostly include enzymes characterized by flavonoid
5-O-glycosyltransferase and flavonoid 7-O-glycosyltransferase
activity, respectively (Shao et al., 2005). Cluster III also
contains glycosyltransferases that are unrelated to flavonoid
biosynthesis and Cluster IV contains GTs that catalyze glycosyl
transfer to sugar moieties of flavonoid glycosides. In this latter
Cluster, the Solyc07g055930 was located more closely related
to SbB7GAT an UGT involved in 7-O-glucuronosylation of
baicalein in Scutellaria baicalensis and to PhA5GlcT, which
is responsible for 5-O-glycosilation of anthocyanin in Petunia
hybrida.

Enzyme Activity in Pyramided Lines
Finally, we investigated the early steps of phenylpropanoid
biosynthesis by measuring the enzymatic activities of PAL and
4CL enzymes in red ripe fruits of the tomato lines here analyzed.
These analyses were performed in order to understand whether
M82, the ILs and the pyramided lines showed a different ability
to produce CoA activated molecules. We demonstrated that PAL
activity was similar in M82, in IL7-3 and in the pyramided
lines (Figure 9), whereas in the line IL12-4 the amount of
cinnamoylCoA recorded was significantly lower than in M82.

In addition, we assayed 4CL enzyme activity using four
substrates: coumaric acid, ferulic acid, cinnamic acid, and caffeic
acid (Figure 10). Overall, highest 4CL enzyme activity was found
toward caffeic and ferulic acids, whereas a lower activity was
detected for cinnamic and coumaric acids. Interestingly, for all
the substrates, the 4CL enzyme activity recorded in IL7-3, IL12-
4 and DHO88 was lower than the activity recorded in M82.
On the contrary, the 4CL activity toward coumaric acid, ferulic
acid, cinnamic acid was similar in M82 and in DHO88-SL. Only
the 4CL activity toward caffeic acid was lower in DHO88-SL
compared to M82.

DISCUSSION

Wild species are important sources of novel alleles for improving
quality traits, such as antioxidant content, that could be
introgressed into modern varieties by using traditional and
innovative breeding approaches (Gur and Zamir, 2004, 2015;
Schauer et al., 2006). In this regard, the production of ILs from
wild species can help to facilitate the mapping of valuable traits
originating from wild donors and to introduce unused alleles
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FIGURE 10 | 4CL enzyme activity in M82, IL7-3, IL12-4, DHO88, and DHO88-SL. 4CL enzyme activities were measured toward p-coumaric acid,
caffeic acid, cinnamic acid, and ferulic acid. Values, expressed as nmol/mg protein/min, are reported as mean ± SD of three biological replicates. Means
denoted by the same letter do not differ significantly at p ≤ 0.05 according to Tukey HSD test.

that were neglected during domestication (Gur and Zamir, 2015).
Here, detailed analyses of metabolites accumulated in the fruit
of two introgression lines (IL7-3 and IL12-4), of two pyramided
lines obtained by crossing the two ILs (DHO88 and DHO88-
SL) and of the cultivated line M82 were carried out. Metabolic
analyses evidenced a lower content of flavonoids (naringenin
glucoside and chalconaringenin) and phenolic acids (such as
chlorogenic acid) in the red ripe fruits of both the introgression
lines IL12-4 and IL7-3 compared to the control M82.

In the introgression lines IL7-3 the lower levels of
phenylpropanoids detected were apparently caused by the
down-regulation of one flavonoid biosynthetic gene, the UGT
Solyc07g055930, and to the altered expression level of positive
and negative regulators detected in the introgressed region 7-3.
In particular, the lower expression of the Myb Solyc07g056120,
putatively involved in the activation of the phenylpropanoid
biosynthetic pathways, together with the higher expression
of the Myb4-like Solyc07g053230, might have caused in the
introgression line IL7-3 a block of the metabolic flux at the
branch point represented by the 4-coumarate:CoA ligase. Several
Myb4-like genes have been previously described as negative
regulators of hydroxycinnamic acid biosynthesis in a group of

plant species, directly repressing genes such as cinnamate-4-
hydrolase and 4-coumarate:CoA ligase (Perez-Diaz et al., 2016).
Accordingly, in IL7-3 we detected a lower 4CL enzyme activity
and a PAL activity that was comparable to that detected in
M82. Moreover, in IL7-3 real time PCR demonstrated a lower
expression of the gene HQT, a key gene for the biosynthesis of
chlorogenic acid (Moglia et al., 2014), and of the TF Myb12, a TF
that regulates the production of naringenin chalcone in the fruit
(Ballester et al., 2010). These results further suggest a reduction in
this IL of the flux through the hydroxycinnamate and flavonoid
biosynthetic pathways. Moreover, the different expression levels
observed for the HQT gene suggest the presence of regulatory
proteins present in the introgression region that may control,
directly or indirectly, the transcription of the HQT gene.

A lower level of phenolic acids and flavonoids was also
detected in IL12-4 compared to the cultivated line M82. These
results correlated well with the lower PAL and 4CL enzyme
activity measured in this line compared to the cultivated line.
These analyses indicate that in the introgression line IL12-4 a
lower amount of precursors was available for chlorogenic acid,
phenolic acids conjugated and flavonoids formation compared to
M82. Accordingly, a lower expression level of the HQT gene and
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of the TF Myb12 was detected in IL12-4. Our hypothesis is that
in the IL12-4 this altered metabolic flux was caused primarily by
the down-regulation of one gene of the general phenylpropanoid
pathway, the 4CL gene identified in the upper part of the
region 12-4. Additionally, the reduced flavonoid biosynthesis
in IL12-4 may be caused by the down-regulation of the wild
gene Solyc12g098580 coding for one UDP-glycosyltransferase
and located in the lower part of the introgressed region 12-
4. Phylogenetic analysis indicated that the protein encoded
by this gene is closely related to GhA5GlcT and St74E2-like,
and therefore possibly involved in 5-and 3-O glycosylation of
flavonoids. In the fruits of several plant species (peach, apple, and
grape), UDP-glucosyltransferase gene transcription is controlled
by the involvement of different TFs, such as regulatory complexes
composed by Myb, bHLH, and WD40 (Ravaglia et al., 2013).
Two TFs, bHLH and WD40 (encoded by Solyc12g098620 and
Solyc12g098690, respectively), putatively involved in regulating
genes of the flavonoid pathway and located next to the gene
Solyc12g098580 coding for the UDP-glucosyltransferase, were
identified in the introgressed region 12-4. Interestingly, our
transcriptional analyses demonstrated that these TFs were both
down-regulated in IL12-4 and in both DHOs.

Considering the genetic background of IL7-3 and IL12-4,
the pyramided lines DHO88 and DHO88-SL showed a peculiar
accumulation of metabolites in their fruits. Indeed, in both
the DHOs the content of phenolic acids increased, particularly
the fraction of hexoses. In addition, a contrasting behavior
was observed between the two different DHO genotypes here
analyzed when the amount of free phenolic acids (such as
chlorogenic acid) was considered. In particular, the line DHO88
exhibited a lower content of this fraction compared to M82,
whereas the line DHO88-SL showed an accumulation level
comparable to M82. These results are justified by the different
size of the wild region carried on chromosome 12 in the two
DHOs.

In the line DHO88, carrying the entire introgressions 7-3
and 12-4, we speculated that the lower levels of chlorogenic
acid and flavonoids detected were primarily caused by the
down-regulation of the wild 4CL gene identified in IL12-4
and of the UGTs detected in both ILs. The lower amount of
phenylpropanoids detected in this line was likely also due to
the influence of regulatory protein coded by genes present in
both the introgressed regions. Surprisingly, in DHO88, which
carries the wild 4CL, we could not detect any differences in the
expression levels of the HQT gene compared to M82 and the
PAL enzyme activity was not altered. However, a lower expression
level of the TF Myb12 was demonstrated and a lower 4CL
enzyme activity was also recorded in this line toward all the
substrates tested. The phylogenetic study carried out indicated
that the 4CL isoform encoded by the Solyc12g094520 could be
mostly involved into channeling hydroxycinnamic derivatives
for lignin formation (Alberstein et al., 2012; Sun et al., 2013).
Indeed, the 4CL isoform here identified clustered with type
I 4CLs, as well as the 4CL identified in Salvia miltiorrhiza
(Sm4CL4, accession number AGW27194), which are reported to
be involved in lignin biosynthesis (Alberstein et al., 2012; Sun
et al., 2013).

Therefore, the higher levels of phenolic acid hexose detected
in DHO88 could indicate that the pool of precursors left unused
by the flavonoid biosynthetic pathway and also by the lignin
biosynthetic pathway had been reallocated to the synthesis of
other phenolic compounds. Indeed, recent work carried out
in Arabidopsis thaliana and in tomato demonstrated that, if
downstream branches of the phenylpropanoid pathway are less
active, this could lead to the reorientation of the carbon flux
with a consequent accumulation of various classes of hexosylated
phenylpropanoids (van der Rest et al., 2006; Vanholme et al.,
2012).

In the line DHO88-SL, carrying the entire introgression
7-3 and the lower part of the introgression region 12-4, a
reduced content of flavonoids (rutin, naringenin glucoside,
and chalconaringenin) was also found compared to M82.
The lower expression level of the UGTs Solyc12g098580 and
Solyc07g055930, together with the additional influence of
regulatory proteins present in both the introgressed regions
7-3 and 12-4, might reduce the levels of flavonoids detected.
As expected, the expression of the TFs Myb12 was lower
in DHO88-SL compared to M82. Interestingly, the level of
phenolic acids hexoses was higher in DHO88-SL compared to
the parental lines IL7-3 and IL12-4 and also to the pyramided
line DHO88. In addition a higher level of chlorogenic acid
compared to the parental lines and to the pyramided line
DHO88 was demonstrated. These results correlated well with the
results obtained with the biochemical analyses that demonstrated
that the 4CL activity toward coumaric acid, ferulic acid and
cinnamic acid was similar in DHO88-SL compared to M82
and was higher compared to the parental lines and to DHO88.
Accordingly, real-time PCR analyses demonstrated that the
expression level of the gene HQT was slightly higher in
DHO88-SL compared to M82. Therefore we concluded that
in the pyramided line DHO88-SL, that carries the cultivated
allele for 4CL in the homozygous state, a major accumulation
of cinnamic acid intermediates remained available for hexose
conjugation but also for chlorogenic acid formation, thus
indicating the presence of an enzymatic machinery correctly
working (van der Rest et al., 2006; Vanholme et al., 2012).
This result confirmed the central role of the 4CL gene
identified in IL12-4 in the redirection of the phenylpropanoid
biosynthetic pathways in the pyramided lines DHO88 and
DHO88-SL.

Hydroxycinnamates that accumulated in high amount in
the lines here described have several beneficial health activity
including very potent antioxidant activity and hepatoprotective,
hypoglycaemic and antiviral activities (Tohge et al., 2015).
Consequently, there is an increasing interest in the production
of alternative dietary sources that are rich in these phenolic
compounds (Tohge et al., 2015). Results obtained in this study
suggest that pathway rerouting may be a valid strategy in order
to produce tomatoes with a higher amount of hydroxycinnamic
acids in the fruit. Altogether, results obtained in this work
highlighted that, in order to design an efficient pyramiding
strategy for increasing tomato nutritional quality, detailed
information on the possible interaction effects between QTLs are
necessary.
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CONCLUSION

Here, we integrated genomic, transcriptomic and biochemical
analyses to identify CGs controlling phenylpropanoid
accumulation in the fruits of pyramided lines obtained by
crossing two S. pennellii introgression lines (IL12-4 and IL7-3).
One pyramided genotype (DHO88-SL) was demonstrated
to contain a higher amount of phenolic acids and phenolic
acids hexose in the fruits compared to the parental lines.
This increase was due to changes in the formation and/or
availability of compounds in the different branches of the
phenylpropanoid biosynthetic pathway caused by the combined
effects of the two introgressed regions 12-4 and 7-3. In fact, a
repression of flavonoid synthesis in the pyramided line DHO88-
SL was accompanied by an increased synthesis of products
from other branches of the phenylpropanoid pathway such
as caffeic acid hexose. Moreover, analyses carried out in this
paper highlighted the central role of one 4-coumarate:CoA
ligase identified in the region 12-4, in the perturbation of the
phenylpropanoid biosynthetic pathways in the pyramided lines
DHO88 and DHO88-SL. Now, experiments involving reverse
genetic approaches are underway in order to unveil the functional
role of the CGs here detected to better define their role in tomato
fruits.
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The tomato is a model species for fleshy fruit development and ripening, as well as
for genomics studies of others Solanaceae. Many genetic and genomics resources,
including databases for sequencing, transcriptomics and metabolomics data, have been
developed and are today available. The purpose of the present work was to uncover
new genes and/or alleles that determine ascorbic acid and carotenoids accumulation,
by exploiting one Solanum pennellii introgression lines (IL7-3) harboring quantitative trait
loci (QTL) that increase the content of these metabolites in the fruit. The higher ascorbic
acid and carotenoids content in IL7-3 was confirmed at three fruit developmental
stages. The tomato genome reference sequence and the recently released S. pennellii
genome sequence were investigated to identify candidate genes (CGs) that might
control ascorbic acid and carotenoids accumulation. First of all, a refinement of the wild
region borders in the IL7-3 was achieved by analyzing CAPS markers designed in our
laboratory. Afterward, six CGs associated to ascorbic acid and one with carotenoids
metabolism were identified exploring the annotation and the Gene Ontology terms
of genes included in the region. Variants between the sequence of the wild and the
cultivated alleles of these genes were investigated for their functional relevance and
their potential effects on the protein sequences were predicted. Transcriptional levels
of CGs in the introgression region were extracted from RNA-Seq data available for the
entire S. pennellii introgression lines collection and verified by Real-Time qPCR. Finally,
seven IL7-3 sub-lines were genotyped using 28 species-specific markers and then were
evaluated for metabolites content. These analyses evidenced a significant decrease in
transcript abundance for one 9-cis-epoxycarotenoid dioxygenase and one L-ascorbate
oxidase homolog, whose role in the accumulation of carotenoids and ascorbic acid is
discussed. Comprehensively, the reported results demonstrated that combining genetic
and genomic resources in tomato, including bioinformatics tools, was a successful
strategy to dissect one QTL for the increase of ascorbic acid and carotenoids in tomato
fruit.

Keywords: ascorbic acid, total carotenoids, Solanum pennellii, wild alleles, introgression sub-lines, L-ascorbate
oxidase, 9-cis-epoxycarotenoid dioxygenase
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INTRODUCTION

In recent years increasing attention has been given to the
nutritional properties of plant antioxidant compounds, since
their consumption has demonstrated to be associated with a
reduced risk of cancer, inflammation and cardiovascular diseases.
A great contribute to these health effects is attributed to
secondary metabolites, including ascorbic acid (AsA, vitamin
C) and carotenoids (precursors of Vitamin A) (Canene-Adams
et al., 2005; Raiola et al., 2014). Besides their critical role
in human nutrition, these compounds have major roles in
several plant biological processes, such as photoreception and
photoprotection, hormone signaling, cell cycle, cell expansion,
plant development, responses to biotic and abiotic stresses. The
biosynthetic pathway of carotenoids has been extensively studied
and most metabolic key-steps that control their accumulation
in plants has been identified (Giuliano, 2014). Plants produce
AsA through several biosynthetic pathways, including the
D-mannose–L-galactose as the main pathway, even though the
role of the L-gulose, the D-galacturonate, and the myo-inositol
pathways has also been suggested (Valpuesta and Botella, 2004);
in addition the recycling pathway can contribute to the regulation
of AsA accumulation (Chen et al., 2003). Finally, since AsA
doesn’t diffuse through lipid bilayers because of its negatively
charged form at physiological pH values, a class of transporters
(Nucleobase Ascorbate Transporter, NAT) may be involved in
the mechanisms of AsA accumulation (Badejo et al., 2012;
Cai et al., 2014). The level of antioxidants in plants is highly
influenced by environmental conditions, and this can explain
why in recent years many scientific efforts were focused on
better understanding the genetic architecture of this complex
trait in various plant species (Davey et al., 2006; Stevens et al.,
2007; Hayashi et al., 2012; Fantini et al., 2013; Kandianis et al.,
2013; Lisko et al., 2014). Indeed, even though the biosynthesis of
carotenoids and AsA in plants is well characterized, their gene
regulation and their accumulation in fruits still remain elusive.

Humans are unable to synthetize AsA and carotenoids, and
their dietary intake mainly derives from fruit and vegetables.
Among these, tomato is the second most consumed vegetable
in the world, thus being one of main sources of antioxidants.
Indeed, tomato consumption reaches 40–45 kg pro capita per
year in countries such as Spain, Italy, or USA (source: FAO
databases); used as fresh product or processed (paste, juice, sauce
and powder), its antioxidant content may protect against cancer,
inflammation and cardiovascular diseases (Canene-Adams et al.,
2005; Friedman, 2013).

Tomato is also a reference species for genetic and genomic
studies in the Solanaceae family, due to its diploid genome
with relative small size (950 Mbp), its short generation time,
efficient transformation technologies, high synteny with various
Solanaceae and numerous genetic and genomics resources
already available (Mueller et al., 2005; Barone et al., 2008).
Information data on gene function, genetic diversity and
evolution in tomato and in other Solanaceae species are
available since the year 2012 when the tomato genome was
completely sequenced (Tomato Genome Consortium, 2012).
Since then, high-throughput datasets and bioinformatics

platforms extremely useful for the Solanaceae plant research
community were newly generated or implemented. The
Sol Genomics Network1 is a clade-oriented database for
the Solanaceae family and its close relatives, which hosts
genotypic and phenotypic data and analysis tools. The tomato
genome resources database (TGRD2) is a resource that allows
investigations on genes, quantitative trait loci (QTL), miRNA,
transcription factors (TFs), single sequence repeat (SSR) and
SNPs. Other specific databases, generated before the release of
the tomato genome, are the SolEST, miSolRNA, Tomatoma,
KaTomics, Tomato Functional Genomics Database (TFGD) and
several others recently reviewed in Suresh et al. (2014).

Some of these resources might be extremely useful to dissect
genetic complex traits into quantitative trait loci, especially
when combined with the exploitation of genetic resources, such
as the introgression lines (IL). These lines contain a defined
homozygous segment of wild genome in a cultivated genetic
background and, taken all together, represent a genomic library
of the wild species (Eshed and Zamir, 1995). IL populations have
been obtained from various wild tomato species, such as Solanum
pennellii, S. habrochaites, S. pimpinellifolium, S. lycopersicoides,
S. chmielewskii, and S. sitiens (Fernie et al., 2006) and they are
useful to identify genes involved in QTLs regulation thus helping
the detection of favorable wild alleles controlling the trait under
study. The S. pennellii IL population is the most exhaustive;
it consists of 76 lines with overlapping wild segments in the
cultivated genetic background of the variety M82. These ILs
have been widely used to map QTLs (Lippman et al., 2007),
have been characterized at genomic and transcriptomic level
(Chitwood et al., 2013) and, recently, Alseekh et al. (2013, 2015)
carried out their high-dense genotyping and detailed metabolic
profiling.

In this work we integrated genomic and transcriptomic
data to identify candidate genes (CGs) controlling antioxidant
metabolite accumulation in the fruit of S. pennellii IL7-3, which
has been previously selected in our laboratory since it harbors
a positive QTL for AsA and carotenoids content in the fruit
(Sacco et al., 2013; Rigano et al., 2014). In addition, in order
to restrict the number of CGs, we selected sub-lines of IL7-3
by the aid of species-specific CAPS markers and evaluated their
metabolites content. This allowed us to identify one gene that
might control carotenoids levels in the fruit. In addition, we could
locate the genes controlling AsA content in a restricted part of
the introgressed region 7-3, focusing on the role of one gene
involved in AsA recycling pathway. These findings can provide
valuable tools for improving the nutritional value of tomato and
may represent a focus for future investigations.

MATERIALS AND METHODS

Plant Material
Plant material consisted of one S. pennellii in S. lycopersicum
introgression line (IL7-3, accession LA4102) and the cultivated

1https://solgenomics.net/
2http://59.163.192.91/tomato2/
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genotype M82 (accession LA3475). The accessions were kindly
provided by the Tomato Genetics Resources Centre3. Sub-lines
of the region 7-3 (genotypes coded from R200 to R207) were
selected from F2 genotypes previously obtained by intercrossing
two ILs (IL12-4 × IL7-3; Sacco et al., 2013). The F2 genotypes
were selfed for two generations and then screened by species-
specific markers in order to select sub-lines carrying different
wild regions at the homozygous condition. Additional IL7-3 sub-
lines (genotypes coded from R176 to R182) were kindly provided
by Dr. Dani Zamir (Hebrew University, Israel). All genotypes
were grown in open-field conditions in the years 2014 and 2015
in a randomized complete block design with three replicates per
genotype and 10 plants per replicate. Fruits were collected at three
developmental stages (MG: mature green, BR: breaker stage, MR:
mature red). Seeds and columella were subsequently removed,
and fruits were ground in liquid nitrogen and stored at −80◦C
until analyses.

Phenotypic Evaluations
Ascorbic Acid Determination
Ascorbic acid determination was carried out by a colorimetric
method (Stevens et al., 2006) with modifications reported by
Rigano et al. (2014). Briefly, 500 mg of frozen powder were
extracted with 300 µl of ice cold 6% TCA. The mixture was
vortexed, incubated for 15 min on ice and centrifuged at
14000 rpm for 20 min at 4◦C. Twenty microliters of supernatant
were placed in an eppendorf tube with 20 µl of 0.4 M phosphate
buffer (pH 7.4) and 10 µl of double distilled (dd) H2O. Then,
80 µl of color reagent solution were prepared by mixing
solution A [31% H3PO4, 4.6% (w/v) TCA and 0.6% (w/v)
FeCl3] with solution B [4% 2,2′-dipyridil (w/v)]. The mixture
was incubated at 37◦C for 40 min and measured at 525 nm
by a NanoPhotometerTM (Implen). Three separated biological
replicates for each sample and three technical assays for each
biological repetition were measured. The concentration was
expressed in nmol of AsA according to the standard curve,
designed over a range of 0–70 nmol; then the values were
converted into mg/100 g of fresh weight (FW).

Carotenoids Determination
The extraction of carotenoids was carried out according to
the method reported by Zouari et al. (2014) with minor
modifications. Briefly, one gram of frozen powder was extracted
with a solution of acetone/hexane (40/60, v/v) for 15 min.
The mixture was centrifuged at 4000 rpm for 10 min and the
absorbance of surnatant was measured at 663, 645, 505, and
453 nm. Total carotenoids were determined by the equation
reported by Wellburn (1994). Results were expressed as mg per
100 g FW. All biological replicates per sample were analyzed in
triplicate.

Molecular Marker Analysis
In order to define the wild region size of IL sub-lines,
polymorphic markers spanning the introgression region 7-3
were searched for by exploring the Sol Genomics Network

3http://tgrc.ucdavis.edu/

database4. Some markers were retrieved from the database, others
markers instead were designed by searching for polymorphisms
between the reference tomato sequence (release SL2.50) and
the S. pennellii genome (Bolger et al., 2014) using the Tomato
Genome Browser5. The primer pairs used to amplify the genomic
region were designed using the Primer3web6. Total genomic
DNA was extracted from leaves using the PureLinkTM Genomic
DNA Kit (Invitrogen). PCR DNA amplification was carried out
in 50 µl reaction volume containing 50 ng DNA, 1X reaction
buffer, 0.2 mM each dNTP, 1.0 mM primer and 1.25 U GoTaq
polymerase (Promega). Discriminating restriction enzymes were
identified using the CAPS Designer tool available at the Sol
Genomics Network7. The restriction endonuclease reaction was
made in 50 µl of reaction volume containing 20 µl PCR
product, 5 µl 10X reaction buffer and 1 µl of the selected
restriction enzyme (10 u/ml). Digested fragments were separated
by electrophoresis on 2% agarose gel in TAE buffer.

Bioinformatic Identification of Candidate
Genes
The search for CGs associated with ascorbic acid and carotenoids
metabolism was conducted by exploring the annotations and
the Gene Ontology terms of the genes included in the region
7-3 of the tomato chromosome 7 (Alseekh et al., 2013). Due
to the preliminary annotation of S. pennelliii genome (Bolger
et al., 2014), the genes of the wild parent were computationally
re-annotated by Blast2Go program (version 38; Conesa and
Götz, 2008), to better characterize the gene set and collect
additional information on their function. BlastX algorithm
(e-value < 1E−6) and NCBI nr protein database were considered
for Blast2Go analysis, while the annotation of all the sequences
was performed by using default parameters (e-value < 1E−5).
The ‘Augment Annotation by ANNEX’ function was also used
to refine annotations (implemented in Blast2Go and described in
Zdobnov and Apweiler, 2001).

Variants between S. lycopersicum and S. pennellii for all
the CGs were obtained by extracting information from the
Tomato Variant Browser (Aflitos et al., 2014). In addition, in
order to validate the structural variants, the gene sequences
were aligned using the genomic sequence information available
for both cultivated S. lycopersicum and wild S. pennellii
species. The effects of these variants and the prediction on
their functional impact on the protein were analyzed using
SnpEff v4.2 (Cingolani et al., 2012). The program performs a
simple estimation of putative deleteriousness of the variants,
classifying them in four classes (HIGH, MODERATE, LOW,
MODIFIER, for detailed information refer to the documentation
at http://snpeff.sourceforge.net/SnpEff_manual.html). Variants
with high impact cause a stop codon or a frame shift; those
with moderate impact are missense variants, whereas those
with low impact are synonymous SNPs. The potential

4https://solgenomics.net/
5http://www.tomatogenome.net/VariantBrowser
6http://primer3.ut.ee/
7http://solgenomics.net/tools/caps_designer/caps_input.pl
8https://www.blast2go.com/
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effect of these polymorphisms on the protein sequence
was also cross-validated with the PROVEAN protein tool
(publicly available from the J. Craig Venter Institute at
http://provean.jcvi.org/seq_submit.php). According to the
author’s guideline, we considered a “deleterious” effect of the
variant if the PROVEAN score was equal or below−2.5.

The Tomato Functional Genomic Database (TED9), which
reports RNA-seq data from the red fruit of S. pennellii ILs, was
exploited to verify the expression of the identified CGs in tomato
fruits and to estimate their differential expression in M82 and
IL7-3. Finally, the TFs mapping in the introgression region were
identified by investigating the 2505 TFs present in the Tomato
Genomic Resources Database10 and the 1845 TFs categorized in
the Plant Transcription Factor Database11. CGs and TFs with
an RPKM value <3 in the RNA-seq database were excluded
from further analyses and genes/TFs with Log2 ratio (IL7-3/M82)
>1.5 or < −1.5 were considered to be differentially expressed,
following the thresholds reported by Ye et al. (2015).

Real-Time PCR Amplification of
Candidate Genes
Total RNA was isolated from tomato fruit at the three stages
of ripening (MG, BR, MR) by TRIzol R© reagent (Invitrogen,
Carlsbad, CA, USA) and treated with RNase-free DNase
(Invitrogen, Carlsbad, CA, USA; Madison, WI, USA) according
to the method reported by the manufacturer (Invitrogen). Total
RNA (1 µg) was treated by the Transcriptor High Fidelity cDNA
Synthesis Kit (Roche) and cDNA was stored at −20◦C until RT-
PCR analysis. For each PCR reaction, 1 µL of cDNA diluited 1:10
was mixed with 12.5 µL SYBR Green PCR master mix (Applied
Biosystems) and 5 pmol each of forward and reverse primers
(Supplementary Table S1) in a final volume of 25 µL. The reaction
was carried out by using the 7900HT Fast-Real Time PCR System
(Applied Biosystems). The amplification program was carried out
according to the following steps: 2 min at 50◦C, 10 min at 95◦C,
0.15 min at 95◦C, and 60◦C for 1 min for 40 cycles, and followed
by a thermal denaturing step (0.15 min at 95◦C, 0.15 min at
60◦C, 0.15 min at 95◦C) to generate the dissociation curves in
order to verify the amplification specificity. All the reactions were
run in triplicate for each of the three biological replicates and a
housekeeping gene coding for the elongation factor 1-α (Ef 1-α)

9http://ted.bti.cornell.edu/
1059.163.192.91/tomato2/tfs.html
11planttfdb.cbi.pku.edu.cn

was used as reference gene. The level of expression relative to
the reference gene has been calculated using the formula 2−1CT,
where 1CT = (CTRNA target – CTreference RNA) (Schmittgen
et al., 2004). Comparison of RNA expression was based on a
comparative CT method (11CT) and the relative expression
has been quantified and expressed according to log2RQ, where
RQ was calculated as 2−11CT, and 11CT = (CTRNA target –
CTreference RNA) – (CTcalibrator – CTreference RNA) (Winer et al.,
1999; Livak and Schmittgen, 2001). M82 MG, BR, and MR were
selected as calibrators for the three analyzed stages of ripening.
Quantitative results were expressed as the mean value ± SE.
Differences among samples were determined by using Statistical
Package for Social Sciences (SPSS) Package 6, version 15.0.
Significance was determined by comparing the genotypes for each
stage of ripening through a t-Student’s test at a significance level
of 0.05.

RESULTS

Phenotypic Evaluation of Parental Lines
In order to confirm the presence of one positive QTL for AsA and
carotenoids in the region 7-3, metabolic analyses were performed
for two consecutive years on mature red fruits of the cultivated
genotype M82 and of IL7-3 grown in open fields (Table 1).
In both years, IL7-3 accumulated a significant higher level of
AsA and carotenoids in the fruit compared to M82, confirming
data previously reported in our laboratory (Di Matteo et al.,
2010; Sacco et al., 2013; Rigano et al., 2014). The metabolites
content was also estimated in three different ripening stages
(mature green – MG, breaker – BR, and mature red – MR) as
shown in Figure 1. In M82, the AsA level increased from MG
to BR and then decreased from BR to MR; accordingly, in IL7-3
the AsA level increased in the first ripening stages but did not
decrease in MR. The total carotenoids content deeply increased
in both genotypes from BR to MR as expected, and was higher in
IL7-3.

Identification of Candidate Genes (CGs)
In order to identify CGs controlling AsA and carotenoids content
in IL7-3, we firstly better defined the introgression region size.
At this purpose, we selected species-specific molecular markers
at the two region borders, referring to those reported in the
Sol Genomics Network database12 and taking into account the

12solgenomics.net

TABLE 1 | Evaluation of metabolite content (ascorbic acid, and total carotenoids, mean and standard error) in mature red fruit of genotypes M82 and
IL7-3 in the years 2014 and 2015.

Genotype Ascorbic acid Total carotenoids

(mg/100 g FW) (mg/100 g FW)

2014 2015 2014 2015

M82 14.62 ± 1.02 21.38 ± 2.13 10.62 ± 0.44 9.49 ± 0.61

IL7-3 28.32 ± 0.10∗∗∗ 31.28 ± 1.71∗∗∗ 15.88 ± 0.43 ∗∗∗ 11.36 ± 0.62∗∗

Asterisks indicate statistically significant differences compared to M82 (Student’s t-test, ∗∗P < 0.01, ∗∗∗P < 0.001).
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FIGURE 1 | Phenotypic and molecular evaluation of the parental genotypes M82 and IL7-3. (A) Metabolite content (AsA and total carotenoids) at three
different ripening stages (MG, mature green; BR, breaker; MR, mature red); (B) Expression level of four selected CGs (LAC1: laccase-22/L-ascorbate-oxidase
homolog; GAL1 and GAL2: β-1-3-galactosiltrasferase; NCED: 9-cis-epoxycarotenoid dioxygenase) in IL7-3 at different ripening stages. Asterisks indicate statistically
significant differences of each ripening stage to the corresponding M82 stage (∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001).

information on S. pennellii ILs reported in Chitwood et al.
(2013) regarding the chromosomal positions of ILs boundaries.
By testing ten markers (from N22 to N28 at the upper border,
and from N12 to N30 at the lower border, Table 2) on the parental
genotypes M82 and on IL7-3, we ascertained that the wild region
stretches from marker N27 (corresponding to Solyc07g048030 at
59,218,716 bp) to marker N17 (corresponding to Solyc07g063330
at 65,816,155 bp), covering about 6.6 Mbp. This region includes
725 genes (Supplementary Table S2), 120 (16.5%) were annotated
as unknown proteins, whereas 94 (13.0%) were TFs. Among the
remaining 511 annotated genes, we searched for those related to
AsA and carotenoids accumulation. Six CGs putatively involved
in determining AsA content were detected (Table 3), but none
of them belong to the main biosynthetic galactose pathway. The

identified genes were: one polygalacturonase (Solyc07g056290,
POLYGAL), two beta-1-3-galactosyltransferase (Solyc07g052320
and Solyc07g062590, GAL1 and GAL2, respectively), two
laccase-22/L-ascorbate-oxidase homolog (Solyc07g052230 and
Solyc07g052240, LAC1 and LAC2, respectively), and one
nucleobase-ascorbate transporter (Solyc07g049320, NAT). The
investigation of the SolCyc biochemical pathways database13

allowed confirming the involvement of the gene POLYGAL
in the galacturonate AsA biosynthetic pathway (enzymatic
step EC 3.2.1.15), and of GAL1 and GAL2 in enzymatic
reactions (EC 2.1.4-) potentially regulating myo-inositol content,
that might feed the glucuronate biosynthetic pathway. LAC1

13solcyc.solgenomics.net
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and LAC2 might enter the recycling pathway of AsA by
reducing L-ascorbate into monodehydroascorbate (EC 1.10.3.3),
whereas the NAT might have a role in transporting AsA
among the different intracellular compartments. In addition, in
the introgression region one 9-cis-epoxycarotenoid dioxygenase
(Solyc07g056570, NCED) was also mapped that, entering the
carotenoids pathway, determines the carotenoids oxidative
cleavage with consequent production of apocarotenoids, the
direct substrates for abscisic acid (ABA) synthesis. The latter gene
was included into the group of those to be further investigated.

Sequence Variation and Expression
Variability of Selected CGs
In order to better define which CGs determine the different
metabolites content between M82 and IL7-3 fruit, differences in
their sequence and/or in their expression level were investigated.
The impact of polymorphisms between S. lycopersicum and
S. pennellii was estimated for the 117 variations identified in CGs
mapping in the introgression region (Table 3). No case of high
impact polymorphism was detected, and NAT and GAL1 did not
even exhibit any variants with moderate impact effect. For the
other genes, the number of variants with moderate impact varied
from two (LAC2) to seven (POLYGAL), and a deleterious effect
at the protein level investigated by PROVEAN was predicted for
genes LAC1 and POLYGAL.

The RNA-seq data available for M82 and IL7-3 in the TFGD
(Fei et al., 2010) allowed to ascertain that three CGs for AsA
were not expressed or expressed at very low levels in the red
fruit (Table 3): NAT, LAC2 and POLYGAL. By contrast, GAL1,
GAL2, LAC1 and NCED showed a lower expression level in IL7-
3 compared to M82. The expression of all CGs was analyzed
by qRT-PCR in three developmental stages of M82 and IL7-3
fruits. This analysis allowed confirming the lack of expression
of NAT, LAC2 and POLYGAL. The different expression levels
of LAC1 and/or GAL2 detected here well correlate with the
different trend of AsA accumulation in M82 and IL7-3 in the
three developmental fruit stages (Figure 1), even though also the
down-regulation of GAL1 at BR stage could be relevant. Finally,
the significant lower expression of the gene NCED at the MR stage
well correlated with the higher level of total carotenoids observed
in IL7-3.

Besides the identified CGs, TFs mapping in the introgression
region 7-3 might play a role in increasing antioxidants. Indeed,
if differentially expressed or polymorphic between M82 and IL7-
3, they could trans-regulate the expression of genes involved in
AsA or carotenoids biosynthesis and accumulation mapping in
the introgression or in other regions of the genome. Sequence
variations with deleterious effects on the protein functionality
were found in 27 TFs (Supplementary Table S3), but in most
cases (85%) the polymorphic TFs were not expressed in the
fruit (Supplementary Table S4). The ten TFs selected for
their significant differential expression between IL7-3 and M82
(Supplementary Table S3) did not show any sequence variation
that cause deleterious effect as predicted by PROVEAN. Most
of them exhibited a lower expression in IL7-3, except for one
MYB (Solyc07g053240), one GRAS (Solyc07g052960) and one

storekeeper protein (Solyc07g052870), but none corresponded
to the TFs identified by Ye et al. (2015) for their correlation
with expression of genes involved in high AsA and carotenoids
in tomato fruit. The availability of the whole transcriptome of
M82 and IL7-3 in the TED database allowed also investigating
the expression of all the genes involved in AsA and carotenoids
biosynthetic pathways, which were annotated in the tomato
genome (Supplementary Table S5). No differentially expressed
gene among these was identified. When looking at the whole
transcriptome, an unbalance of ascorbate-oxidase activity could
be hypothesized in IL7-3 compared to M82. Indeed, besides
the gene LAC1 of the introgression 7-3, two other laccases-
22/L-ascorbate-oxidase, mapping on chromosomes 2 and 8,
showed a decreased expression in IL7-3. They could exert an
additive action to that of the wild LAC1 in increasing AsA
content in the fruit. Finally, two myo-inositol phosphate synthase
(Solyc04g050820 and Solyc05g051850) were over-expressed in
IL7-3, and they could affect the myo-inositol pathway, as well as
the two GAL1 and GAL2 that map into the introgression.

Selection and Phenotyping of IL7-3
Sub-lines
In order to reduce the number of CGs potentially responsible
for the higher antioxidant content in the IL7-3 red ripe fruit,
introgression sub-lines of the wild region were selected through
the analysis of 28 polymorphic markers mapping within this
region. Comprehensively, we identified seven distinct sub-lines
showing a reduced wild region compared to IL7-3 and carrying
different combinations of wild alleles for four CGs (Figure 2).
Only two sub-lines, R182 (from marker N27 to N14) and R181
(from marker N7 to N17), had no wild alleles for the CGs, even
though they carried different introgressed wild regions. Four
sub-lines carried two wild CGs for AsA (LAC1 and GAL1) but
differed for the presence (R201, R202) or absence (R176, R178)
of the wild allele for NCED gene. Finally, one sub-line (R179)
carried wild alleles for GAL2 and NCED genes. All the sub-
lines were grown in open field and were evaluated for AsA and
carotenoids content in the fruit (Table 4). The carotenoids level
of the three sub-lines carrying the wild allele for NCED (R179,
R201, R202) was higher than in M82; sub-lines carrying the
cultivated allele showed a level of carotenoids comparable to M82.
As for AsA, it was evident that two sub-lines (R179 and R181)
exhibited levels of AsA comparable to that of the control genotype
M82, whereas all the others showed AsA content significantly
higher than M82 and similar to IL7-3. Therefore, considering
the different combinations of wild CGs carried by the sub-
lines, it is possible to exclude the role of GAL2 wild allele in
increasing AsA content in IL7-3. By contrast, the wild alleles of
both LAC1 and GAL1 might be involved in increasing AsA in
IL7-3 and in a group of sub-lines, even though the qRT-PCR
results evidenced that the action of GAL1 occurs earlier at BR.
The expression level of the selected CGs NCED and LAC1 was
verified in the sub-lines (Figure 3) to better ascertain their role in
affecting carotenoids and AsA, respectively. Surprisingly, a higher
expression of NCED compared to M82 and a concurrent higher
level of AsA were observed in R182, a sub-line with a reduced
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TABLE 2 | CAPS molecular markers used to define the whole introgression region 7-3 and the sub-lines obtained from this region.

Marker
code

Position on
Chromosome 7

SL2.5 (bp)

Primer sequence 5′-3′ Expected PCR
product size (bp)

Restriction
enzyme

M82 fragment
size (bp)

IL7-3 fragment
size (bp)

N22 58,951,964 F:ATGTGCTTGCCATGTGTCTG 507 TaqI 290 + 217 507

R:AAGAGATGGAGCGTTTGGGA

N23 58,963,247 F:TGACCACTGCCCTAATGCTT 526 HaeIII 288 + 238 526

R:GCTGATGAAGTGAGGAACCC

N24 59,131,334 F:CACAGTCATCTTCAGCAATGTG 444/481 RsaI 90 + 391 90 + 348 + 43

R:CTTGTCTTCCCATAGCTGCG

N26 59,184,600 F:GATGGTAGTTTCATGCGGATCA 378 TaqI 296 + 47 + 35 343 + 35

R:GTCCACCTGCTAACCTCAGT

N27 59,218,716 F:TGGGACACAAATGAAGAGCG 610 TaqI 610 291 + 319

R:ACTGTGGATGCTAAACCTCCA

N28 59,240,752 F:CAGCAATAACCAGATTTTCGCA 402 HaeIII 402 268 + 134

R:CCAGCAACAACAGCACCATT

N25 59,289,774 F:TGTCACTGGTTCCTTCATCAAC 612 TaqI 417 + 195 612

R:GCGGAAAGGCAAACTCCAAA

N14 59,523,504 F:TCCGCTCTTCATCATCTGTTG 492 TaqI 492 399 + 93

R:TCCAATTCCATCCCGATTTGC

N18 59,578,421 F:GCCATTTAACATTGGGACTCG 440 ScaI 223 + 217 440

R:AGCTTACATCTGATCCGCCC

N15 59,926,751 F:TGACATGCCGATAGTGTTCAC 489 RsaI 489 176 + 313

R:TGTGATGGTGTTTGACTGGG

N16 60,507,445 F:CGCTTGCCCTTTGTAATCCA 869 RsaI 57 + 483 +
173 + 156

57 + 483 + 329

R:ACTGGTGGGACGTATACTTTGT

N33 60,724,902 F:ACAGTGTGAGTCCCTTCTACT 650 AluI 650 257 + 393

R:AATTGTCCCATTCCACCAGG

N10 60,874,313 F:GATTGCTGGTCTACGCTTGC 303 TaqI 263 + 40 56+ 96+ 111+ 40

R:ACAAGAAGCCAGCAAAGACG

N11 61,065,289 F:GCTTCCTCAAGACACCCAGA 458 HaeIII 458 304 + 154

R:CAGTTGTTCATTCAGTCAGGCT

N4 61,181,115 F:CAATGAGATATACTGGGTACACG 782 TaqI 414 + 176 +
192

590 + 192

R:AACGTGCAGAGAACAAAGTTGAG

N1 62,747,850 F:TGACGCGATAAACCTTGAGCAGCAC 300 TaqI 300 300 + 100

R:ATAACCTAGCTCCCTCCTTATGGTGTC

N8 63,198,615 F:GGTGGCAATTAAGGGTGACA 767 HaeIII 518 + 251 767

R:TCAAAATCCACCGTACACCA

N19 64,147,505 F:GGATGGACAAGGTGCTGTTG 824 ScaI/RsaI 139 + 685 824

R:TTCTGTTCATATCCGTCGTTCA

N9 64,214,216 F:GCACGAAACCCCACCAATTA 743/– – 743 –

R:GCAATCTCCAGTAGTATGTGAG

N2 64,340,348 F:TCACTTCTTGTATTTGTGCAGAGG 650 TaqI 420+ 150+ 80 500 + 150

R:AGTGCCCTTATGTTAAGCTTTATCC

N5 64,734,536 F:TAGAGGACGGGGAATGGACC 854 AluI 854 586 + 268

R:AAGGAGGGAAGAGGCTTGTG

N6 65,022,435 F:GTCGAACCTTGATTTTACCTGG 967/947 – 967 947

R:GACTGACATATGCTCTGCTTCA

N7 65,309,240 F:AACAGGGTGGTGGTAGATGG 609 TaqI 609 422 + 187

R:TCAACCATGCGTGTTATTAGCA

N3 65,598,163 F:TTGGTCTATTTGCAATATTTGATGG 370 AluI 370 230 + 140

R:AATCAATATGGCTGTAACAGCAGTTG

N12 65,699,488 F:GGGATCGTTGTTGCTGGTTC 301 HaeIII 301 168 + 133

R:GCCATTGTCTCACCGAGCT

(Continued)
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TABLE 2 | Continued

Marker
code

Position on
Chromosome 7

SL2.5 (bp)

Primer sequence 5′-3′ Expected PCR
product size (bp)

Restriction
enzyme

M82 fragment
size (bp)

IL7-3 fragment
size (bp)

N17 65,816,155 F:CCAATCCTAGTATACCTCCAGCA 413 EcoRI 413 241 + 172

R:TGAATATGCCATGCGAAGTTGT

N29 65,969,635 F:AGATGAGCAGTTGGGTAGTCC 450 TaqI 270 + 180 450

R:CCAAAAGCCATCAGTTGCCT

N30 66,061,621 F:AGTAGAACCAGAGGATAGGGAAC 520 TaqI 297 + 223 520

R:GGAGTAGAGGCAGCAATGGA

Markers are ordered following their crescent map position (bp) on chromosome 7. For each marker are reported: the primer sequences, the PCR product size, the
restriction enzymes used, the polymorphic fragment size between M82 and IL7-3. In bold: markers that are borders of the introgression region.

introgression size of 200 kb, where no wild allele for any CGs
and no differentially expressed or polymorphic TFs was retained.
A total of 24 genes map in this region, including two unknown
genes.

DISCUSSION

The exploitation of wild Solanum species has driven the
improvement of tomato varieties for several traits by using
traditional and innovative breeding approaches (Bai and
Lindhout, 2007). The wild species are precious sources of
new alleles for improving specific traits, most of which are
quantitatively inherited and therefore highly influenced by
environmental conditions and by multiple interactions among a
consistent number of genes. In this view, the production of ILs
from tomato wild species helped to dissect many complex traits
into major QTLs (Lippman et al., 2007), which might be then
transferred into improved varieties. This genetic effort is boosted
by the availability of genomic tools and resources, which may
have a deep impact on the success of this breeding strategy.

The S. pennellii IL7-3 has been selected in our laboratory
for its higher antioxidant properties compared to the cultivated
variety M82 (Sacco et al., 2013; Rigano et al., 2014). It exhibited
stable performances in different years and we could therefore
assume that these properties depend on a strong genetic basis. By
integrating data coming from many genomics resources publicly
available, we exploited this genetic resource with the aim of
identifying CGs and their wild alleles, which may contribute to
increase AsA and total carotenoids in the fruit. One CG was
identified that might affect carotenoids accumulation: the NCED
gene, which controls a key-enzyme in ABA biosynthesis (Zhang
et al., 2009). The lower expression of this gene in IL7-3 might
reduce the metabolic flux toward ABA production, pushing
the upstream metabolic pathway and thus feeding carotenoids
accumulation, as proposed by Sun et al. (2012), who observed
an increase of carotenoids level and a reduction of ABA when
the gene SlNCED1 was silenced in tomato fruit. Also in our
case, a concurrent increase of carotenoids and decrease of ABA
was observed in IL7-3 compared to M82 (data not shown),
thus supporting the role attributed to the wild allele of NCED.
In addition, even though no deleterious impact on proteins
was detected by PROVEAN when comparing the wild and

cultivated alleles of NCED, the alteration of amino acid sequences
may result in enzymes with modified activities (Yuan et al.,
2015).

Understanding the genetic control of the higher AsA content
in IL7-3 fruit was more complicated. Out of six CGs identified in
the introgressed region, which might be involved in the synthesis
and accumulation of AsA, only three were expressed in the fruit.
Among these, the gene LAC1 was expressed only in traces in IL7-
3 fruits respect to M82, as retrieved from available RNAseq data
in the TED database, and confirmed in our work using three
primer pairs for Real Time PCR targeting different regions of
this gene. In addition, a deleterious missense variant (−6.337
PROVEAN score) has been detected in LAC1 when comparing
the sequences of S. lycopersicum and S. pennellii. This caused a
substitution of a glycine in glutamic acid at position 194 (G194E),
which affects the cupredoxin domain. The deleterious alteration
of the protein in that position might be crucial for its correct
functionality. The two GAL genes mapping in the introgression
exhibited both a slight lower expression in IL7-3, and might
contribute to enhance AsA content in the fruit. Finally, the wild
allele of NCED might be indirectly related to the increased level of
AsA, since an intricated relationship between ABA biosynthesis
and AsA metabolism has been already hypothesized in different
species, including Arabidopsis, strawberry, tomato, and Ocimum
(Ghassemian et al., 2008; Nair et al., 2009; Lima-Silva et al., 2012;
Dongdong et al., 2015). However, in some cases the correlation
occurred between ABA content and ascorbate oxidase expression
level without any modifications of NCED expression (Lopez-
Carbonell et al., 2006; Fotopoulos et al., 2008). Therefore, the AsA
increase in IL7-3 might be also attributed to variations of ABA
content determined by the reduced activity of NCED, LAC1 or
both the enzymes.

Since the introgressed region 7-3 has a large size (6.6 Mbp),
we analyzed sub-lines of the region, which allowed focusing
on a restricted number of CGs. The selected sub-lines carried
only two or three CGs, or even no CG at all. The phenotypic
characterization of the sub-lines led us to draw some conclusions
on the potential role of the CGs. Firstly, the carotenoids content
well-reflected the presence/absence of the wild allele for NCED,
even though its specific action should be further investigated,
since the lower expression of NCED is correlated to a higher
carotenoids content only in three out of four sub-lines (R179,
R201, and R202). Therefore, approaches of gene replacement
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FIGURE 2 | Size and genomic identity of the seven sub-lines selected from the region 7-3. For each sub-line (coded R), the boundary edges are indicated
by the CAPS markers (coded N) that separated the wild genomic region (in green) from the cultivated one (in red). The position of the four CGs (LAC1, GAL1, NCED,
GAL2) in the region 7-3 is also reported.

between the wild and the cultivated allele will be undertaken
to verify that the presence of the wild allele may be effectively
correlated to higher levels of carotenoids content. Secondly, the
wild allele of NCED is not essential for determining the higher
AsA content in IL7-3, even though it can contribute to increase
it, as discussed above. Thirdly, the down-regulation of GAL2
is not correlated to the higher AsA content in IL7-3 and in
sub-lines.

Unfortunately, it was not possible to disrupt the linkage
between the two CGs LAC1 and GAL1, and then clearly identify
if only one or both of them control the AsA increase. However,
it is expected that more genes mapping in one QTL contribute
to affect one phenotype, and therefore in our case it may be
assumed that both LAC1 and GAL1 might have a determinant
role in increasing AsA, and this could confirm the existence
of polygenes in the QTL under study. In particular, the down-
regulation of GAL1 at BR stage would reduce the metabolic flux

toward the myo-inositol biosynthetic pathway. Moreover, it is
worth saying that, when the whole transcriptome of IL7-3 was
analyzed in comparison to that of M82, two genes annotated as
inositol-3-phosphate synthase were over-expressed in IL7-3, with a
potential contrasting action on the myo-inositol pathway respect
to GAL1. Since the involvement of the latter pathway in the AsA
biosynthesis in plants is still controversial (Endres and Tenhaken,
2009; Torabinejad et al., 2009; Gallie, 2013), we did not focus
further attention on GAL1.

The role of LAC1 is supported by its down-regulation in IL7-
3 MR fruit and in the sub-lines that exhibited a high level of
AsA (R176, R178, R201, R202). Indeed, the ascorbate oxidase
is an apoplastic enzyme that catalyzes the reversible oxidation
of ascorbate to dehydroascorbate, through the formation of
monodehydroascorbate, with the concomitant reduction of
molecular oxygen to water. Transgenic plants over-expressing
or under-expressing this gene have shed light on its role in

TABLE 4 | Phenotyping and genotyping of the seven S. pennellii introgression sub-lines: for each sub-line the higher content of ascorbic acid (AsA) and
total carotenoids respect to M82 is reported, together with the presence of wild alleles for four candidate genes (CG), and the number of genes
classified as unknown and transcription factors (TF), which map in the introgressed region.

Sub-line Border Markers AsA1 Carotenoids1 Wild CGs Unknown TFs

R182 N27-N14 + − – 2 0

R176 N27-N8 + − LAC1- GAL1 65 6

R178 N27-N2 + − LAC1- GAL1 85 7

R201 N27-N5 + + LAC1- GAL1-NCED 91 7

R202 N27-N6 + + LAC1- GAL1-NCED 100 7

R179 N19-N17 − + GAL2-NCED 36 3

R181 N7-N17 − − – 12 3

1Ascorbic acid (AsA) and carotenoids content in the sub-line significantly higher (+) than M82.
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FIGURE 3 | Gene expression of two CGs (NCED and LAC1) and ascorbic acid (AsA) content in the fruit of the seven sub-lines of the region 7-3. The
expression level of NCED (A) and LAC1 (B) in the parental IL7-3 and its sub-lines is reported in comparison to that observed in the parental M82 at three different
ripening stages, together with the AsA content (C) in the fruit evaluated at the same stages for all genotypes. Asterisks indicate statistically significant differences of
each ripening stage to the corresponding M82 stage (∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001). The presence of the wild (+) or cultivated (−) alleles of NCED and LAC1
genes for each genotype is reported at the bottom.

regulating the apoplastic ascorbate pool (Pignocchi et al., 2003;
Sanmartin et al., 2003), and therefore the ascorbate redox state,
thus also influencing the perception of environmental stresses
(Yamamoto et al., 2005; Fotopoulos et al., 2006, 2008; Garchery
et al., 2013). In our case, the down-regulation of the wild laccase-
22/L-ascorbate oxidase LAC1 might have an effect comparable
to that described in RNAi lines with reduced ascorbate oxidase

activity (Zhang et al., 2011), which exhibited high ascorbic
acid accumulation in tomato fruit. This effect could explain
the significantly higher Asa level observed in IL7-3 and in the
sub-lines with respect to the control M82. In the future, the
potential correlation between the down-regulation of LAC1 in
our tomato genotypes and their improved response to agents
imposing oxidative stress will be also investigated.
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Finally, in the sub-line R182 the increased level of AsA
detected in the red ripe fruits should be further investigated, but it
confirms that the IL7-3 AsA QTL consists of more than one CG.
Among the 24 genes mapping in the small introgressed region
of R182, two annotated as unknown were detected, whereas no
TFs was differentially expressed in tomato fruit. In the future,
the functional role of all these 24 genes in modulating AsA in
tomato fruit will be further investigated by using reverse genetic
approaches to clearly define their specific role in controlling AsA
content in the tomato mature fruit.

It is also worth saying that the existence in the 7-3
region of several genes annotated as unknown proteins paves
the way to other hypotheses. Indeed, besides the differential
expression and the structural variants affecting enzyme activity,
additional transcriptional and translational interations may
occur and contribute to influence it. Recently, regulators of
AsA biosynthesis in plants have been described (reviewed in
Zhang, 2012). In Arabidopsis it has been demonstrated that
light regulates AsA synthesis through the interaction between
a photomorphogenetic factor and the enzyme GDP-mannose
pyrophosphorylase (Wang et al., 2013), as well as that a feedback
regulation of Asa biosynthesis occurs following the interaction
between ascorbate and an Open Reading Fame (ORF) in the
long 5′ UTR (untranslated region) of the GDP-L-galactose
phosphorylase gene (Laing et al., 2015). Now, it will be crucial
to demonstrate if similar mechanisms or others may operate in
tomato fruit and, therefore, influence AsA concentration in IL7-3.

CONCLUSION

Results reported in the present work clearly demonstrated
that exploiting the genetic and genomic resources nowadays
available for tomato, including bioinformatics tools, was a
successful strategy to dissect one positive QTL for the increase
of AsA and carotenoids in the mature fruit. In particular,
two CGs for improving these metabolites were detected in
the wild region 7-3 introgressed from the species S. pennellii.
These were one L-ascorbate oxidase (LAC1) and one 9-
cis-epoxycarotenoid dioxygenase (NCED), whose wild alleles,
exhibiting polymorphisms and/or differential transcript levels,

might increase AsA and total carotenoids content. The first
CG favors the accumulation of reduced ascorbate controlling
the redox state of ascorbate in the apoplast. The action of
the second CG still needs to be elucidated, even though the
presence of the wild allele for NCED was correlated to higher
carotenoids content. Finally, the latter gene might also indirectly
contribute to increase AsA content, as revealed by the sub-line
R182, which showed a high expression of the cultivated allele
for NCED combined with high AsA content. A group of 24
genes mapping in the wild introgression of the sub-line R182
will be further investigated in the future to better understand
their role in the architecture of the QTL that positively influences
the level of antioxidants in the investigated region of the
chromosome 7.
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We have studied a genomic library of introgression lines from the Solanum
pimpinellifolium accession TO-937 into the genetic background of the “Moneymaker”
cultivar in order to evaluate the accession’s breeding potential. Overall, no deleterious
phenotypes were observed, and the plants and fruits were phenotypically very similar to
those of “Moneymaker,” which confirms the feasibility of translating the current results
into elite breeding programs. We identified chromosomal regions associated with traits
that were both vegetative (plant vigor, trichome density) and fruit-related (morphology,
organoleptic quality, color). A trichome-density locus was mapped on chromosome 10
that had not previously been associated with insect resistance, which indicates that
the increment of trichomes by itself does not confer resistance. A large number of
quantitative trait loci (QTLs) have been identified for fruit weight. Interestingly, fruit weight
QTLs on chromosomes 1 and 10 showed a magnitude effect similar to that of QTLs
previously defined as important in domestication and diversification. Low variability was
observed for fruit-shape-related traits. We were, however, able to identify a QTL for
shoulder height, although the effects were quite low, thus demonstrating the suitability of
the current population for QTL detection. Regarding organoleptic traits, consistent QTLs
were detected for soluble solid content (SSC). Interestingly, QTLs on chromosomes 2
and 9 increased SSC but did not affect fruit weight, making them quite promising for
introduction in modern cultivars. Three ILs with introgressions on chromosomes 1, 2,
and 10 increased the internal fruit color, making them candidates for increasing the
color of modern cultivars. Comparing the QTL detection between this IL population and
a recombinant inbred line population from the same cross, we found that QTL stability
across generations depended on the trait, as it was very high for fruit weight but low for
organoleptic traits. This difference in QTL stability may be due to a predominant additive
gene action for QTLs involved in fruit weight, whereas epistatic and genetic background
interactions are most likely important for the other traits.
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Frontiers in Plant Science | www.frontiersin.org August 2016 | Volume 7 | Article 1172 | 207

http://www.frontiersin.org/Plant_Science/
http://www.frontiersin.org/Plant_Science/editorialboard
http://www.frontiersin.org/Plant_Science/editorialboard
http://dx.doi.org/10.3389/fpls.2016.01172
http://creativecommons.org/licenses/by/4.0/
http://dx.doi.org/10.3389/fpls.2016.01172
http://crossmark.crossref.org/dialog/?doi=10.3389/fpls.2016.01172&domain=pdf&date_stamp=2016-08-17
http://journal.frontiersin.org/article/10.3389/fpls.2016.01172/abstract
http://loop.frontiersin.org/people/319810/overview
http://loop.frontiersin.org/people/346653/overview
http://loop.frontiersin.org/people/364432/overview
http://loop.frontiersin.org/people/354964/overview
http://loop.frontiersin.org/people/344078/overview
http://loop.frontiersin.org/people/157931/overview
http://loop.frontiersin.org/people/232767/overview
http://www.frontiersin.org/Plant_Science/
http://www.frontiersin.org/
http://www.frontiersin.org/Plant_Science/archive


fpls-07-01172 August 13, 2016 Time: 15:7 # 2

Barrantes et al. Solanum pimpinellifolium Introgression Lines

INTRODUCTION

Cultivated tomato, Solanum lycopersicum L., has undergone
two domestication steps during its history (Blanca et al.,
2012, 2015). The first domestication occurred early on in
Ecuador and northern Peru, and was most likely carried out
by ancient farmers on Solanum pimpinellifolium L. and/or
S. lycopersicum var. cerasiforme. The second step most likely
took place in Mesoamerica due to migrated pre-domesticated
tomatoes. Spanish conquistadors brought the tomato from
Mesoamerica to Europe, and from there it was spread all
around the world. One consequence of this process was dramatic
genetic erosion, caused especially by the bottleneck during the
migration from the Andean regions to Mesoamerica. Early
research (Williams and Clair, 1993) showed a much higher
diversity in Andean S. pimpinellifolium and S. lycopersicum var.
cerasiforme populations than among Mesoamerican cultivars,
and this has been supported by recent high density single
nucleotide polymorphism (SNP) variability analysis (Blanca
et al., 2015). Therefore, accessions originating anywhere from
the Andes to Mesoamerica will most certainly prove to be
an important source of useful genetic diversity for tomato
breeding.

After the introduction of tomato into Europe, intense breeding
efforts were carried out in order to increase yield, adaptation,
stability, and disease resistance (Bai and Lindhout, 2007).
Despite these common objectives, the breeding goals changed
over time due to the requirements of specific markets and
uses. During the 1970 and 1980s, one of the most important
breeding objectives, especially for fresh-market tomatoes, was to
increase yield and shelf life. Both breeding objectives resulted in
improved external quality, although at the expense of internal
fruit quality. During the following decade, taste became the
main breeding objective. Sugars, acids and more than 30 volatile
compounds are known to influence tomato flavor (Tieman
et al., 2012; Rambla et al., 2014). Organoleptic quality is a
very complex trait as it depends on the evolving preferences
of the market. Even so, significant improvement in tomato
flavor seems possible by increasing the fruit sugar and acid
contents and by modifying the balance between the two (Stevens
et al., 1977). Wild species have mostly been used to introduce
resistance genes, thus increasing the genetic diversity of modern
cultivars compared to vintage cultivars (Sim et al., 2009, 2011,
2012).

The complex polygenic control of tomato fruit quality traits
involves multiple quantitative trait loci (QTLs; Labate et al.,
2007). Interestingly, favorable effects on fruit quality have been
identified in wild species, such as S. pimpinellifolium, Solanum
pennellii, Solanum cheesmaniae, and Solanum habrochaites
(Eshed and Zamir, 1995; Bernacchi et al., 1998; Monforte et al.,
2001; Fulton et al., 2002; Lippman et al., 2007), even though
the fruits of these species are not usually consumed by humans.
The exploitation of these QTLs in practical breeding has been
very limited because of the inherent difficulties in implementing
marker-assisted selection (MAS) for QTLs (Collard and Mackill,
2008) in addition to deleterious linkage drag. Nevertheless, a few
successful studies have been reported (Gur and Zamir, 2004).

Both advanced backcross and introgression lines (ILs) may
be used to facilitate the incorporation of genetic variability from
wild species (Eshed and Zamir, 1995; Tanksley et al., 1996).
ILs are developed by MAS and contain a unique chromosome
fragment from a donor genotype (usually a wild species or
unadapted germplasm) in a uniform elite genetic background.
These collections are also called “genomic libraries of ILs” when
the whole genome of the donor genotype is represented among
the introgressions.

In tomato, ILs have been developed from S. pennellii LA0716
(Eshed and Zamir, 1994), S. habrochaites LA1777 (Monforte
and Tanksley, 2000a), Solanum lycopersicoides LA 2951 (Chetelat
and Meglic, 2000; Canady et al., 2005), S. habrochaites LA0407
(Francis et al., 2001) and S. habrochaites LYC4 (Finkers et al.,
2007). In addition, a small number of ILs have been developed for
the S. pimpinellifolium accessions LA1589 (Tanksley et al., 1996;
Bernacchi et al., 1998) and LA2093 (Kinkade and Foolad, 2013).
IL collections are extremely useful for identifying QTLs (Eshed
and Zamir, 1995; Rousseaux et al., 2005), verifying QTL effects
(Tanksley et al., 1996), studying QTL x environmental, QTL
x genetic background and QTL x QTL interactions (Monforte
et al., 2001), QTL fine mapping (Eshed and Zamir, 1996; Ku
et al., 2000; Monforte and Tanksley, 2000b; Ashrafi et al., 2012)
and introducing new genetic variability from wild species into
elite germplasm (Tanksley and McCouch, 1997; Zamir, 2001;
Gur and Zamir, 2004). IL analysis is also a powerful tool for
genomics research, as it facilitates the study of the genetic
basis of metabolome (Schauer et al., 2006), transcriptome and
its correlation with metabolome (Lee et al., 2012), enzyme
activity (Steinhauser et al., 2011) and QTL cloning (Frary et al.,
2000; Fridman et al., 2000; Liu et al., 2002). The most widely
used IL collection is the S. pennellii LA 0716 collection, which
has facilitated the identification of more than 2,700 QTLs
involved in agronomical important characters (Lippman et al.,
2007).

The development of IL collections has traditionally required
intense effort spanning several years (Eshed and Zamir,
1994; Eduardo et al., 2005). Barrantes et al. (2014) applied
high-throughput genotyping in an IL breeding program,
demonstrating that IL libraries can now be produced with far
less effort at a lower cost. The IL population thus produced
was derived from a cross between the cultivar Moneymaker
(S. lycopersicum) and the S. pimpinellifolium accession TO-937.
This accession is from Peru, i.e., the region where the tomato
most likely underwent its first domestication step. It is therefore
a quite suitable accession for introducing new genetic variability
into the cultivated tomato genetic pool. Previous works have
demonstrated that TO-937 harbors genetic variability that is
of interest for breeding purposes, such as enhancing ascorbic
acid (Lima-Silva et al., 2012), sugar, organic acid and carotenoid
fruit content (Capel et al., 2015), as well as modifying aroma
volatile compounds (Rambla et al., 2014) and resistance to pests
(Fernández-Muñoz et al., 2000; Silva et al., 2014). Furthermore,
populations derived from this accession were used to map the
Uniform ripening (U) locus (Powell et al., 2012). In the current
report, we present a thorough phenotypic characterization of this
IL library, focusing mainly on fruit traits and the characterization
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of QTLs involved in fruit quality as the first step in introducing
new genetic variability into the elite tomato gene pool.

MATERIALS AND METHODS

Plant Material
A complete genomic library of 54 ILs derived from a cross
between the wild S. pimpinellifolium (SP) accession TO-937 as a
donor parent, obtained from the Instituto de Hortofruticultura
Subtropical y Mediterránea “La Mayora” (IHSM-UMA-
CSIC) germplasm bank, and the cultivar “Moneymaker”
(S. lycopersicum) as recurrent parent (hereafter referred to as
MM, Barrantes et al., 2014) were studied in the current report.
In brief, each IL contains an average of 3.7% of the SP genome
(range: 0.5–7.7%), altogether covering 98.8% of the donor
parent genome, with an average introgression size of 25 Mb
(ranging from 0.7 to 75 Mb). IL evaluation was performed
during the spring-summer of 2013 at three locations in Spain:
Alginet, Valencia (Agricultural Cooperative Alginet Coagri),
School of Engineering of Orihuela, Alicante (Miguel Hernández
University) and Algarrobo-Costa, Málaga (IHSM-UMA-CSIC).
All three locations are on the Mediterranean coast of Spain,
and, therefore, have similar weather conditions. ILs were grown
in plastic greenhouses following a randomized complete block
design with eight blocks, each containing one replicate per IL
and six replicates of MM. In the first through seventh blocks,
each replicate had a single plant, whereas in the eighth block
each replicate consisted of three plants. The eighth block was
used to better distinguish categorical traits between the ILs
and MM.

Phenotypic Analysis
Traits were classified into two categories: descriptive and
quantitative traits. Descriptive traits were only evaluated in
block 8, as each replicate consisted of three plants, which made
it easier to observe the differences between the ILs and MM
categorically. This group of traits included: vigor (VIG), as the
height of the plant at first fruit set expressed in cm; purple
(PURP), as the presence or absence of anthocyanin coloration
in branches and stems; trichomes (TRI), visually observed
long trichome density on stems with a scale of: 0 = absence,
1 = low, 2 = medium, and 3 = high; and earliness (EAR), as
days from transplanting to first ripe fruit and presence/absence
of dark green shoulder (GS) on breaker fruit. Quantitative
fruit traits were evaluated on four fruits harvested at light-
red stage, selected from a large sample of fruits for being the
most representative as regards homogeneity in maturity and
size. A single sample per plant was obtained for blocks 1–7,
whereas a pooled sample of three plants was obtained in block
8. Each fruit was weighted (FW in grams) and the external color
(EC) was recorded at three points in the equatorial region of
the tomato fruit using a Minolta Chroma Meter model CR-
400 (Konica Minolta, Inc., Tokyo, Japan), applying the CIE
Lab color space, where higher +a∗ indicates red and lower
−a∗ indicates green, whereas higher b∗ indicates yellow and
lower b∗ green. The color space is three-dimensional, where

the third axis, L∗, represents black to white and the a∗−b∗
plane may be visualized as a color wheel that is lighter or
darker depending on the level of L∗. Lower L∗ values represent
a darker color. Chroma (C∗), a measure of color saturation,
was calculated using the formula: (a∗2

+b∗2)1/2. Hue-angle (H),
in degrees, is the measurement of an object’s color in the
a∗−b∗ plane and was calculated as (180/p)∗cos−1(a∗/C∗) for
the positive values of b∗ obtained. Perception of hue angle
differences depends on the chroma, with the differences being
more detectable at higher chroma (Sacks and Francis, 2001).
After longitudinal cutting, fruits were scanned at 300 dots per
inch (dpi). The images were saved as jpeg files and imported
into Tomato Analyzer 3.0 software for automated phenotypic
analysis1. Fruit morphology descriptors were following Brewer
et al. (2006): maximum diameter (FD, in cm), max length
(FL, in cm) fruit shape: fruit shape index (FS), fruit shape
circular (CIR), shoulder height (PSH, that is a measurement
of the indentation of peduncle scar at the proximal end of
the fruit). For internal color (IC), the Tomato Analyzer color
module was calibrated with a scanned X-Rite Color Checker
card. Images were previously processed with Photoshop CS5
v. 12. (Adobe Systems Incorporated, San Jose, CA, USA) in
order to save an image of the same fragment of pericarp tissue
in each fruit. Finally, CIELab color parameters were obtained
using Tomato Analyzer (Darrigues et al., 2008). The organoleptic
traits, such as soluble solid content (SSC), pH (PH), and
titratable acidity (TA) were analyzed from tomato pericarp tissue
from four fruits ground and stored at −20◦C. Samples were
thawed and centrifuged at 3500 rpm for 10 min, an aliquot of
supernatant was used for measuring SSC (expressed in ◦Brix)
using a digital refractometer (Atago CO LTD, Tokyo, Japan)
and PH and TA (expressed in percentage of citric acid) were
determined from 1 ml of the supernatant homogenized juice
with the electronic analyzer PH-Matic23 (CRISON, Barcelona,
Spain).

Statistical Analyses
For each trait, the genetic (G), location (L) and interaction (G-
x-L) effects were estimated by two-way ANOVA. Heritability
was estimated by one-way ANOVA in each locality (G-x-L was
significant for nearly all traits, see below) as h2= Vg/Vt (where
Vg represents genetic variance, estimated as the variance among
genotypes, and Vt represents total variance). Pearson’s correlation
coefficients among traits were calculated in each location. IL
and control MM means were compared by a Dunnet’s test at
p < 0.05. Only ILs that were significantly different from MM
in at least two locations were considered for QTL assignment.
QTLs were mapped in the chromosome regions that were covered
by the TO-937 introgressions in the ILs that showed significant
effects on the trait under study. In those cases where the means
of two ILs with overlapping introgressions were significantly
different from MM, a contrast test was performed between
those ILs. When IL means were not different, the QTL was
assumed to be located in the overlapping regions; when the
means were different, two QTLs were assumed. All statistical

1http://oardc.ohio-state.edu/vanderknaap/
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analyses were performed with JMP v. 11 (SAS Institute, Cary, NC,
USA).

RESULTS

Recurrent Parent (MM)
The trait means and standard deviations of parental MM at the
three locations are presented in Supplementary Table S1. No
significant differences in FW were found between locations, with
the average being 98.1 g, whereas other fruit dimension traits
such as FL and FD showed significant differences (p≤ 0.01), with
higher values in Málaga. Shape-related traits showed statistically
significant differences among locations (p ≤ 0.01), except for FS.
Significant differences for organoleptic traits (SSC, PH, and TA)
and color traits (IC and EC) were also found among locations.

Introgression Lines and QTL Mapping
In general, the phenotypes of both plant and fruit were very
similar to the phenotypes of the recurrent MM. Only in very
few cases did we observe extreme phenotypes. A thorough
description of the phenotypes and the QTL mapping can be
found below. In Supplementary Table S2, a summary of the
comparison of each IL with MM across all locations is also shown.

Descriptive Traits
During the cultivation of the IL collection, several phenotypic
characteristics that were consistent in at least two locations
were clearly observed (Supplementary Figure S1). ILs SP_2-4
and SP_2-5 showed fast vegetative growth, defining a locus for
plant vigor (vig2.1). SP_3-1, on the other hand, suffered such
a drastic reduction of plant growth that it did not set fruits
in two locations, which, in turn, permitted to define another
locus (vig3.1). Furthermore, SP_5-2 and SP_5-3 displayed purple
shoots, probably due to anthocyanin accumulation (purp5.1).
SP_10-3, meanwhile, had denser trichomes (tri10.1) than MM.
IL_2-5 set the first ripe fruit 8 days earlier than MM (ear2.1),
whereas, IL_11-4 produced the first ripe fruit 8–13 days after MM
(ear11.1). IL_10-1 and IL_10-2 had fruits with dark GSs at the
breaker stage (gs10.1).

Fruit Size
The average FW of the whole IL collection across trials was 11.3%
lower than MM (around 98 g per fruit, Table 1). The range was
between 47.81 and 117.86 g (SP_3-3 and SP_12-5, respectively).
FW was strongly correlated with its trait components: fruit length
(FL) and fruit diameter (FD; r > 0.5, Supplementary Table
S3). The effect of the genotype (G) was 35% of total variance;
whereas the effects of the location (L) and the interaction (G-x-
L) were lower than G effects, 19 and 5%, respectively (Table 1).
FW was the trait with higher heritability (h2 range: 0.62–0.45,
Supplementary Table S4). As a general rule, introgressions from
SP had a negative effect on FW, except for SP_12-5, which
increased FW 20% (Figure 1; Supplementary Figure S2). Three
ILs (SP_1-2, SP_2-5, and SP_3-3) showed the most consistent
effects among locations, and, on average, reduced FW by up to
more than 40% in some locations. Fourteen additional ILs with

consistent effects on FW allowed us to define a total of 12 QTLs:
fw1.1, fw1.2, fw2.1, fw2.2, fw3.1, fw3.2, fw4.1, fw4.2, fw7.1, fw10.1,
fw11.1, and fw12.1 (Table 2).

Fruit Shape-Related Traits
The fruit shape index (FS) showed a relatively modest variability
in the IL collection, as the fruits were nearly round, just like MM
(both the IL population and MM had the same mean value of
FS = 0.89), ranging from 0.82 (SP_6-2) to 0.93 (SP_4-2), being
the G effect 23% of total variance (Table 1). FS was negatively
correlated with FD (r = −0.35, Supplementary Table S3) and
positively with FL, but to a lesser extent (r = 0.27), indicating
that FD is the most important determinant of the variation
in FS in this population. Heritability ranged from 0.48 to 0.29
(Supplementary Table S4). SP_6-2, SP_4-2, and SP_10-5 showed
consistent effects on FS. Three QTLs were defined with opposite
effects: fs6.1 and fs10.1, which induced flattened fruits, and fs4.1,
which induced more elongated fruits (Figure 2; Table 2).

The variability of circular fruit shape (CIR) was also low, being
G effect 26% of total variance (Table 1), with an average value
of 0.06 for the IL collection (the same value as MM, Table 1),
ranging from 0.04 to 0.08 (SP_2-5 and SP_10-5, respectively).
CIR clearly showed a high correlation (Supplementary Table S3)
with FD (r = 0.48) but not with FL (r = −0.02), which supports
the previous observation that FD is the principal determinant
of FS variability in this population. Heritability was similar
to FS, ranging from 0.47 to 0.35 (Supplementary Table S4).
Additionally, SP_6-2 also increased CIR, making a total of three
QTLs: cir2.1 induced up to 26% rounder fruit, while cir6.1
and cir10.1 induced 42% less round fruit on average (Figure 2;
Table 2).

PSH averages were the same for both the ILs and MM
(0.06), with a very low G effect and the L effect being the
most important one, 6 and 27% of total variance, respectively
(Table 1). Heritability was also a little bit lower than previous
fruit shape traits, ranging from 0.30 to 0.35 (Supplementary Table
S4). Despite the low G effect, ILs SP_1-2 and SP_3-3 showed
statistically significant differences as compared to MM in all three
locations, reducing PSH by as much as 42% (Table 2). Two stable
QTLs were defined as a result: psh1.1 and psh3.1 (Figure 2).

Organoleptic Related Characters
The average SSC in the IL collection was similar to that of
MM (4.48 ◦ Brix), although the range was wide, from 3.85◦ to
5.1 Brix◦ (SP_4-3 and SP_10-6, respectively). The G effect was
29% of total variance, whereas L effect and G-x-L interaction
represented 9% of total variance both of them (Table 1).
Interestingly, correlations between SSC and fruit size and other
fruit morphology-related traits were very low and non-significant
(r < 0.1, Supplementary Table S3). Heritability was near 0.5
(Supplementary Table S4). SP_3-3 increased SSC in all three
trials, whereas four additional ILs increased it in two trials
(Figure 1; Table 2). On the other hand, SP_4-3 and SP_5-2
decreased SSC by 13 and 8%, respectively. A total of six consistent
QTLs were defined with opposite effects: ssc2.1, ssc2.2, ssc3.1,
and ssc9.1 increased SSC by up to 13%, whereas ssc4.1 and ssc5.1
decreased SSC by up to 12% (Table 2; Figure 2).
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TABLE 1 | Trait mean values [fruit weight (FW), diameter (FD), length (FL), shape (FS), circular shape (CIR), shoulder height (PSH), soluble solid content
(SSC), pH (PH), titrable acidity (TA)] and the internal and external CIELab color system variables L∗, a∗, b∗, C∗ and H for the whole Introgression Line (IL)
collection and the recurrent parent Moneymaker (MM).

∗ Trait acronyms Means Effects (%)

ILs MM Genotype Location Genotype-x-location

Size FW (g) 86.23 98.18 35∗∗ 19∗∗ 5∗∗

FD (cm) 5.71 5.99 30∗∗ 26∗∗ 5∗

FL (cm) 5.05 5.29 35∗∗ 20∗∗ 5∗

Shape FS 0.89 0.88 23∗∗ 9∗∗ 9∗∗

CIR 0.06 0.06 26∗∗ 15∗∗ Ns

PSH 0.04 0.04 6∗∗ 57∗∗ 4∗∗

Organoleptic SSC (◦Brix) 4.48 4.45 29∗∗ 9∗∗ 9∗∗

PH 4.23 4.42 7∗∗ 58∗∗ 3∗∗

TA (% citric acid) 0.29 0.29 12∗∗ 44∗∗ 5∗∗

External color L 40.06 40.04 6∗∗ 59∗∗ 4∗∗

a 22.22 22.45 20∗∗ 37∗∗ 8∗∗

b 23.76 23.81 15∗∗ 24∗∗ 8∗∗

C 32.71 32.98 16∗∗ 38∗∗ 7∗∗

H 46.85 46.71 22∗∗ 7∗∗ 12∗∗

Internal color L 39.2 39.52 11∗∗ 26∗∗ 12∗∗

a 24.72 24.16 7∗∗ 50∗∗ 7∗∗

b 27.41 27.5 14∗∗ 1∗∗ 13∗∗

C 37.08 36.81 10∗∗ 37∗∗ 9∗∗

H 48.42 49.07 7∗∗ 42∗∗ 7∗∗

The genetic (G) and location (L) effects and their interaction (G-x-L) were estimated by two-way ANOVA and expressed as a percentage (%) of the total variance, with ns
being non-significant, and ∗p < 0.05 and ∗∗p < 0.001, respectively.

The average TA and PH of the fruits of the IL collection
were similar to those of MM (0.29 and 4.6, respectively). For
both traits, the G effect was 12%, whereas L effect was the most
important (44%, Table 1), indicating a low genetic variability
for this trait in the current population. Correlations with other
traits were generally low, except for SSC, which was relatively
important (r = 0.44, Supplementary Table S3). Heritability
ranged from 0.2 to 0.48 (Supplementary Table S4). Only SP_2-
4 showed a significant TA decrease of 17% compared with MM
in all three trials, defining the QTL ta2.1 on chromosome 2
(Figures 1 and 2; Table 2).

Fruit Color
External color average values were very similar between the ILs
and MM. The G effect was low for L∗, b∗ and C ∗ (6–16%),
moderate for a∗ and H (>20%, Table 1), and the L effect was
important in most of them (>24% of total variance, p < 0.001).
Meanwhile, interaction G-x-L was generally lower than 12% of
total variance. EC positively correlated moderately with fruit
size (r∼0.2, p = 0.004, Supplementary Table S3) and negatively
with the organoleptic traits SSC and TA (r < 0.4, p = 0.004).
Heritability ranged from 0.23 to 0.55 (Supplementary Table
S4). Three ILs, SP_2-1, SP_2-3 and SP_7-3, showed significant
differences in the a∗ color component, defining the QTLs
ec_a∗2.1 and ec_a∗7.1 (Figure 1), associated in both cases with
a reduction of the color red (Figure 2; Table 2).

Internal color average values were very similar between the
ILs and MM, except for the components C∗ and H, which were

slightly higher or slightly lower in the IL collection, respectively.
The G effects represented between 7 and 14 of the total variance,
being the L effect was higher in most cases (>26%), with
the exception of b∗ (Table 1). The interaction G-x-L for IC
components ranged from 7 to 13% of total variance (Table 1).
No high correlation values between IC and the other traits were
detected (Supplementary Table S3). ILs SP_1-2, SP_5-2, SP_10-
2 increased the H, L∗ and a∗ components, respectively, whereas
SP_2-5 decreased L∗ (Figure 1). Heritability ranged from 0.23 to
0.44 (Supplementary Table S4). A total of four QTLs were defined:
ic_a∗2.1 and ic_a∗10.1, associated with an increased red-colored
fruit, and ic_H1.1 and ic_L∗5.1, which reduced red coloration
(Figure 2; Table 2).

In summary, a total of 33 QTLs with consistent effects in at
least two locations were defined (Figure 2). These QTLs were
mapped and covered different regions in all chromosomes, except
chromosome 8, where no QTL was detected. The distribution
of QTLs was not homogeneous among chromosomes, with the
largest number of QTLs (8) being found in chromosome 2.
Chromosomes 1, 3, 4, and 10 had four QTLs and the rest of the
chromosomes showed fewer QTLs.

DISCUSSION

QTLs Detected in the IL Population
To the best of our knowledge, the current work reports the first
thoroughly evaluated IL collection with an S. pimpinellifolium
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FIGURE 1 | Differences between IL means and Moneymaker (MM) across the three locations expressed in percentage (%) from the MM mean. Only
ILs showing significant mean differences with MM at p < 0.05 according to the Dunnet’s test in at least two locations are shown. Trait abbreviators are: fruit weight
(FW), shape (FS), circular shape (CIR), shoulder height (PSH), soluble solid content (SSC), titrable acidity (TA) and internal and external color (EC; ICOL, ECOL) based
on CIELab color system variables a∗, b∗, L∗, H, C∗.

accession as donor. SP is the phylogenetically closest wild species
to the cultivated tomato, which could explain why, in general, the
phenotypes of the ILs were so similar to MM, especially compared
with other IL collections derived from more distant wild species
(Eshed and Zamir, 1995; Bernacchi et al., 1998; Monforte et al.,
2001). As a result, deleterious linkage drag effects are minimized
in this collection, which facilitates the exploitation of this genetic
resource in plant breeding. Furthermore, MM is a fresh-market
variety, in contrast to the processing cultivars more widely used
as genetic background (Eshed and Zamir, 1995; Monforte and
Tanksley, 2000a).

A few extreme phenotypes were observed in the population,
some of which affected general plant growth and architecture.
SP_3-1 showed severe plant growth impairment, limiting fruit
production drastically. This phenotype is very similar to the one
caused by the pauper mutation, which maps on the short arm of
chromosome 3 (tgrc.ucdavis.edu), so vig3.1 could represent an
allele of the pau gene. As neither MM nor TO-937 showed any
growth impairment, it is unlikely that a new mutation on pau
would have occurred during IL development. We think that the
effect can most likely be attributed to interactions between TO-
937 alleles (pau or other genes) within the SP_3-1 introgression
and other genes in MM genetic background. Another classical
mutant, pro or procera (tgrc.ucdavis.edu), which exhibits a
more rapid growth rate, produces tall, slender, weak plants and
elongated internodes, and co-locates with the earliness QTL
ear11.1 in IL SP_11-4.

SP_5-2 and SP_5-3 displayed the color purple on both primary
and axillary shoots, indicating anthocyanin over-accumulation.
The Af gene (anthocyanin free, tgrc.ucdavis.edu) is involved in
the accumulation of anthocyanins as mutations (af ) in this gene,
and produces plants that do not accumulate anthocyanin in all

tissues (Burdick, 1958). This gene is located in the short arm
of chromosome 5 and encodes a chalcone isomerase enzyme
(CHI) that catalyzes the synthesis of 2(S)-naringenin, a key
intermediate in the flavonoid pathway, which is required for
flavonoid production (Kang et al., 2014) This means that purp5.1
may be allelic to Af. As in the previous example, neither MM nor
TO-937 displayed anthocyanin accumulation under normal non-
stress conditions, suggesting that epistatic interactions between
TO-937 alleles at CHI and with MM genetic background likely
induced an expression of CHI, which would explain the resulting
anthocyanin accumulation.

SP_10-3 displayed a much higher trichome density than MM,
with long type-I trichomes (Luckwill, 1943) densely covering
leaves and stems. Yang et al. (2011) isolated the Woolly gene
(Wo), essential for trichome formation in all vegetative parts.
This gene is located in the long arm of chromosome 2, meaning
that SP_10-3 most likely contains a novel gene involved in
trichome development. Trichomes have been associated with
insect resistance (Guo et al., 1993; Blauth et al., 1998; Maluf et al.,
2010). Salinas et al. (2013) mapped two QTLs in chromosome
2 from the wild tomato TO-937 that control resistance against
the two-spotted spider mite (Tetrany chusurticae Koch) and
which is based on short, glandular, type-IV trichomes that
produce acylsucroses (Alba et al., 2009). However, no gene
or QTL involved in insect resistance has been mapped in
chromosome 10 so far, which suggests that the increase of
trichome density induced by tric10.1 is not related to disease
resistance. Since the h gene (hairs absent, tgrc.ucdavis.edu)
produces absence of long trichomes (except on hypocotyl) and
is located in the long arm of chromosome 10, it is likely that
tric10.1 is allelic to h. No candidate gene is known for this
gene.
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TABLE 2 | Summary of the quantitative trait loci (QTLs) detected in the population of introgression lines for the analyzed traits [FW, FS, CIR, PSH, soluble
solid content (SSC), TA, external (EC) and internal (IC) color the last two are based on CIELab color system variables L∗, a∗, b∗, C∗, H].

Trait QTL Chr QTL genetic
position (cM)

QTL physical
position (Mb)

Localities
detected

Differences with
MM (%)

FW fw1.1 1 57–75 74–78 3 −25

fw1.2 1 77–128 78–90 2 −17

fw2.1 2 47–69 38–40 2 −25

fw2.2 2 69–138 42–50 3 −19

fw3.1 3 51–111 7–58 3 −27

fw3.2 3 111–124 58–62 2 −24

fw4.1 4 0–30 0–4 2 −13

fw4.2 4 30–135 4–62 2 −18

fw7.1 7 39–77 60–64 2 −19

fw10.1 10 0–84 0–61 2 −23

fw11.1 11 69–93 49–50 2 −17

fw12.1 12 94–133 62–65 2 20

CIR cir2.1 2 69–86 36–42 2 −26

cir6.1 6 17–56 3–35 3 43

cir10.1 10 104–115 64–65 3 41

FS fs4.1 4 41–94 3–35 2 6

fs6.1 6 17–56 3–35 3 −7

fs10.1 10 104–115 64–65 2 −6

PSH psh1.1 1 50–135 3.8–70 3 −43

psh3.1 3 11–124 58–62 3 −42

SSC ssc2.1 2 46–63 0–36 2 10

ssc2.2 2 86–139 42–49 2 14

ssc3.1 3 11–124 58–62 3 14

ssc4.1 4 41–94 4–57 2 −13

ssc5.1 5 4–32 0–0.5 2 −8

ssc9.1 9 13–92 4–57 2 9

TA ta2.1 2 46–63 36–42 2 −16

EC ec_a∗2.1 2 1–46 28–35 2 −15

ec_a∗7.1 7 77–100 60–63 2 −20

IC ic_L∗2.1 2 63–86 42–50 2 −11

ic_L∗5.1 5 4–84 0–0.5 2 8

ic_a∗10.1 10 27–31 0–2.8 2 18

ic_H1.1 1 50–135 5–78 2 2

The intervals of the QTL positions are listed in genetic and physical units following Barrantes et al. (2014). The number of locations where the QTL was significant is also
indicated. The effect of the QTLs is shown as the mean difference between the locations of ILs with significant effects and recurrent parent Moneymaker (MM), expressed
as a percentage with respect to MM.

Regarding fruit quality traits, in general no important
deleterious phenotypes were observed. SP_10-1 and SP_10-2
yielded dark green-shouldered fruits as a consequence of the
allelic replacement of the uniform ripening (u) gene that is
located in the introgressions presented by the ILs and which
corresponds to the reconstitution of the function of the GLK-2
gene involved in chloroplast development in fruit (Powell et al.,
2012).

Fruit weight showed the highest genetic variability and
heritability as well as the largest number of detected QTLs. The
striking phenotypic differences between parental lines explain
these results. The increase in FW is an important domestication
and diversification trait. Major QTLs involved in this trait have
been isolated in the last few years (Monforte et al., 2014), and
some QTLs detected in the current report provide additional

evidence for them: fw2.2 (Frary et al., 2000), fw3.2 (Chakrabarti
et al., 2013) FAB, FIN (Xu et al., 2015), which are most likely
responsible for the FW QTLs reported herein in chromosomes
2, 3, 4, and 11, respectively. These QTLs are involved in either
domestication or improvement (Lin et al., 2014), together with
other loci in chromosomes 5, 7, 9, and 12. The current population
revealed additional FW QTLs on chromosomes 1 (SP_1-2, SP1_3,
and SP_1-4) and 10 (SP_10-2), with effects of a comparable
magnitude (Figure 1) to those previously described, even though
they have not been previously associated to either domestication
or improvement. These QTLs have not been found in other
mapping populations derived from SP accessions, although they
may be orthologous to FW QTLs from other wild tomato species,
such as S. pennellii (Eshed and Zamir, 1995). Also worthy of
note are the transgressive effects of IL_12-5 that increase FW.
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FIGURE 2 | Quantitative trait loci (QTL) positions on the tomato map. Genetic distances (cM) are shown on the left of the chromosome drawings, and physical
distances (Mb), according to the tomato genome version SL2.40, on the right. QTLs are named using an abbreviation of the trait: plant vigour (VIG), earliness (EA),
presence or absence of anthocyanin coloration in branches and stems (PURP); trichome density (TRI), green shoulder on the fruit (GS), FW, FS, circular shape (CIR),
shoulder height (PSH), soluble solid content (SSC), TA and internal and EC (ICOL, ECOL, respectively) based on CIELab color system variables a∗, b∗, L∗, H, C∗,
followed by the chromosome on which they map and a digit indicating the number of the QTL within the chromosome. (∗) Indicates that the TO-937 wild allele
increases the trait value.

QTLs involved in FW have been mapped in this region, either
increasing (Causse et al., 2004) or decreasing (Fulton et al., 2000;
Prudent et al., 2009; Xu et al., 2013), indicating that there must
be allelic variability for this QTL in the wild species germplasm

that was probably not selected during domestication into the
cultivated gene pool.

With respect to FS, the genetic variability observed in the
current IL population was modest. At the same time, the number
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of detected QTLs was small and their effects were low. The
QTL cir2.1, responsible for 26% of fruit round shape variability
likely corresponds to QTLs detected in previous SP-derived
populations (Grandillo and Tanksley, 1996; Tanksley et al., 1996;
Bernacchi et al., 1998; van der Knaap and Tanksley, 2003). The
physical position coincides with ovate, so cir2.1 could be a weak
allele of the ovate gene (Liu et al., 2002). QTLs cir6.1 and cir
10.1, mapped in chromosomal regions previously associated with
FS on chromosomes 6 (Bernacchi et al., 1998; van der Knaap
and Tanksley, 2003) and 10 (Chen et al., 1999) in SP-derived
populations, are most likely allelic QTLs.

Shoulder height QTLs were mapped for the first time by
Brewer et al. (2007) in chromosomes 1, 2, and 7. In the current
study, psh1.1 and psh3.1 were mapped, with psh1.1 located at
the same position previously defined by Brewer et al. (2007) on
chromosome 1. The appearance of shoulder height in tomato
fruit is restricted to cultivated tomato, which is probably a
consequence of domestication. It seems unlikely that ancient
farmers would have selected for this trait intentionally. One
possible explanation is a pleiotropic effect of fruit size increase; in
fact, SP_1-2 and SP_3-3 decreased both FW and PSH, although
other ILs that reduced FW did not show any effects on PSH.
An alternative explanation is that the pleiotropic effect could
be QTL-specific. SSC is one of the primary quality traits of
tomato fruits. The amount of genetic variability in the current
population was higher than it was for FS, with a total of five
QTLs with opposite effects being detected (three increasing, two
decreasing). No correlation was found between SSC and FW.
SP_2-2 and SP_9-1 increased SSC but did not decrease FW,
making those QTLs an appropriate choice for increasing SSC
without negative effects on FW. QTLs on ILs SP_3-3, SP_4-
3, and SP_5-1 have been detected in a very limited number of
previous works (Tanksley et al., 1996; Chen et al., 1999), whereas
QTLs on SP_2-2, SP_2-5, and SP_9-1 have been detected more
frequently (Grandillo and Tanksley, 1996; Tanksley et al., 1996;
Chen et al., 1999; Doganlar et al., 2002; Causse et al., 2004; Chaïb
et al., 2006; Xu et al., 2013; Pereira da Costa et al., 2013). The
QTL on SP_2-5 is likely a pleiotropic effect of fw2.2 (Frary et al.,
2000), whereas the effect on SP_9-1 could be due to the apoplastic
invertase Lin5 (Fridman et al., 2004). This difference in SSC
QTL detection among different mapping populations most likely
reflects a high genetic variability for this trait in both cultivated
and wild germplasm.

Fruit color is also an important quality trait as it is associated
with lycopene accumulation. Both EC and IC components
showed a moderate genetic variance in this population, indicating
low allelic diversity between MM and TO-937. Correlations
between EC and IC components were low and non-significant,
confirming a different genetic control for these traits (Monforte
et al., 2001). All EC QTLs from TO-937 reduced red coloration,
an unexpected result since TO-937 fruits are redder than MM
fruits. On the other hand, SP_1-2, SP_2-5, and SP_10-1 displayed
a more intense red IC, whereas SP_5-2 showed a diminished red
IC, which makes those first ILs promising for the improvement of
the nutritional quality of tomatoes. Phytoene synthase 2 (psy2) is
located in the SP_2-5 introgression (Bartley and Scolnik, 1993),
and is a strong candidate gene. QTLs for IC have been detected

previously in the same genomic region, which expands the
introgression of SP_1-2 (Grandillo and Tanksley, 1996; Bernacchi
et al., 1998; Liu et al., 2003). Since the high pigment-2 (hp-2) locus
maps in the same region (van Tuinen et al., 1997), it is likely that
the current QTL is an allele of hp-2 with weaker effects. The loci
on SP_5-2 and SP_10-1 are the most promising ones, although
the introgressions still harbor a large number of genes that may
turn out to be candidate genes.

Comparison of QTL Detection between
RIL and IL Populations
A RIL population derived from the same parents as the current
IL library was recently used to map QTLs involved in FW, SSC,
TA and PH, among other traits (Capel et al., 2015), which gave us
the opportunity to assess the effect of the genetic structure of the
mapping population on QTL detection. In general, the fruits of
the RIL population were smaller than those of the IL population,
which was probably due to the accumulation of FW QTLs from
SP in the RIL genomes. However, FW showed a similar range of
phenotypic variation to the ILs in absolute values for FW (1.51–
58.24 g among RILs, compared to 47.81–117.86 g among the ILs),
while a higher range was observed for SSC, TA, and PH among
RILs than the ILs. These differences in the range of variation
suggest that additive gene action is common for FW, whereas, for
the other traits, epistatic interactions among QTLs are significant
contributors to the genetic variance.

Several FW QTLs were detected in both the RIL and IL
populations on the same regions of chromosomes 1, 2, 7, and
11. Two additional QTLs were detected on other regions of
chromosome 7 in the RILs, whereas FW QTLs on chromosomes
3, 4, 10, and 12 were only detected with the ILs. Moreover, QTLs
on chromosomes 1 and 2 were separated as two linked QTLs
with the ILs. Therefore, most of the QTLs detected in the RIL
population were verified with the ILs, and further QTLs were also
detected, which reflects a high consistency of FW QTLs across
generations. This is compatible with the previous hypothesis on
the additive effects of FW QTLs and the efficacy of ILs in detecting
FW QTLs.

Of the seven SSC QTLs reported in the RIL population and the
six SSC QTLs in the IL population, only two mapped in the same
chromosomal region on chromosomes 2 and 3. Despite the lower
consistence between generations found for TA, none of the TA
QTLs detected in the RILs could be verified with the ILs, and the
only QTL detected in the ILs (ta2.1) was not present in the RIL
QTL map.

The stability of QTL effects over generations is a crucial issue
when implementing MAS. The lack of this stability is one of the
major factors that could explain the limited use of MAS for QTLs
(Collard and Mackill, 2008). In tomato, what is probably the
most thorough study on QTL effect stability over generations was
carried out by Chaïb et al. (2006), where they found that, out of 10
QTLs detected in an RIL population, five were detected in BC3S1
and eight in BC3S3 populations, indicating a good stability.

In the current report, we have found that QTL stability
depends on the trait in question, as it is high for FW, low for
SSC and absent for TA. The discrepancy in QTL detection among
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generations can be attributed to experimental (environmental)
and biological factors. Interaction with genetic background must
have an important role; the fact that different traits show
different levels of stability can be explained by differences in the
importance of genetic background interactions in the expression
of the QTLs, i.e., the prevalence of additive gene action versus
epistasis. Of note is the fact that the comparison of trait
distributions between the RILs and the ILs indicated that epistatic
interactions most likely have an important role in SSC and TA
traits, as all show a low QTL stability. Another factor could be the
pleiotropic effects of fruit size on SSC and TA, as RIL fruits are
much smaller than IL fruits.

The differences in QTL stability across generations observed
in the current work reinforce the necessity of developing
populations in the proper genetic background, depending on the
objectives of the study. Transferring QTLs to different genetic
backgrounds will always be a challenge, and it will probably
always depend on each particular case. ILs are the populations
of choice, especially for applied MAS, as the QTLs of interest can
be evaluated in the final genetic background.
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Semi-polar metabolites such as flavonoids, phenolic acids, and alkaloids are very
important health-related compounds in tomato. As a first step to identify genes
responsible for the synthesis of semi-polar metabolites, quantitative trait loci (QTLs)
that influence the semi-polar metabolite content in red-ripe tomato fruit were identified,
by characterizing fruits of a population of introgression lines (ILs) derived from a cross
between the cultivated tomato Solanum lycopersicum and the wild species Solanum
chmielewskii. By analyzing fruits of plants grown at two different locations, we were able
to identify robust metabolite QTLs for changes in phenylpropanoid glycoconjugation
on chromosome 9, for accumulation of flavonol glycosides on chromosome 5, and for
alkaloids on chromosome 7. To further characterize the QTLs we used a combination of
genome sequencing, transcriptomics and targeted metabolomics to identify candidate
key genes underlying the observed metabolic variation.

Keywords: tomato (Solanum lycopersicum), QTL analysis, flavonoids, alkaloids, introgression lines

INTRODUCTION

Tomato (Solanum lycopersicum) is one of the most important vegetable crops worldwide with
more than 160 million tons produced in 2013 (FAOSTAT, 2015)1. This crop has served as a model
organism for fleshy fruit plants and the complete genome sequence of one reference genome and
up to 500 re-sequenced accessions is now available through the Solanaceae Genome Network
(SGN)2 (Tomato Genome Consortium, 2012). As with many other crop plants, tomato has been
subjected to intensive domestication and breeding activities, which reduced the genetic variability
in commercial materials. Domestication has been focused on yield, disease resistance, color and
shape, while taste and nutritional value have long been neglected (Lin et al., 2014). Currently,

1http://faostat3.fao.org/
2http://solgenomics.net
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there is a growing demand to introduce novel genetic variation
in commercial tomato in order to improve quality traits such
as flavor and nutritional value. This genetic variation can be
found in mutagenized populations, in core collections and
in wild species and in introgression lines (ILs) derived from
those. The potential of wild species as sources for genetic
improvement of crops is increasingly recognized. A major
goal of modern tomato breeding is to screen crossable wild
Solanum species, such as Solanum lycopersicoides, Solanum
pennelli, Solanum habrochaites, Solanum chmielewskii, Solanum
pimpinellifolium, Solanum neorickii, Solanum peruvianum, and
Solanum cheesmanii for valuable traits, such as resistance against
various biotic and abiotic stresses (Légnani et al., 1996; Frankel
et al., 2003), primary metabolites (Schauer et al., 2005) and
secondary metabolites (Alseekh et al., 2015). Wild species have
been used as a source to develop ILs in S. lycopersicum, resulting
in a set of lines each carrying a single or a few well-defined
chromosome segments from the exotic germplasm source. These
populations can be used to identify quantitative trait loci
(QTLs) that improve crop quality once introgressed into an elite
genetic background (Zamir, 2001). In addition to desirable traits,
wild species also carry many agriculturally undesirable traits.
Molecular genetic studies can identify the genetic and physical
position of the underlying QTLs and introgression breeding
can transfer the desirable traits into commercial varieties, while
selecting against the undesirable ones.

The quality of tomato, in terms of nutritional value, taste,
fragrance and appearance is essentially determined by its
biochemical composition. To improve the quality of the crop,
currently much research is devoted to the elucidation of the
pathways and mechanisms that lead to the synthesis and
accumulation of quality-related metabolites. The identification
of QTLs that influence the chemical composition of ripe fruit,
by screening IL populations, is an effective first step toward
the identification of the underlying key genes that influence the
nutritional quality of tomatoes. One of the best examples of
this approach is the use of the founder tomato IL population,
derived from a cross between the cultivated S. lycopersicum cv
M82 and the green fruited wild species S. pennellii LA0716
(Eshed and Zamir, 1995). This population has been used to
identify QTLs for primary metabolites, volatile compounds, as
well as semi-polar secondary metabolites, such as flavonoids
and alkaloids (Schauer et al., 2006; Semel et al., 2006; Tieman
et al., 2006; Mathieu et al., 2009; Toubiana et al., 2012; Alseekh
et al., 2015). These analyses also led to the identification of
candidate genes involved in specific QTLs (Fridman et al.,
2001; Causse et al., 2004; Stevens et al., 2007; Bermudez
et al., 2008), some of which have been shown to be the key
gene underlying a specific QTL by reverse genetics studies
(Zanor et al., 2009), while for others this still remains to
be demonstrated. Despite the large number of studies related
to primary metabolites and yield-associated traits, far less is
known about QTLs determining secondary metabolites, such as
flavonoids and alkaloids.

Flavonoids represent a large family of low molecular weight
polyphenolic secondary metabolites that are widespread over the
plant kingdom. To date, more than 6000 different flavonoids

have been described and the number is still growing (Koes
et al., 1994). Based on their aglycone structure they can be
grouped into several classes, such as chalcones, flavanones,
flavonols, anthocyanins, and others. Flavonoids are involved in
a diverse range of biological processes, such as pigmentation to
attract pollinators and seed dispersers, protection against damage
from ultraviolet light and pathogen resistance. In addition,
they are associated with human health-promoting properties
(Harborne and Williams, 2000; Tapas et al., 2008). In tomato
fruits, accumulation of flavonoids is restricted to the peel (Bovy
et al., 2002, 2010; Schijlen et al., 2008). The main flavonoids
present in tomato fruit peel are the chalcone naringenin-
chalcone and various sugar conjugates of the flavonols quercetin
and kaempferol. The structural information available about
flavonoids and other semi-polar metabolites present in tomato
increased substantially in the past decade, thanks to advances
made in metabolomics tools, such as liquid chromatography
and mass spectrometry (Moco et al., 2006, 2007; Iijima et al.,
2008; Mintz-Oron et al., 2008). However, our understanding
of the genetic network regulating the accumulation of these
compounds in tomato fruit is still incomplete. As indicated
above, QTL analyses in interspecific IL populations can be used
as a tool to identify key genes of this network in two ways:
(i) qualitative and quantitative variation within and between
metabolites, established by metabolic profiling of the complete
set of ILs, can be used to determine the functional nature of
the underlying key genes and (ii) precise knowledge of map
positions of introgressions and the tomato genome sequence
could facilitate the molecular cloning of these candidate genes.
Previously, we demonstrated the success of this approach, by
using an IL population derived from a cross between the
commercial tomato cultivar S. lycopersicum cv. Moneyberg and
the wild species S. chmielewskii (accession LA1840) to unravel
the molecular and biochemical basis underlying the y mutation
in tomato, which leads to pink-colored tomato fruits (Ballester
et al., 2010).

Alkaloids are generally considered as anti-nutritional factors
in our diet. Their biological effects in humans range from highly
toxic, such as α-solanine and α-chaconine in potato tubers,
to bitter tasting, such as α-tomatine in tomato. Domestication
and breeding efforts have focused on reducing the levels of
these anti-nutrients, but the success has been limited and some
of these substances still remain in our daily diet (Friedman,
2002, 2006). In recent years, significant progress has been made
in the elucidation of the steroidal glycoalkaloid pathway in
Solanaceous species (Iijima et al., 2008, 2013; Mintz-Oron et al.,
2008; Itkin et al., 2011, 2013; Cárdenas et al., 2016). In fruit of
the cultivated tomato, the bitter tasting α-tomatine is present at
high levels in early developmental stages and its levels decrease
upon ripening due to its conversion into the acetyl glucosylated
forms lycoperoside G, F or esculeoside A, which are not bitter.
Putative intermediates in this conversion are hydroxytomatine
(also called lycoperoside H), lycoperoside A, B, or C and
hydroxylycoperoside A, B, or C, resulting from subsequent
hydroxylation, acetylation and a second hydroxylation reactions.
Fruits of many wild tomato species accumulate mostly the early,
bitter, type of alkaloids (Iijima et al., 2013).
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In the current study, we used the S. chmielewskii IL population
to identify genomic regions controlling the production of
semi-polar secondary metabolites, such as alkaloids, flavonoids
and other phenylpropanoids, in tomato fruit. By combining
biochemical pathway knowledge and genomic information,
several candidate genes were identified. Further analysis of a
major QTL on chromosome 5 for flavonols revealed the flavonoid
pathway gene chalcone isomerase 1 (CHI1) as the key gene
underlying the variation in quercetin- and kaempferol glycosides.

MATERIALS AND METHODS

Plant Material and Growth Conditions
The IL population is composed of 34 indeterminate lines
containing single or multiple introgressions from the wild
species Solanum chmielewskii (LA1840) in the background
of the commercial tomato variety Solanum lycopersicum cv.
Moneyberg. The 34 ILs were grown in two greenhouses
located in Avignon (Southern France) and Wageningen (The
Netherlands) during spring and summer of 2007. From them,
25 were grown in both locations, five only in Avignon and
four only in Wageningen. The day/night temperature set points
were 25/15◦C and 21/19◦C in Avignon and Wageningen,
respectively. At least nine plants were grown per each IL
and each biological replicate consisted of at least six ripe
fruit obtained from three different plants. Whole fruit was
sampled from the plants grown in Wageningen, while fruit
pericarp from plants grown in Avignon. After harvesting and
sampling, the fruit material was immediately frozen in liquid
nitrogen, ground to a fine frozen powder using an analytical
electric mill and stored at −80◦C until used for further
analyses.

Selected ILs were grown again during the spring and
summer of 2008 in Wageningen (The Netherlands). Samples
were harvested at four stages of ripening (mature green (G),
breaker (B), turning (T), and red (R)), which were judged
by the fruit appearance and firmness. Subsequently, the fruit
peel was carefully separated from the rest of the fruit (the
flesh tissue) using a scalpel. Both flesh and peel tissues were
immediately frozen in liquid nitrogen and stored at −80◦C
until used. Each biological replicate consisted of at least six
fruit of the same ripening stage obtained from two different
plants.

IL Genotyping
Illumina R© infinium bead array was used for a high resolution
mapping of the IL population. This analysis was performed
as described in Viquez-Zamora et al. (2013) according to
the Illumina R© Infinium R© HD Assay protocol: (Illumina R©

Infinium R© HD Assay Ultra Protocol Guide. California, USA:
©Illumina, Inc; 2009. pp. 1–224. Catalog #WG-901-4007). The
complete information of the SNP markers used is available at
http://www.plantbreeding.wur.nl/Publications/SNP/4072SNP-
Sequences.xlsx.

In addition, a set of PCR-based markers consisting of 130
COSII markers (Wu et al., 2006) and three simple sequence

repeats (Frary et al., 2005), previously mapped in the tomato
genome and covering all 12 tomato chromosomes, were used to
genotype the S. chmielewskii IL population (Prudent et al., 2009;
Do et al., 2010). Sequences of the primers are available on the
Solanaceae Genomics Network Web site.

For the COSII markers, amplicon size differences between
the two parents were detected in 12% of the cases and were
used to genotype the IL population directly; in the other
cases, the amplicons were digested with different restriction
enzymes (TaqI, HinfI, AluI, DraI, RsaI, and MseI) to identify
polymorphisms. Where no polymorphisms were detected,
single-band amplicons were purified and sequenced. Amplicon
sequences were aligned and examined for polymorphisms using
the program CAPSdesigner3. Thereafter, the IL population was
genotyped via cleaved-amplified polymorphic sequence assays
(Konieczny and Ausubel, 1993).

Analysis of Semi-polar Metabolites by
LC-PDA-QTOF-MS
Semi-polar metabolites were extracted according to Moco et al.
(2006). Briefly, 500 mg of fresh weight tissue were extracted
with 1.5 mL pure methanol (final methanol concentration in
the extract approximately 75%). The samples were sonicated for
15 min, filtered through 0.2 µm inorganic membrane filter and
5 µL were used for the analysis.

Liquid chromatography quadrupole time of flight-mass
spectrometry analyses (LC-PDA-QTOF-MS) were carried out
according to Bino et al. (2005). The detected flavonoid
compounds were identified using authentic standards and
accurate mass liquid chromatography mass spectrometry analysis
using public databases (Moco et al., 2006; Iijima et al.,
2008).

RNA Isolation and qRT-PCR Gene
Expression Analysis
Total RNA was isolated from 150 mg of tomato fruit tissue
using 1.50 mL of Trizol reagent (Invitrogen) according to
the manufacturer’s instructions. Before cDNA synthesis,
total RNA was treated with DNase-I Amplification Grade
(Invitrogen) and purified with an RNeasy Mini Kit (Qiagen).
And aliquot of 1 µg of total RNA was used for cDNA
synthesis using the iScript cDNA synthesis kit (Bio-
Rad Laboratories) in a 20-µL final volume according to
the manufacturer. Expression levels of each gene were
measured in duplicate reactions, performed with the same
cDNA pool, in the presence of fluorescent dye (iQ SYBR
Green Supermix) using an iCycler iQ instrument (Bio-Rad
Laboratories) with specific primer pairs (Supplementary
Table 5) (Ballester et al., 2010). The constitutively expressed
mRNA encoding ubiquitine was used as internal reference.
Expression levels were determined relative to the internal
reference and multiplied by a factor 10. Calculations of each
sample were carried out according to the comparative Ct
method.

3https://solgenomics.net/tools/caps_designer/caps_input.pl
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Microarray Analysis
The transcript profiling analysis was done using whole fruit
tissue. Three biological replicates – pools of at least six
fruit per plant were analyzed. Total RNA was extracted as
described for real-time quantitative PCR. The 100 ng of
total RNA was used to synthesize cDNA using Ambion
WT expression kit (Applied Biosystems/Life Technologies,
Nieuwekerk a/d IJssel, The Netherlands), which was subsequently
labeled with biotin using the Affymetrix GeneChip WT
Terminal Labeling Kit (Affymetrix, Santa Clara, CA, USA)
and hybridized to Affymetrix EUTOM3 tomato exon arrays
(Affymetrix). The microarray signals were determined using
MadMax microarray analysis software4. The raw data can
be found in Supplementary Data Sheet 1. Further analysis
was performed using Genemaths XT microarray data analysis
software (Applied Maths)5. Prior to analysis, the data were
normalized using 2log transformation and subsequently scaled
by subtraction of the mean (for each compound over the
samples).

Student’s t-test was performed in Genemath XT, the Pearson
correlation coefficients were calculated using the corresponding
function of Microsoft Office Excel 2010.

Cloning, Sequencing, and Mapping of
CHI1 Gene
Full-length cDNA sequences were amplified from ripe whole
fruit of cv. Moneyberg, IL5b and IL7d using the SMART
RACE cDNA amplification kit (Clontech Laboratories).
Genomic DNA was amplified from leaves of the parental lines
S. lycopersicum cv. Moneyberg and S. chmielewskii LA1840 using
the GenomeWalker kit (Clontech Laboratories). The amplified
sequences of both full-length cDNAs and genomic DNAs were
cloned into pGEM-T-Easy vector (Promega) and sequenced.

RESULTS

Physical Mapping of the
S. lycopersicum × S. chmielewskii IL
Population
The objective of this study was to discover genetic and genomic
regions of S. chmielewskii LA1840 that affect accumulation
of secondary metabolites in fruits of the commercial tomato
S. lycopersicum cv. Moneyberg, as a first step toward discovering
genes acting in the related metabolic pathways. For this purpose
we analyzed a population of 25 S. chmielewskii LA1840 ILs.
For 20 of them the first linkage maps, based on COSII and
SSR markers, were presented in Prudent et al. (2009) and Do
et al. (2010). According to these data, 14 ILs each carried a
single wild chromosomal introgression. In our study a high
resolution genome wide SNP array, consisting of 5,528 SNP
markers (Viquez-Zamora et al., 2013) was used to determine
physical boundaries of the ILs. 1,660 markers were found to be

4https://madmax.bioinformatics.nl
5http://www.applied-maths.com/genemaths-xt

polymorphic between S. chmielewskii LA1840 and S. lycopersicum
cv. Moneyberg. As a result, out of the 25 ILs analyzed, 15 ILs were
found to carry a single, homozygous S. chmielewskii introgression
and 10 ILs carried two or more introgressions in one or in
multiple chromosomes (Figure 1; Supplementary Table 1). Four
major heterozygous introgressions were found on chromosomes
1, 3, 7, and 12.

Metabolic Profiling of the S. chmielewskii
ILs Using Liquid Chromatography
Coupled to Mass Spectrometry (LC-MS)
The S. chmielewskii IL population was grown at two different
locations, Wageningen (The Netherlands) and Avignon (France),
and ripe fruits were harvested. Three biological replicates were
created by pooling fruit material of three independent plants per
replicate. Semi-polar metabolites of ripe fruits were profiled using
LC-MS. A total of 126 compounds were putatively identified in
tomato fruit based on public mass spectral databases (Moco et al.,
2006; Iijima et al., 2008). The mass spectra and the retention
times were compared with authentic chemical standards when
available (Supplementary Table 2). Different biochemical families
of secondary metabolites were identified, including alkaloids,
flavonoids (flavanones, flavones, and flavonols) and other
phenylpropanoids.

Analysis of variance (ANOVA) showed that the content of
56 compounds was significantly affected (p < 0.05) in fruits of
the ILs compared to fruits of cv. Moneyberg in both growing
locations (Figure 2; Supplementary Table 3). Glycosylated
volatile organic compounds (VOCs), alkaloids, and flavonoids
were the most representative – 18, 17, and 14 compounds,
respectively. Introgression in chromosomes 9 (IL9d) and 7 (IL7d)
appeared to have the largest effects on the accumulation of
different types of glycosylated VOCs and alkaloids, respectively.
Two introgressions, on chromosomes 4 (IL4d) and 5 (IL5b), had
a major effect on the accumulation of tomato fruit flavonols.

Introgression 5b in Chromosome 5
Increases the Accumulation of
Kaempferol and Quercetin Glycosides
The result from the IL screening showed that the largest
quantitative changes in levels of flavonols in ripe fruits were
due to the presence of the IL5b introgression (Figure 2;
Supplementary Table 3). To further investigate the accumulation
of kaempferol and quercetin glycosides in tomato fruit, metabolic
profiling was performed in different ripening stages (mature
green (G), breaker (B), turning (T), and ripe (R)) of IL5b
fruits and the control cv. Moneyberg. Since flavonoids normally
accumulate in the fruit peel only (Muir et al., 2001; Bovy
et al., 2002; Colliver et al., 2002), we decided to focus
the LC-MS analyses on methanolic extracts of the peel of
IL5b and cv. Moneyberg fruits to increase the sensitivity of
the measurements. An increase in the flavonols quercetin-
and kaempferol-3-O-rutinoside (denoted as Q3R and K3R,
respectively), quercetin- and kaempferol-3-O-rutinoside-7-O-
glucoside (Q3R7G and K3R7G) and quercetin/kaempferol-3-
O-glucose (Q3G and K3G) was observed in the fruit peel of
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FIGURE 1 | Continued
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FIGURE 1 | Physical map of the subset of S. lycopersicum x S. chmielewskii introgression lines used in this study. Markers flanking introgressions and
candidate genes are shown on the left side of chromosomes and their physical positions (in Mbp) – on the right side. Homozygous and heterozygous introgressions
are depicted by filled and empty rectangles, respectively, on the right side of chromosomes. Whiskers indicate a distance between S. chmielewskii and
S. lycopersicum alleles of markers flanking introgressions, therefore showing how far introgressions could possibly stretch. Introgressions depicted in gray are minor
introgressions, which are detected in an IL carrying a major introgression in a different chromosome. For precise genomic marker positions see Supplementary
Table 1.

FIGURE 2 | Heat map of fold differences in accumulation of non-volatile secondary metabolites between ripe fruits of the S. chmielewskii ILs
compared to fruits of the recipient parent S. lycopersicum cv. Moneyberg. The differences represented in the heat map were significant (p < 0.05) in both the
geographical locations where fruits of the ILs were harvested. Compound classes: A – alkaloids; A ER – alkaloids, which are present at early ripening stage of
S. lycopersicum fruits; A LR - alkaloids, which are present at a later ripening stage of S. lycopersicum fruits; F – flavonoids; PhA – phenolic acids; VG – glycosylated
volatile compounds. For the exact ratio values see Supplementary Table 3.
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FIGURE 3 | Flavonol glycosides in tomato fruit. Ion intensity of the quercetin and kaempferol glycosides in the peel of tomato fruit of IL5b (white circles) and cv.
Moneyberg (black squares) during four stages of ripening: green, breaker, turning and red. Values are the average of three biological replicates, including the
standard deviation. Stars (∗) indicate significant changes based on a t-test (p < 0.05).

IL5b compared to cv. Moneyberg, although the extent of the
differences appeared to be compound-dependent (Figure 3).
In order to unravel the genetic factors associated with the
different patterns of accumulation of quercetin and kaempferol
glycosides caused by the introgression in IL5b, a transcriptomics
analysis of the ripening fruits (G, B/T, and R) was performed
using the EU-TOM3 Affimetrix microarray. A total of 511
genes predicted by the International Tomato Annotation Group
(ITAG) (Tomato Genome Consortium, 2012) were located in the
chromosomal region corresponding to the IL5b introgression.
Expression levels of 17 genes in the IL5b introgression region
were found to be upregulated threefold or higher in turning
fruits of IL5b compared to turning fruits of cv. Moneyberg
(Supplementary Table 4). Among them, one gene – CHALCONE
ISOMERASE 1 (CHI1) (Solyc05g010320) is directly involved
in the flavonoid biosynthesis pathway (Bovy et al., 2002). To

corroborate the results from the microarray experiments, the
expression of a set of known fruit-expressed biosynthetic genes
involved in the phenylpropanoid/flavonoid pathway (Ballester
et al., 2010) (Supplementary Table 5) was analyzed also in
ripening fruit peel samples of IL5b and cv. Moneyberg, using
qRT-PCR (Figure 4). Furthermore, we tested the expression
of three additional putative CHI genes, which we denoted
as CHI2 (Solyc05g052240), CHI3 (Solyc02g067870, BQ505699),
and CHI4 (Solyc05g010310). Most of the genes tested showed
a similar ripening-correlated pattern of expression in both
IL5b and cv. Moneyberg: expression levels of phenylalanine
ammonia-lyase (PAL), coumaroyl-4-hydroxylase (C4H), 4-
coumarate ligase (4CL), chalcone synthases (CHS1 and CHS2),
chalcone isomerases 2 and 3 (CHI2 and CHI3), flavonoid-3-
hydroxylase (F3H), flavonoid-3′-hydroxylase (F3′H), flavonol
synthase (FLS), flavonoid-3-O-glucosyltransferase (3GT) and
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FIGURE 4 | Relative expression of phenylpropanoid and flavonoid genes in peel of cv. Moneyberg (black squares) and IL5b (white circles) tomatoes
at different stages of ripening (Mature green (G), Breaker (B), Turning (T), Red (R)). Expression levels were determined by qRT-PCR and expressed relative to
the expression of the ubiquitin gene. Values represent averages of three biological replicates, each with two technical replicates. Stars (∗) indicate significant changes
based on a t-test (p < 0.01). Identifiers (Solyc numbers) and primers of the genes tested are shown in Supplementary Table 5.

flavonoid 3-O-glucoside-rhamnosyltransferase (RT) increased
during ripening, peaked at B/T stage and decreased in ripe fruits.
In contrast, the ripening-regulated pattern of CHI1 expression
in cv. Moneyberg was opposite to the other genes in the
phenylpropanoid/flavonoid pathway. This gene showed a low
expression at G stage, which decreased even more at the later
stages of ripening. This confirmed earlier observations (Muir
et al., 2001; Bovy et al., 2002) that low expression of CHI1 is
a major bottleneck in the biosynthesis of flavonols in fruits of
cultivated tomatoes, such as cv. Moneyberg. In line with the
microarray results, CHI1 expression in IL5b was significantly
increased compared to cv. Moneyberg at G, B and T stages,
suggesting that CHI1 expression relieves the block of the pathway
in fruits of IL5b, which makes it the primary candidate gene for
the flavonoid QTL mapped on IL5b.

Although all other flavonoid pathway genes did not show
such a dramatic difference in expression as CHI1, in general,
they tended to be expressed at higher levels in breaker and/or
turning fruits of IL5b compared to cv. Moneyberg. This suggests
that differences in flavonoid content between IL5b and cv.
Moneyberg might also be due to coordinate control of flavonoid
gene expression during ripening. The MYB12 transcription factor
has previously been shown to regulate flavonol biosynthesis
in tomato fruit (Adato et al., 2009; Ballester et al., 2010).
Another MYB family transcription factor (Solyc05g009720) was
found among the genes up-regulated in fruits of IL5b and

physically located in the introgression region – at 3.93 Mb
on chromosome 5. However, no significant correlation of
expression was observed between this MYB gene and the 14
biosynthetic genes involved in the phenylpropanoid/flavonoid
pathway present on the microarray (Supplementary Table 6).
Analysis of two near-isogenic tomato lines only differing for
a S. chmielewskii introgression in chromosome 5 that starts
downstream of the MYB gene, but covers the CHI1 gene,
confirmed the high-flavonoid fruit phenotype caused by the
presence of the S. chmielewskii introgression (results not shown).
This supports our conclusion that CHI1 is the primary candidate
gene underlying the flavonoid QTL on chromosome 5.

Full length cDNAs of CHI1 (Solyc05g010320) were isolated
from ripe fruit of both cv. Moneyberg and IL5b using Rapid
Amplification of cDNA Ends (RACE). The derived protein
sequences differ at only 2 amino acid positions (N35S and D137N
in cv. Moneyberg→IL5b, Figure 5A). We cannot exclude that
these two amino acid differences affect the function of the protein,
but consider it unlikely that they account for the changes seen in
CHI1 gene expression.

A genome walking approach was used to analyze and
compare the genomic structure of CHI1 in the parental lines cv.
Moneyberg and S. chmielewskii. The genomic sequence between
both cv. Moneyberg and S. chmielewskii showed the presence of
three introns, with the highest sequence variation observed in the
first intron (Figure 5B). Deletions of 16, 38, 14, and 17 bp and an
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FIGURE 5 | (A) Alignment of deduced amino acid sequences of CHI1 alleles, including the sequences of S. lycopersicum cv. Moneyberg (Mb) and the
S. chmielewskii introgressed line 5b (IL5b). Different amino acids between the sequences are boxed in gray. (B) Schematic overview of the genomic structures of the
CHI1 gene in Moneyberg (Mb) and S. chmielewskii (Sc). The CHI1 gene consists of four exons (boxes in green) and three introns. The blue box represents part of
ToRTL1, a Ty1/Copia long terminal repeat (LTR) retroelement observed in the promoter region of S. chmielewskii CHI1 gene.

insertion of 17 bp were observed in cv. Moneyberg compared to
S. chmielewskii. Comparison of the promoter regions, using the
TSSP/Prediction of PLANT Promoters tool at the RegSite Plant
DB (Softberry Inc.), revealed an insertion in the promoter region
of S. chmielewskii at – 670 bp of the transcription start site, with a
size of at least 2,063 bp. The insertion sequence was searched for
homology to transposon-like sequences in RepBase (Jurka et al.,
2005). In this insertion several fragments were found with 68 to
91% similarity to (from 5′to 3′) (i) twice a Copia-38_ST Long
Terminal Repeat fragment from potato, (ii) a 34 nt sequence with
high similarity (91%) to the polypurine tract containing region
of ToRTL1, (iii) a Ty1/Copia long terminal repeat (LTR) retro-
element (Daraselia et al., 1996), and (iv) to 3′and 5′ sequences,
respectively, of a hAT-like DNA transposon from potato (Jurka
and Kohany, 2006).

IL7d Affects Accumulation of Alkaloids in
Tomato Fruit
According to the marker data IL7d carried a S. chmielewskii
introgression in the top of chromosome 7 (0–2.86 Mb)
(Figure 1; Supplementary Table 1). This introgression affected
accumulation of two groups of alkaloids in fruits of this IL
(Figure 2; Supplementary Table 3). α-tomatine, hydroxytomatine

(lycoperoside H) and lycoperoside A/B/C had higher levels in
fruits of IL7d compared to the control cv. Moneyberg (Figure 6),
whereas the amounts of esculeoside A and lycoperoside F/G
in fruits of this introgression line were reduced by up to 45-
fold (Figure 6). According to the proposed tomato alkaloid
biosynthetic pathway (Mintz-Oron et al., 2008; Itkin et al.,
2013) α-tomatine undergoes a number of ripening-induced
hydroxylation and glycosylation modifications to produce the
esculeoside type glycoalkaloids. Therefore, the accumulation of
the green fruit-type alkaloids in fruits of IL7d suggests that
this genomic region harbors a genetic factor which prevents
or blocks the ripening-dependent glycoalkaloid modification
(Figure 6). Accumulation of putative intermediates in the
proposed pathway, such as hydroxy-lycoperoside A, B, or C,
which after glycosylation produce the esculeoside type alkaloids,
was not observed in fruits of IL7d. This suggests that the
pathway is most likely interrupted at the step of hydroxylation of
acetoxytomatine. Hydroxylation of alkaloids and other secondary
metabolites is often mediated by enzymes of the cytochrome P450
family.

Three P450s were found to be located in the IL7d introgression
region: Solyc07g006140, Solyc07g006890, and Solyc07g007460.
Of these three genes, Solyc07g006890 was the most highly
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FIGURE 6 | Alterations in the tomato fruit alkaloid pathway caused by the IL7d introgression (adapted from Itkin et al., 2011). The intensity of red and
blue arrows indicate the extent of quantitative changes of alkaloids compared to their amounts in fruit of cv. Moneyberg. Gray colored compounds were not detected
in this study.
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expressed in fruits and its transcript level increased during
ripening. In ripe fruits of IL7d this gene showed a moderate
threefold decrease in expression compared to its average
expression observed in fruits of cv. Moneyberg and of IL5b
(Supplementary Table 7).

IL9d Affects the Accumulation of Volatile
Glycosides
The introgression 9d in chromosome 9 affected the accumulation
of different glycoconjugate forms of volatile compounds, such
as guaiacol, methyl salicylate (MeSA), and eugenol (Figure 2;
Supplementary Table 3). IL9d led to the conversion of xylosyl-
glucopyranoside forms of these volatiles into the corresponding
xylosyl-diglucopyranoside forms. This conversion was shown
to be mediated by the Non-Smoky Glycosyltransferase 1 gene
(NSGT1), located within the IL9d introgression (Figure 1)
(Tikunov et al., 2013) and suggests that S. chmielewskii carries
a functional version of NSGT1. Indeed, re-sequencing of
the S. chmielewskii LA1840 genome using a next generation
sequencing approach revealed a gene with 96% homology to
NSGT1 (Supplementary Image 1). In addition to glycosides of
guaiacol, MeSA and eugenol, our data revealed that diglycosides
of the aroma volatiles benzyl alcohol, 2-phenylethanol, and 2- or
3-methylbutanol were modified in the same manner (Figure 2;
Supplementary Table 3).

DISCUSSION

Many metabolite QTLs (mQTLs) have been described in
ILs derived from the wild tomato relatives S. pennellii or
S. habrochaites (Schauer et al., 2006; Tieman et al., 2006; Mathieu
et al., 2009; Steinhauser et al., 2011; Toubiana et al., 2012;
Alseekh et al., 2015). S. chmielewskii is another wild species
crossable with cultivated tomato, with smaller, green fruits. The
influence of the fruit load on the accumulation of dry matter
and sugars in tomato fruit and on primary metabolites have been
described recently in tomatoes derived from the S. chmielewskii
IL population (Prudent et al., 2009; Do et al., 2010). In this paper,
we used a combination of genomic and metabolomics approaches
to identify mQTLs and candidate genes controlling the synthesis
of semi-polar compounds in tomato fruit. For this, ripe fruits
harvested from the S. chmielewskii IL population were analyzed
for variation in semi-polar secondary metabolites, using LC-
PDA-QTOF-MS. By growing the plants at two different locations
we could select for robust mQTLs. The screening revealed
quantitative and qualitative changes in metabolites accumulating
in specific ILs. The major mQTLs were found in ILs 4d, 5b, 7d,
and 9d (Figure 2).

Accumulation of Specific Flavonol
Glycosides in Tomato Fruit Related to an
Increase in CHI Gene Expression
Our metabolic analyses revealed a major ripening-dependent
increase of several flavonol glycosides in peel of IL5b compared
to cv. Moneyberg (Figure 3). Absolute quantification of the main

flavonols revealed an increase in quercetin-3-O-rutinoside from
30 to 260 mg/kg FW and of kaempferol-3-O-rutinoside from 3
to 35 mg/kg FW in peel of ripe IL5b compared to cv. Moneyberg
fruits (Supplementary Image 2). Compared to the levels of these
compounds found among a collection of 94 cultivated tomato
hybrids (Bovy et al., 2010), the IL9d introgression upgrades
Moneyberg tomatoes from a low-flavonol to a high-flavonol
round tomato type, with levels comparable to those in cherry
tomatoes, which are generally regarded as a much better source
of flavonols than round/beef tomatoes.

Chalcone synthase (CHS) is the first enzyme involved in the
phenylpropanoid/flavonoid pathway leading to the formation of
these semi-polar compounds, most of which are present in a
glycosylated form. Most of the biosynthetic genes involved in the
flavonoid pathway and also transcription factors involved in the
regulation of the biosynthetic genes have been identified (Schijlen
et al., 2004; Adato et al., 2009; Ballester et al., 2010) and, due to
the availability of the tomato genome sequence (Tomato Genome
Consortium, 2012), their physical position and chromosomal
location is known (Figure 1; Supplementary Table 8). However,
due to the complexity of flavonoid modification and the presence
of more than 500 different forms of flavonoids in tomato (Moco
et al., 2006; Iijima et al., 2008; Grennan, 2009), further analysis is
still needed to understand the flavonoid pathway to its full extent.

Most plants do not accumulate chalcones, the first class of
flavonoids at the top of the biosynthetic pathway. After its
formation, naringenin chalcone is usually rapidly isomerized by
chalcone isomerase (CHI) to form the flavanone naringenin, a
process that may also occur spontaneously in the absence of
active CHI. However, in tomato fruit, low expression of CHI
is rate-limiting and naringenin chalcone is the predominant
yellow pigment that accumulates in the peel (Muir et al., 2001;
Bovy et al., 2002). Four different putative CHI genes have
been annotated in tomato, which share at most 75% identity
at the amino acid level. The first one (Solyc05g010320), CHI1,
has been described by Bovy et al. (2002) and its expression
was low in ripe tomato fruit, explaining the accumulation of
the CHI substrate naringenin chalcone. CHI2 (Solyc05g052240)
expression and CHI activity was increased in Del/Ros1 transgenic
plants accumulating anthocyanins (GenBank acc. no. ES893795)
(Butelli et al., 2008), and the expression of the third one, here
called CHI3 (Solyc02g067870, BQ505699), was up-regulated in
transgenic plants overexpressing the MYB transcription factor
ANT1 leading to anthocyanin pigmentation in the fruit (Mathews
et al., 2003). The expression of the fourth one (Solyc05g010310,
here called CHI4), is very low compared to the other CHI genes
(Figure 4). Based on the genome annotation, CHI1, CHI2 and
CHI4 are located on chromosome 5, while CHI3 is located on
chromosome 2 (Figure 1).

There are two major arguments supporting the conclusion
that CHI1 is the key gene underlying the flavonoid QTL on
chromosome 5. Firstly, after analyzing the expression of the
biosynthetic flavonoid genes in tomato, CHI1 showed the highest
expression increase in IL5b compared to cv. Moneyberg and was
the only gene whose expression was significantly increased in
IL5b compared to cv. Moneyberg at all stages of fruit ripening
(Figure 4; Supplementary Table 4). The increase of the expression

Frontiers in Plant Science | www.frontiersin.org September 2016 | Volume 7 | Article 1428 | 229

http://www.frontiersin.org/Plant_Science/
http://www.frontiersin.org/
http://www.frontiersin.org/Plant_Science/archive


fpls-07-01428 September 26, 2016 Time: 16:39 # 12

Ballester et al. Secondary Metabolite QTLs in Tomato Fruit

of this gene might redirect the flux of the pathway toward the
formation of flavonol glycosides, as shown in the results of semi-
polar metabolites detected in the fruits of IL5b and in line with
results found in transgenic plants overexpressing the petunia
CHI1 gene (Muir et al., 2001). Secondly, CHI1 is located within
the IL5b introgression and is among the 17 genes (out of 511)
mapping in this region with an expression level at least threefold
higher in turning IL5b fruits relative to cv. Moneyberg fruits
(Supplementary Table 4).

IL5b is not a pure line in the sense that a small (<0.5 Mb)
additional introgression region in chromosome 4 was also
detected in this IL (Figure 1). However, within the subset of
the S. chmielewskii population analyzed in this study, there are
several other ILs with introgressions overlapping with the region
in this chromosome. None of these lines showed an increase of
flavonol glycosides compared to cv. Moneyberg and therefore we
consider it unlikely that genes of this introgressed fragment might
be responsible for the IL5b flavonoid QTL. In addition, NILs only
differing in a chromosome 5 introgression showed a contrasting
flavonoid accumulation pattern (results not shown), supporting
that the flavonoid QTL is indeed due to the chromosome 5
introgression.

The lack of CHI1 gene expression in cultivated tomato might
be due to (i) a mutation in a promoter regulatory sequence (cis-
effect) and/or (ii) a mutation in a transcription factor responsible
for expression of CHI (Willits et al., 2005) (trans-effect). We
cannot completely exclude the latter possibility and, in this
respect, we found a possible candidate MYB TF gene in the
IL5b QTL region, which was upregulated in T stage fruit of
IL5b. However, the expression pattern of this MYB gene during
ripening was not correlated with the expression of CHI1, nor with
the expression of the other flavonoid genes tested, which argues
against a causal role for this candidate gene. After analyzing the
genomic structure of the CHI1 gene, our results revealed the
presence of several repetitive sequences related to transposons
and retrotransposons of tomato and potato. Many examples exist
of (retro-)transposon insertions influencing expression of down-
stream genes such as, in tomato, retrotransposon ToRTL1 driving
high expression of the 3-hydroxy-3-methylglutaryl coenzyme a
reductase gene 2 (HMG2) (Daraselia et al., 1996). A possible
influence of the upstream transposon-like sequences of CHI1 on
its expression, however, remains to be demonstrated.

Accumulation of α-Tomatine and
Lycoperosides in Tomato Fruit
In our study, fruits of IL7d showed an accumulation of
α-tomatine, hydroxytomatine and lycoperoside A, B, or C,
while levels of lycoperoside G, F and esculeoside A were
low compared with cv. Moneyberg fruit. None of the above-
mentioned intermediates could be detected in fruits of IL5b or
cv. Moneyberg.

A cluster of alkaloid biosynthesis genes has been previously
discovered at the bottom of tomato and potato chromosome
7 (Itkin et al., 2013). Our genetic and metabolic data showed
that there might be another genetic factor(s) at the top of
this chromosome. The accumulation of the compounds from
the first steps of the putative alkaloid pathway could be due

to (i) a mutation of a gene involved in the hydroxylation
of lycoperoside A, B, or C, or (ii) a mutation in regulatory
element, such as a transcription factor (TF), responsible for the
expression of the hydroxylation gene(s). An example of TF-
mediated regulation of alkaloid biosynthesis has been recently
shown by Cárdenas et al. (2016). Cytochrome P450s can catalyze
aromatic hydroxylations, aliphatic hydroxylations and skeleton
formation in secondary metabolite pathways in plants (Ayabe
and Akashi, 2006), and therefore CYP’s would be good candidates
for further studies. The evaluation of the genomic region of
the IL7d introgression region revealed the presence of three
cytochrome P450 genes: Solyc07g006140 (SL2.40ch07: 984510-
988395 bp), Solyc07g006890 (SL2.40ch07: 1747021-1748529 bp),
and Solyc07g007460 (SL2.40ch07: 2165949-2167526 bp). Further
functional analysis of these candidate genes is currently
underway.

Glycosylation of Tomato Fruit Volatiles
Our results indicate that the IL9d introgression carries a
functional version of the NSGT1 gene, which mediates the
conversion of xylosyl-glucopyranosides of the phenylpropanoid
volatiles guaiacol, methyl salicylate and eugenol into the
corresponding xylosyl-diglucopyranosides. This conversion
affected the release of the corresponding volatiles and
subsequently the fruit aroma (Tikunov et al., 2010, 2013).
In addition to glycosides of guaiacol, MeSA and eugenol, the
present data showed that glycosides of other volatile compounds
which play a role in tomato fruit aroma, such as benzyl alcohol,
2-phenylethanol, and 2- or 3-methylbutanol were modified in
the same manner. This suggests that these diglycosides may
be used as a substrate of the NSGT1 enzyme as well. This
hypothesis could indeed be confirmed by metabolic analysis of
transgenic NSGT1fruits (Tikunov et al., 2013) (Supplementary
Image 3). In contrast to phenylpropanoid volatiles, the changes
in glycosylation pattern of the other volatiles did not affect their
release, neither in IL9d fruits (Supplementary Image 4), nor in
transgenic NSGT1 fruits (Tikunov et al., 2013). This suggests
that, in addition to NSGT1-mediated glycosylation of the third
sugar, the identity of the first two sugar conjugates and the
interaction with putative glycoside hydrolases are important
determinants for the release of aroma volatiles. We are currently
aiming to get a better understanding of the various aspects of
volatile “logistics” in tomato fruit and explore the opportunities
to influence tomato fruit aroma by manipulating the volatile
glycosylation status and thereby the release of these volatiles.

CONCLUSION

We identified a number of mQTLs involved in the production
of semi-polar metabolites, by examining an IL population
derived from a cross between S. lycopersicum cv. Moneyberg and
S. chmielewskii LA1840. The use of specific S. chmielewskii ILs
in combination with the knowledge gained on these mQTLs and
the underlying candidate genes can be used to breed for tomatoes
with improved quality. Reverse genetics is required to further
elucidate the function of specific candidate genes, in order to gain
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a better understanding of the biosynthetic pathways leading to
the synthesis and accumulation of health-related compounds.
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Increased interest toward traditional tomato varieties is fueled by the need to rescue

desirable organoleptic traits and to improve the quality of fresh and processed tomatoes

in the market. In addition, the phenotypic and genetic variation preserved in tomato

landraces represents a means to understand the genetic basis of traits related to

health and organoleptic aspects and improve them in modern varieties. To establish a

framework for this approach, we studied the content of several metabolites in a panel of

Italian tomato landraces categorized into three broad fruit type classes (flattened/ribbed,

pear/oxheart, round/elongate). Three modern hybrids, corresponding to the three fruit

shape typologies, were included as reference. Red ripe fruits were morphologically

characterized and biochemically analyzed for their content in glycoalkaloids, phenols,

amino acids, and Amadori products. The round/elongate types showed a higher content

in glycoalkaloids, whereas flattened types had higher levels of phenolic compounds.

Flattened tomatoes were also rich in total amino acids and in particular in glutamic

acid. Multivariate analysis of amino acid content clearly separated the three classes of

fruit types. Making allowance of the very low number of genotypes, phenotype-marker

relationships were analyzed after retrieving single nucleotide polymorphisms (SNPs)

among the landraces available in the literature. Sixty-six markers were significantly

associated with the studied traits. The positions of several of these SNPs showed

correspondence with already described genomic regions and QTLs supporting the

reliability of the association. Overall the data indicated that significant changes in

quality-related metabolites occur depending on the genetic background in traditional

tomato germplasm, frequently according to specific fruit shape categories. Such a

variability is suitable to harness association mapping for metabolic quality traits using

this germplasm as an experimental population, paving the way for investigating their

genetic/molecular basis, and facilitating breeding for quality-related compounds in

tomato fruits.

Keywords: Amadori products, amino acids, glycoalkaloids, landraces, metabolites, phenolics, quality, tomato
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INTRODUCTION

Over the past half century nutrient content and flavor of
intensively bred crops has dropped because breeding efforts
focused mainly on yield, stress resistance and agronomic, and
technological properties of the edible product. Tomato (Solanum
lycopersicum L.) is a good example of this trend: yield has
remarkably increased but its taste has worsened according to
consumers (Zanor et al., 2009; Causse et al., 2010; Tieman
et al., 2012; Klee and Tieman, 2013). Compared to traditional
varieties, modern cultivars are thought to have fewer of the most
important contributors to flavor (sugars, acids, free amino acids,
and volatiles).

The cultivated tomato is a model for the study of fruit
development and a major crop being the second most cultivated
and consumed vegetable worldwide. Domesticated in Tropical
America, tomato was introduced in the Old World at the
beginning of the Sixteenth-century. Only one century later the
species began to be appreciated for its edible product and
its cultivation spread through Europe, with greater success
in the Mediterranean countries, including Spain, and Italy
(Soressi, 1969; Esquinas-Alcazar and Nuez, 1995; Andreakis
et al., 2004; García-Martínez et al., 2013). Due to its success
in cultivation and to the wide environmental variability,
tomato found in Italy a secondary center of diversification and
several landraces developed in different regions according to
human selection and adaptation to local climatic and edaphic
conditions (Siviero, 2001; Mazzucato et al., 2008). This led
to the establishment of landraces with different typologies of
the fruit, including flat angled and ribbed tomatoes as well
as pear-shaped, heart-shaped, extremely elongated, and cherry
and plum forms. All these landraces have been cultivated for
centuries and are still common in the local markets (Soressi, 1969;
Acciarri et al., 2007). Flattened-ribbed tomatoes were mainly
diffused in Northern (“Costoluto Genovese”, “Riccio di Parma”,
“Ladino di Pannocchia”) and Central (“Costoluto fiorentino”,
“Pantano romanesco”, “Scatolone di Bolsena”, “Spagnoletta di
Gaeta e Formia”) Italy. Differently, varieties with elongate
(“San Marzano”, “Corbarino”), or oval/round (“Piennolo”,
“Pizzutello”) fruit shape were mainly found in the Southern
regions of the country (Soressi, 1969; Andreakis et al., 2004).
Whereas few of these varieties are found in the official registers
of varieties, many of them are only listed in voluntary regional
catalogs and in registers for conservation varieties.

Although these traditional types usually lack good agronomic
performances in terms of yield, resistance and shelf-life of
the product, they usually show good adaptation to local
environments and outstanding organoleptic qualities. Therefore,
it is thought that traditional varieties represent a vault of genes
with great interest for improving health- and flavor-related
compounds in tomato (Rodríguez-Burruezo et al., 2005; Tieman
et al., 2012; Figàs et al., 2015a,b). A strategy to valorize this genetic
treasure is to unravel the extent of genetic variability for primary
and secondary metabolites in traditional tomato germplasm and
to establish correlations between the composition of the fruit,
its genetic basis, and the consumer preferences (Hurtado et al.,
2014).

Including in a broad sense health and flavor aspects, tomato
quality is mainly determined by morphological traits (size, shape,
absence of defects) and by the content in products of the
primary (sugars, acids, free amino acids) and of the secondary
(carotenoids, flavonoids, volatiles) metabolism. Several studies
have addressed the identification of genetic factors (quantitative
trait loci, QTLs) underlying important traits related to quality in
tomato, including morphology, and proximate traits (Shirasawa
et al., 2013; Ruggieri et al., 2014; Sacco et al., 2015). Other
studies addressed the identification of QTLs related to metabolic
traits (mQTLs) with a focus on primary metabolism (Saliba-
Colombani et al., 2001; Causse et al., 2002, 2004; Fulton et al.,
2002; Schauer et al., 2008; Xu et al., 2013). Among secondary
metabolites, most attention has been payed to carotenoids
(Rousseaux et al., 2005; Panthee et al., 2013) and volatiles
(Mathieu et al., 2009; Zanor et al., 2009; Tieman et al., 2012;
Zhang et al., 2015). Fewer studies have addressed the variation in
amino acids, among primary (Schauer et al., 2006, 2008; Sauvage
et al., 2014), and in alkaloids and phenolic compounds among
secondary metabolites (Rousseaux et al., 2005; Alseekh et al.,
2015). In addition, no specific analysis has been carried out to
search for mQTL associated with Amadori products, a class of
compounds formed by the interaction between reducing sugars
and amino acids or proteins, that increase with ripening due to
the high concentration of sugars, free amino groups, and the
acidic environment (Meitinger et al., 2014; Troise et al., 2015).

Due to the wide variability for chemical composition traits
described in traditional tomato germplasm (Martínez-Valverde
et al., 2002; Rodríguez-Burruezo et al., 2005; Carli et al., 2011;
Tieman et al., 2012; Panthee et al., 2013; Cortés-Olmos et al.,
2014; Figàs et al., 2015b), the adoption of collections of landraces
as experimental populations has been regarded as a promising
strategy to associate genetic regions to phenotypic traits of
interest (Mazzucato et al., 2008; Panthee et al., 2013; Ruggieri
et al., 2014; Sacco et al., 2015). To investigate the potentialities
of Italian traditional varieties in association studies involving
quality-related compounds, we set up to study the content
of several metabolites in a panel of landraces representing
three broad fruit typology classes (flattened/ribbed, pear/oxheart,
and round/elongate). This characterization paves the way for
investigating the genetic/molecular basis for such a variation and
for breeding tomatoes with improved fruit quality.

MATERIALS AND METHODS

Plant Materials
Fourteen Italian and one French tomato landraces and three
modern F1 hybrids were adopted for this study (Table 1).
Seven landraces belonged to the category of tomatoes with
flattened/ribbed fruits, three to pear/oxheart (globose) types,
and five to the round/elongate category (Figures 1A–C). Three
modern hybrids corresponding to the flat (Marinda, Nunhems),
pear (Tomawak, Syngenta), and elongated (Pozzano, Enza
Zaden) fruit category were chosen for comparison and purchased
from the market. Seeds of landraces were obtained from the
tomato collection held by the authors at the University of
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TABLE 1 | Landraces (L) and hybrids (H) used in the analyses, their origin, classification into fruit shape classes, and group means for selected

phenotypic traits.

Code Name Varietal type Region/Company of origin Fruit shape class Phenotypic traitsc

Pericarp index Dry weight (%) Brix value

1 Mezzo tempo L Abruzzo Flattened/ribbed 0.74 b 4.76 b 4.31 b

2 Spagnoletta L Latium

3 Stella L Tuscany

4 Costoluto fiorentino L Tuscany

5 Scatolone di Bolsena L Latium

6 Pantano romanesco L Latium

7 Marmande L France

8 Marinda H Nunhems

9 Cuor di bue di Albenga L Ligury Pear/oxheart 0.81 b 5.02 b 4.56 ab

10 Cuor di bue L Italyb

11 Pera d’Abruzzo L Abruzzo

12 Tomawak H Syngenta

13 San Marzano L Campania Round/elongate 1.18 a 6.09 a 5.20 a

14 Allungatoa L Umbria

15 Principe Borghese L Campania

16 Ovale Puglia L Puglia

17 Ovale Campania L Campania

18 Pozzano H Enza Zaden

aAnalyzed as belonging to the “Pear/oxheart” group after genotypic analysis.
bLandrace diffused in several regions.
cMeans within a column followed by the same lowercase letter are not significantly different for P ≤ 0.05.

FIGURE 1 | Examples of tomato genotypes studied and their distribution according to multivariate Factor Analysis. Flattened/ribbed (A), pear/oxheart (B),

and round/elongate (C) fruits produced by six of the varieties included in the experiments. Separation of the 18 studied varieties according to the first two factors

based on morphological traits (D) Circles group accession with flattened/ribbed (red), pear/oxheart (green) and round/elongate (blue) fruits; open symbols refer to

hybrids. In all panels, numbers refer to the accession codes given in Table 1.

Tuscia. A field trial was established with the above-described
seed stocks at Viterbo, Italy (42◦25′07′′ N, 12◦06′34′′ E). The
accessions were arranged in a randomized block design with
two replicates and eight plants per elementary experimental
unit. Plants were grown in open field with the standard
agronomic practices adopted for genotypes with indeterminate
growth. F2 progenies (n = 18) of the hybrids included in the
study were grown to maturity in the subsequent season to

check for the eventual segregation of alleles conferring delayed
ripening.

Morphological Characterization
On a single plant basis, 15 morpho-physiological traits were
scored or calculated as detailed in Table S1. Briefly, the growth
habit (GH), plant height (PH), inflorescence type (IT), and green
shoulder (GS) were scored during plant growth. At the maturity

Frontiers in Plant Science | www.frontiersin.org May 2016 | Volume 7 | Article 664 | 235

http://www.frontiersin.org/Plant_Science
http://www.frontiersin.org
http://www.frontiersin.org/Plant_Science/archive


Baldina et al. Composition of Italian Traditional Tomatoes

of the second truss, four representative fruits per plant were used
to measure or score fruit polar (PD, mm) and equatorial (ED,
mm) diameter, stem-end shape (SES, score), blossom-end shape
(BES, score), number of fruit locules (LN), pericarp thickness
(PT, mm), puffiness (PUF, score), fruit weight (FWE, g) and
fruit-shape cross section (FSC, score). Two further traits were
calculated; the fruit-shape index [FS, (PD/PE)] and the pericarp
thickness index [PI, (PT/((PD + PE)/2))]. These descriptors
largely conform to the guidelines of Bioversity International
for tomato (http://www.bioversityinternational.org/e-library/
publications/detail/descriptors-for-tomato-lycopersicon-spp/).

Six fruits per genotype were cut and the soluble solids content
was measured as refractive index at 20◦C (Brix) in the juice
obtained after extracting the seeds using a digital refractometer
(MA871, Milwaukee, Milwaukee Instruments, Inc., NC, USA)
on a single fruit basis. Dry matter content was calculated as
the percentage of dry weight (DW) over fresh weight (FW).
Total solid content determination was carried out by gravimetric
method according to AOAC International (1995).

Chemicals
Acetonitrile and water for liquid chromatography high resolution
mass spectrometry (LC/HRMS) analysis were obtained from
Merck (Darmstadt, Germany). L-Amino acids standards,
perfluoropentanoic acid (NFPA), acetic acid, and formic acid
were obtained from Sigma-Aldrich (St. Louis, MO). Amadori
products (APs) were synthesized according to the procedure
described in Troise et al. (2015). The calibration solutions (see
“Liquid chromatography/high resolution mass spectrometry”
Section) were obtained from Thermo Fisher Scientific (Bremen,
Germany).

Genotypic Data Retrieval
Genotypic data of the landraces adopted here were available
from the study of a wider collection of tomato germplasm using
the SolCAP single nucleotide polymorphism (SNP) array (Sacco
et al., 2015). Raw data were retrieved and markers with more
than 10%missing genotypes were removed. After discarding sites
with Minor Allele Frequency (MAF)<15%, levels of observed
heterozygosity (HO) were calculated and a neighbor-joining tree
was generated using TASSEL 5.0 (Bradbury et al., 2007).

Liquid Chromatography/High Resolution
Mass Spectrometry LC-HRMS Analyses
Twenty representative vine-ripened fruits were harvested for
all the genotypes from eight plants per accession and the
concentration of amino acids and APs, glycoalkaloids, and
phenolic acids (63 markers in total) was monitored by
liquid chromatography high resolution mass spectrometry (LC-
HRMS). Each sample was extracted twice and analyzed in
duplicate (n= 4). Data were reported as mg/kg FW.

Amino acids and APs were analyzed according to Troise et al.
(2015). Briefly, tomato samples were ground in a knife mill
Grindomix 200 (Retsch, Haan, Germany) and 100mgweremixed
with 0.3 mL of deionized water and centrifuged (14,800 rpm,
20 min, 4◦C). The supernatants were filtered using regenerated
cellulose filters (RC 0.45 µm, Phenomenex, Torrance, CA).

For the chromatographic separation of amino acids and their
respective APs, the mobile phases consisted of 5 mM NFPA
(solvent A) and 5 mM NFPA in acetonitrile (solvent B). The
following linear gradient of solvent B (min/%B): (0/2), (2/2),
(5/50), (7/50), (9/50) was used. The flow rate was set to 200
µL/min and the injection volume was 5 µL. Chromatographic
separation of amino acids and APs was achieved through a
thermostated (30◦C) core-shell C-18 column (Kinetex 2.6 µm,
100 × 2.1 mm, Phenomenex, Torrance, CA). The Accela 1250
UPLC system (Thermo Fisher Scientific, Bremen, Germany) was
directly interfaced to an Exactive Orbitrap high resolution mass
spectrometer (Thermo Fisher Scientific, Bremen, Germany).
Analytes were detected through a heated electrospray interface
(HESI) operating in the positive mode and scanning the ions
in the m/z range of 60–500. The resolving power was set
to 50,000 full width at half maximum (FWHM, m/z 200)
resulting in a scan time of 1 s. The automatic gain control
was used in balanced mode (1 × 106 ions); maximum
injection time was 50ms. The interface parameters were as
follows: spray voltage 3.8 kV, capillary voltage 10 V, skimmer
voltage 15 V, capillary temperature 275◦C, heater temperature
200◦C, sheath gas flow 30, and auxiliary gas flow 3 arbitrary
units.

The same simplified extraction procedure was used for
antioxidants compounds. Phenolic acids and glycoalkaloids were
analyzed according to Troise et al. (2014). Chromatographic
separation was carried out on a Gemini C18 column (5 µm,
150 × 2.0mm Phenomenex, Torrance, CA) thermostated at
30◦C while mobile phases were 0.1% formic acid (solvent A)
and 0.1% formic acid in acetonitrile (solvent B). The following
linear gradient of solvent B (min/%B): (0/10), (8/90), (10/90) was
used. The flow rate was set to 200 µL/min and the injection
volume was 10 µL. The UPLC was directly interfaced to the
Orbitrap equipped with HESI interface. Mass analyzer operated
in the full spectra acquisition mode and positive and negative
ionization mode was simultaneously used in the mass range of
m/z 65–1300. The resolving power was set to 50,000 (FWHM,
m/z 200) resulting in a scan time of 1 s. The automatic gain
control was used (ultimate mass accuracy mode, 5 × 105

ions) and maximum injection time was 100ms. The interface
parameters were as follows: the spray voltage was 3.5 and −3.0
kV in positive and negative ion mode, respectively; the tube lens
was at 100 V (−100 V in negative ion), the capillary voltage
was 30 V (−50 V in negative ion), the capillary temperature was
275◦C, and a sheath and auxiliary gas flow of 30 and 15 arbitrary
units were used. The instrument was externally calibrated by
infusion with a positive ions solution that consisted of caffeine,
Met-Arg-Phe-Ala (MRFA), Ultramark 1621, and acetic acid in
a mixture of acetonitrile/methanol/water (2:1:1, v/v/v), then
with a negative ions solutions that consisted of sodium dodecyl
sulfate, sodium taurocholate, Ultramark 1621, and acetic acid in
a mixture methanol/water (1:1 v/v). Reference mass (lock mass)
of diisooctyl phthalate ([M + H]+, exact mass = 391.28429) was
used as recalibrating agent for positive ion detection. To optimize
the mass spectrometer conditions and the mass accuracy, the
calibration procedure was performed each day both in positive
and negative mode. The analytical performances, i.e., mass error,
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linearity, reproducibility, repeatability, LOD, and LOQ were in
line with those previously reported.

Data Analysis
Analysis of variance (ANOVA) for differences among fruit
shape groups was carried out adopting the General Linear
Model (GLM) using the SAS software (SAS Institute, 2004).
Significant differences were estimated by Duncan multiple range
test. A Pearson correlation matrix was developed to ascertain
the correlation coefficient (r) between all studied parameters and
a heatmap obtained by Gitools software version 2.2.2 (Perez-
Llamas and Lopez-Bigas, 2011). Standardized morphological and
metabolic data were statistically analyzed by Factor Analysis (FA)
using “Statistica 10” (StatSoft Inc., Tulsa, OK, USA). Hierarchical
clustering (Ward’s method) of the 15 landraces and the three
hybrids under study, based on the content of 63 analyzed
metabolites, was carried out by Past 3.11 (Hammer et al., 2001).

To assess the genetic relationships within the investigated
collection, the population structure was determined by using
STRUCTURE 2.3.4 software (Pritchard et al., 2000), with no
a priori information regarding population origin. The degree
of admixture was estimated by setting for both burn-in period
and Markov Chain Monte Carlo iterations a value of 100,000
for each run. Seven independent runs across a range of K-
values (K = 1–12) were made. The best number of clusters
(K) was obtained using STRUCTURE HARVESTER program
(Earl and vonHoldt, 2012) based on the method of Evanno
(Evanno et al., 2005). Genome–Wide Association Study (GWAS)
between traits and DNA polymorphisms was performed using
the GLM model with Q matrix as implemented in TASSEL
5.0 (Bradbury et al., 2007). P-values were corrected following
the standard Bonferroni procedure. Significant associations were
detected with corrected p value lower than 5.2E−5 (0.05/954).
A physical map of the tomato genome showing the position
of the SNP markers significantly associated with the traits was
constructed using Map Chart 2.2 (Voorrips, 2002).

RESULTS

Phenotyping of Morphological Traits
All the measured morphological traits, including plant and fruit
characters, showed a large range of phenotypic variation among
the 15 tomato landraces and three market F1 hybrids. With the
exception of GH, PH, GS, BES, PT, and PUF, all the phenotypic
traits showed significant differences among fruit type groups
(Table S2). In addition to obvious differences in traits related to
fruit shape (PD, ED, FS), ANOVA indicated that round/elongated
types were differentiated for the simple inflorescence, the flat
stem end shape, the lower number of locules and lower fruit
weight (Table S2). Types with round/elongate fruits also showed
higher PI, DW and Brix values (Table 1). The two first FA
components explained 56% of the phenotypic variation and
distinguished the genotypes according to these phenotypes
(Figure 1D). Factor 1 was mainly loaded by FS and LN, whereas
Factor 2 mainly by PD.

Several morphological traits were significantly correlated;
in addition to trivial correlations (e.g., LN with ED and FWE),

plants producing fruits with high LN (flattened/ribbed types)
showed also compound IT and depressed SES (Figure S1).
DW was highly correlated with Brix. Plant traits (GH and
PH) together with GS, PI and PUF were rather independent.
In agreement with the previously assumed information,
the three hybrids used, when progeny tested in the F2
generation, showed no segregation of genes for delayed ripening
(not shown).

Genotyping
SolCAP data for the 15 landraces retrieved from the literature
(Sacco et al., 2015) included 7719 readable SNP sites of which
2022 resulted polymorphic in the studied material. Sites filtered
for MAF<15% resulted in 954 polymorphic SNPs, that offered a
whole coverage of the tomato genome, ranging from a minimum
of 54 (Chr6 and Chr10) to a maximum of 155 (Chr3) SNPs per
chromosome. All genotypes showed low levels of Ho, ranging
between 0.064 and 0.088, with the exception of genotypes #10 and
#14 that showed higher values (0.430 and 0.362 respectively, data
not show).

The Neighbor-joining dendrogram separated genotypes
with flat and globose fruits from those with round/elongated
berry types (Figure 2). The landrace #14 (Allungato), that
was initially classified among the round/elongated types
due to the shape index of the fruit (Table 1), clustered
among globose types. Therefore, also on the basis of the
similar fruit structure (higher number of locules and higher
proportion of flesh than in round/elongate types), this genotype
was included in the pear/oxheart group in all the further
analyses.

FIGURE 2 | Neighbor-joining dendrogram based on genetic distances

among the 15 landraces for which SNP data were retrieved (Sacco

et al., 2015). The dendrogram is based on 954 SNP sites polymorphic among

the 15 tomato landrace accessions. Numbers indicating each branch refer to

the accession code as reported in Table 1.
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Biochemical Analysis
In total, 63 fruit metabolites belonging to the glycoalkaloid,
phenolic, free amino acid, and AP classes have been analyzed
in the studied genotypes. Detailed data on these analyses are
reported in Tables S3–S6.

With the exception of dehydro-tomatine, all the glycoalkaloids
showed significant differences among tomato fruit types (Table
S3). The total alkaloid content was very variable among the
genotypes; the variety with highest content (#15, Principe
Borghese) showed an amount of total glycoalkaloids that
was almost eight-fold that recorded in the lowest one (#11,
Pera d’Abruzzo). α-tomatine and tomatoside-A were the
most represented analytes accounting for more than 50% of
total glycoalkaloids. Round/elongate types showed contents
significantly higher than the other types both for single
analytes and for total alkaloid content (Figure 3A; Table S3).
Being higher in tomato plants with round/elongate fruits,
glycoalkaloid content was positively correlated with FS, PI, DW
and Brix (Figure S1), which are all traits with higher values in
round/elongated types. In addition, all the single analytes and
the total content showed high reciprocal positive correlations
(Figure S1).

Chlorogenic acid together with caffeic acid hexoside were on
average the most represented phenolic compounds in tomato
ripe fruits, accounting for about 55% of the total average content
(Table S4). Variation in total phenolics was lower than that for

glycoalkaloids, the highest value being barely two-folds the lowest
one. The analyte with highest genotypic variation was Naringin
that in the flat type #3 (Stella Pisa) had levels about 34-fold higher
than in the pear-shaped genotype #9 (Cuor di bue di Albenga).
There were no differences among groups of varieties for the
phenolic compounds, with the exception of pentosyl rutin, that
showed lower levels in flat tomatoes and total phenolics that were
lower in pear/oxheart cultivars (Figure 3B; Table S4).

The most represented amino acids in tomato fruits resulted
glutamic acid (Glu) and glutamine (Gln), accounting for up to
70% of the total amino acid content. The accessionmeans showed
a wide variation for amino acid composition and several fold
differences were observed between the minimum and maximum
value. The highest differences were observed for valine (Val),
thyrosine (Tyr), and arginine (Arg; Table S5). ANOVA showed
significant differences among typologies for 11 amino acids
(Table S5), but highly significant (P ≤ 0.01) variations were only
recorded for Val, serine (Ser), Glu, and total amino acid content
(Figures 3C,D). Glu was on average more than two- fold higher
in flattened/ribbed varieties than in the other groups of genotypes
(Figure 3D).

All amino acids, with the exception of Val, phenyalanine (Phe),
Tyr, methionine (Met) and proline (Pro), were strongly positively
correlated among them. The content of (at least) 12 amino acids
was positively correlated with FWE and negatively correlated
with Brix. Glu content was significantly correlated with eight out

FIGURE 3 | Significant variation in selected metabolites in the 18 tomato varieties analyzed according to their classification in different fruit

typologies. Content in α-tomatine and total glycoalkaloids (A), pentosyl rutin and total phenolics (B), valine and serine (C), glutamic acid, and total free amino acids

(D). Mean values indicated by different letters are significantly different for P ≤ 0.01.
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of 15 morphological variables (Figure S1), indicating that this
analyte is strictly related to specific plant and fruit types.

Multivariate analysis of amino acid content yielded the two
first components that explained 72.8% of the total variation.
Metabolite contribution to Factor 1 was high and negative for
leucine (Leu), isoleucine (Ile), threonine (Thr), asparagine (Asn),
Gln, and histidine (His); Factor 2 was positively charged by
Phe and negatively by Glu (not shown). The analysis revealed
that amino acids clearly separated the three fruit types; the
flattened/ribbed types grouped together, whereas the other types
were also differentiated with only few exceptions (Figure 4). As
supported by genotypic analysis, the elongate type #14 was more
related to pear/oxheart shaped tomatoes than to elongate types.
On the contrary, the pear-shaped hybrid (#12) was rather distant
from landraces of the same typology according to amino acid
content (Figure 4). Genotype #16 (Ovale Puglia) also showed in
the plot a position distant from the group of varieties with similar
fruit type, due to its very high amino acid content (Table S5).

The difference from the highest and the lowest value for total
APs was about five-fold; considering single analytes the highest
variations were found for Fru-Arg, Fru-Lys and Fru-Gly (Table
S6). Fru-Ser was by far the most relevant glycosylated amino
acid form, accounting on average for about 75% of the total in
mature fruits. Differently from the free amino acids, APs showed
less variation among the tomato types analyzed; highly significant
differences were only reported for Fru-Leu and Fru-Ile (highest
in round/elongate types) and for Fru-Asn (higher in flattened
types; Table S6). As for free amino acids, several APs showed a

FIGURE 4 | Distribution of the studied tomato varieties according to

the first two factors in multivariate analysis of the amino acid content.

Numbers refer to the accession codes given in Table 1. Circles group

accessions with flattened/ribbed (red), pear/oxheart (green), and

round/elongate (blue) fruits. Open symbols refer to hybrids.

positive correlation with FWE and related morphological traits
(Figure S1).

Hierarchical clustering based on 63 metabolites showed that
fruit composition is similar in genotypes having similar fruit
type (Figure S2). However, hybrids did not always followed this
behavior. Whereas the hybrid with elongate fruit (#18, Pozzano)
grouped within landraces with the same fruit type, the hybrids
representing oxheart and flattened types were misplaced and did
not show a metabolic composition parallel to that shown by
landraces with similar fruits (Figure S2).

Molecular Analysis and Comparison with
Morphological and Biochemical Traits
Making allowance for the very small number of genotypes
sampled, we crossed morphological and biochemical data with
molecular polymorphisms. To improve the reliability of such
attempt, the structure of the population has been taken into
account and the Bonferroni correction applied to a level of
significance below P < 5.2E-05. The Evanno test (Evanno
et al., 2005) indicated that the best number of clusters to
divide the population was three (Figure S3A), in parallel with
the a priori division on fruit typologies. Model-based groups
represented in the plot of ancestry estimates (Figure S3B)
confirmed the genetic relatedness of types with round/elongate
fruits, with the exception of accession #14 that was more similar
to pear/oxheart types. Among flat-fruited tomatoes, #6 (Pantano
Romanesco) also showed relatedness to pear/oxheart types, as
already indicated by hierarchical clustering (Figure 2).

GWAS yielded a total of 66 markers (involving 56 genes)
significantly associated with themorphological traits and the four
categories of analytes on 11 tomato chromosomes (Table 2). No
association was reported on Chr9. A relatively low number of
associations was highlighted for each category of traits analyzed;
the position in the tomato genome of the markers significantly
associated with morphological and metabolic traits is mapped in
Figure S4.

Among morphological traits, high numbers of associations
were reported for ED (9) and LN (13). For glycoalkaloids, only
the total content of showed positive associations, indicating
two regions of the genome, one on the short arm of Chr8
and the second on the long arm of Chr10 (Table 2). Two
phenolic compounds, coumaric acid hexoside and naringin,
showed associations; remarkably, coumaric acid hexoside had
eight associated markers spanning a wide region of the long arm
of Chr3. Four amino acids yielded significant hits, alanine (Ala)
on six different chromosomes and Asn, Glu and Pro, each one on
a single chromosome. For Glu, significant markers were found on
both the short and long arm of Chr10 (Table 2; Figure S4).

DISCUSSION

A deep characterization of tomato germplasm used in traditional
cultivations, including morphological, agronomic, nutritional,
and organoleptic traits, is desirable for several reasons. This
phenotypic information, coupled with deep genotypic analysis,
can be helpful to characterize and distinguish landraces for
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TABLE 2 | SNP Markers associated to morphological and biochemical traits in Italian tomato landraces.

Phenotypic class Traita SolCap

IDb
Chrc Position Solyc ID p-value

Morphological traits ED 5624 02 47148187 Solyc02g083900.2.1 2.82E-05

5625 02 47218361 Solyc02g083990.2.1 5.07E-05

4597 02 52417091 Solyc02g090960.1.1 4.47E-06

7584 03 64512996 Solyc03g114560.2.1 5.31E-06

2501(2) 04 1170841 Solyc04g007500.1.1 2.82E-05

2020 06 41163560 Solyc06g065720.1.1 2.82E-05

6943 07 62062707 –d 3.77E-05

112 12 66795414 Solyc12g099800.1.1 2.82E-05

GS 1722 07 64287991 Solyc07g056430.2.1 4.36E-05

PI 7583 03 64588871 Solyc03g114690.2.1 2.12E-05

LN 518 01 730154 Solyc01g006050.2.1 1.40E-06

2557 02 40887642 Solyc02g071440.2.1 9.13E-07

5731 02 45515428 Solyc02g081640.2.1 3.71E-07

2994 02 45761358 Solyc02g082030.2.1 3.71E-07

7465 03 62386150 Solyc03g111740.2.1 1.45E-06

6980 04 1163761 Solyc04g007490.2.1 3.71E-07

5963 07 57927159 Solyc07g044870.2.1 2.51E-07

1981 10 58672684 Solyc10g074950.1.1 8.30E-08

3617 11 54854070 Solyc11g071340.1.1 1.45E-06

2076 (2) 11 54970033 Solyc11g071530.1.1 1.45E-06

3534 11 55072385 Solyc11g071660.1.1 9.13E-07

504 11 55074586 Solyc11g071670.1.1 1.45E-06

Glycoalkaloids Total 377 08 230545 Solyc08g005300.1.1 3.80E-05

1745 10 51335068 – 3.80E-05

7469 10 51524389 Solyc10g051110.1.1 3.80E-05

5993 (3) 10 54449604 Solyc10g054010.1.1 3.80E-05

5984 (2) 10 54518281 Solyc10g054030.1.1 3.80E-05

1982 10 58189616 – 3.80E-05

Phenolics Coumaric acid hexoside 1678 03 52079075 Solyc03g080190.2.1 4.68E-06

7575 03 65365147 – 5.20E-07

2374 03 66796966 Solyc03g117760.2.1 5.68E-06

2373 03 66806264 Solyc03g117770.2.1 5.18E-05

2372 (2) 03 66807096 Solyc03g117780.2.1 5.18E-05

4652 03 70262451 Solyc03g123390.2.1 6.96E-06

4651 03 70365262 Solyc03g123530.2.1 7.32E-06

2193 10 57397425 Solyc10g055760.1.1 5.68E-06

7535 10 64340240 Solyc10g084990.1.1 5.68E-06

7534 10 64340314 – 5.68E-06

Naringin 2099 04 7569869 Solyc04g017610.2.1 6.35E-06

6122 04 36996123 Solyc04g047750.2.1 6.35E-06

1875 08 63328385 Solyc08g079900.1.1 6.35E-06

Amino acids Ala 7498 02 39605044 Solyc02g069780.2.1 3.51E-05

7499 (2) 02 39617885 Solyc02g069780.2.1 3.51E-05

6407 03 54696154 Solyc03g093400.2.1 1.45E-05

1572 05 3898119 Solyc05g009700.2.1 2.71E-05

2915 05 3947680 Solyc05g009740.1.1 2.71E-05

(Continued)
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TABLE 2 | Continued

Phenotypic class Traita SolCap

IDb
Chrc Position Solyc ID p-value

1327 06 37080820 Solyc06g054270.2.1 4.73E-05

7664 10 4260136 Solyc10g011960.1.1 8.55E-06

7122 11 12993630 – 3.41E-05

Asn 1106 11 55733112 – 1.60E-05

Glu 3340 10 6769606 Solyc10g018140.1.1 5.20E-05

531 10 7464111 Solyc10g018340.1.1 5.20E-05

1983 10 58003053 Solyc10g074470.1.1 5.20E-05

3455 10 58307818 Solyc10g074700.1.1 5.20E-05

Pro 1918 (4) 07 2870461 Solyc07g008160.2.1 3.30E-05

1914 07 2883786 Solyc07g008170.2.1 3.30E-05

For each marker the position in bp on the related chromosome is reported, together with the corresponding gene (Solyc ID) according to SL2.50 and the p-value.
aAbbreviation as detailed in Materials and Methods.
bNumbers in brackets indicate multiple significant markers within the same gene.
cChromosome.
d−Not in gene region.

their quality related traits in fresh (Mazzucato et al., 2010;
Figàs et al., 2015a and refs therein) and processed (Andreakis
et al., 2004; Caramante et al., 2011) products, to improve the
traditional varieties without losing those peculiar traits (Acciarri
et al., 2007) and for breeding quality improvement alleles into
more productive andmodern backgrounds (Rodríguez-Burruezo
et al., 2005; Tieman et al., 2012; Sacco et al., 2015). Finally,
landrace germplasm can be adopted to discover structural
and regulatory genes important in tuning plant primary
and secondary metabolism, as suitable targets for metabolic
engineering strategies (Bovy et al., 2007).

In this work, we pursued the analysis of a set of Italian
tomato landraces representing the major fruit typologies in order
to describe the degree of variation in metabolite concentration
in comparison with modern hybrids belonging to the same
fruit shape classes. Selected hybrids were confirmed to lack
genes affecting ripening [such as ripening inhibitor (rin) and
non-ripening (nor)] which could have influenced the metabolic
composition of red ripe fruits (Osorio et al., 2011). Our
analysis evidenced the wide variation of several metabolites
in different genotypes and overall in groups with different
fruit types, in agreement with description of large diversity
in tomato germplasm autochthonous of different geographic
regions (Rodríguez-Burruezo et al., 2005; Cortés-Olmos et al.,
2014; Figàs et al., 2015b).

Content of Quality-Related Metabolites in
Tomatoes with Different Fruit Shape
A wide variation among varieties and types was found for
glycoalkaloid compounds, the round/elongate varieties having
up to eight-fold the content showed by other genotypes, in
agreement with previous estimations on cherry and elongate
tomatoes (Leonardi et al., 2000). However, the content of
alkaloids found in Italian landraces belonging to this category
are higher than those reported in the literature (Friedman, 2002).

As round/elongate varieties also show higher values of Brix and
DW, these two correlated traits (Carli et al., 2009, 2011; Figàs
et al., 2015b; this work) showed a strong correlation with all the
alkaloid analytes. Although alkaloids are regarded as potentially
toxic compounds, many health-beneficial effects of tomatine have
also been described. In addition, the content in alkaloids may
affect the degree of resistance to pathogens and parasites, and the
alkaloid-correlated traits Brix and DW are positively correlated
with fruit taste (Figàs et al., 2015b). Thus, selecting new tomato
varieties with beneficial total glycoalkaloid content could be an
important breeding objective in the future.

The tomato fruit contains also a considerable amount
of phenolic compounds, among which chlorogenic acid and
quercetin are the most represented (Martínez-Valverde et al.,
2002). It was reported that phenolics give the major contribution
to antioxidant capacity (Toor and Savage, 2005). In our analysis,
flattened types showed a concentration of total phenolics higher
than pear/oxheart types, whereas round/elongate tomatoes were
intermediate. Because a taste index showed positive correlation
with total phenolics (Figàs et al., 2015b), the improvement in this
class of compounds will also be important to breed tomatoes with
improved both nutritional and organoleptic quality (Kaushik
et al., 2015).

Free amino acids form about 2–2.5% of the total dry matter
of tomatoes. In addition to represent a source of nitrogen in
the diet, amino acids play a role in organoleptic qualities deeply
affecting fruit flavor (Choi et al., 2014). The content of several
amino acids showed a strong positive reciprocal correlation in
the material analyzed, confirming that these metabolites share
high interconnection (Schauer et al., 2006; Carli et al., 2009).
The most abundant amino acid found in the tomato fruits
analyzed was Glu, followed by Gln; these two forms comprised
on average 70% of the total free amino acids confirming previous
reports (Kader et al., 1978; Sorrequieta et al., 2010; Pratta
et al., 2011; Choi et al., 2014). High variation in Glu content

Frontiers in Plant Science | www.frontiersin.org May 2016 | Volume 7 | Article 664 | 241

http://www.frontiersin.org/Plant_Science
http://www.frontiersin.org
http://www.frontiersin.org/Plant_Science/archive


Baldina et al. Composition of Italian Traditional Tomatoes

among cultivars with different fruit size was also reported in the
literature (Zushi and Matsuzoe, 2011). Glu, commonly referred
to as “glutamate” because it is present in its anionic form at
physiological pH, plays diverse biological roles in organisms
(Forde and Lea, 2007). In fruits, it represents a taste-enhancing
compound, known to be sensed as the fifth basic taste (umami),
which evokes a savory feeling; this property has been related
to an adaptive role in attracting mammal predators (Chaudhari
et al., 2009). Average content in Glu in tomato fruits found in
literature ranges between 1000 and 2000 mg/kg FW (Kader et al.,
1978; Pratta et al., 2011; Zushi and Matsuzoe, 2011), reaching
a maximum of 3500 in a cherry green-fruited variety (Choi
et al., 2014). The average concentration of Glu detected in Italian
flattened/ribbed genotypes (6871 mg/kg FW), as well as that in
the French cultivar Marmande (7565 mg/kg FW), are the highest
ever reported being about two-fold those measured in other
tomato types.

Amadori compounds increase in the tomato paste during
processing due to the Maillard reaction. Due to their processing-
induced nature, APs are found in raw fruits at level several
folds lower than free amino acids. Despite processing-induced
APs in foods have historically been related with mostly negative
health effects, a few individual analytes have been associated
with antioxidant activity and other positive biological properties.
The activity of Fru-His as a potent copper chelator indicated
possible antioxidant activity (Mossine and Mawhinney, 2007). If
the positive correlation between Fru-His in the fresh fruit and
in the processed tomato will be demonstrated, the significant
differences in Fru-His detected in the material studied here could
be a basis to obtain fortified tomatoes as a consequence of
the antioxidant potential of Fru-His and the inhibitory activity
of Fru-His/lycopene against prostate cancer cell proliferation
(Mossine et al., 2008).

Molecular Analysis and Comparison with
Morphological and Biochemical Traits
GWAS strategies rely on the development of large volumes of
phenotypic and genotypic data, that can be analyzed together
to unravel QTLs and candidate genes involved in the control of
complex traits of interest. Although only the analysis of large sets
of genotypes may indicate reliable associations, the possibility
that a limited sampling can be adopted to obtain useful insights
into gene-phenotype relationships and networks has been
proposed (Carli et al., 2009, 2011). Even if based on a minimal
number of genotypes, the trait-marker relationships reported
here are considered to represent a reliable indication of functional
genomic regions because of their relatively low number and
their frequent coincidence with associations previously reported
using biparental populations or GWAS with a wider array of
genotypes. Such insights represent a useful basis to extend GWAS
on biochemical traits using traditional tomato germplasm.

Several associations with morphological phenotypic traits
evidenced here corresponded to already characterized genomic
regions. For instance, association of the correlated traits LN
and ED with markers of Chr2, Chr10, and Chr11 coincided
with those reported by others (Shirasawa et al., 2013; Xu et al.,
2013; Sacco et al., 2015) being tightly close to the Locule
number (Lc; Solyc02g083940 or 950), SUN1 (Solyc10g079240),

and FASCIATED (FAS; Solyc11g071819) gene respectively. In
this study, seven out of 12 markers linked to LN and three out
of eight markers linked to ED corresponded to polymorphisms
previously associated with these traits (Sacco et al., 2015). In
addition, the marker associated with Brix with higher probability,
that was not described in detail because it did not reach the
significance threshold (P = 0.0148), was located on Chr10 at
position 62.5 Mbp (not shown) in tight proximity to a marker
associated with the same trait at position 60.3 Mbp (Xu et al.,
2013).

Of the six markers associated with total glycoalkaloids, five
mapped on a 7 Mbp region on the long arm of Chr10. This
region well-corresponded to that involved in the introgression
lines IL10-2 and IL10-3 (Eshed and Zamir, 1995) where QTLs
for the content of lycoperoside G and F or esculeoside A
were positioned (Alseekh et al., 2015). A gene candidate to
underlie these QTLs has been identified in an uncharacterized
UDP-glycosyltransferase involved in glycoalkaloids biosynthesis
(Solyc10g085230; Itkin et al., 2013; Alseekh et al., 2015). This
gene, whose product catalyzes the conversion of esculeoside A
to esculeoside A+exose, is compatible with the distalmost QTL
position found in our analysis.

Ten markers linked to coumaric acid hexoside were detected
on the long arm of Chr3 and Chr10. A QTL involved in
coumaric acid-exoside compatible with this latter position
was recently described and genes candidate have been
proposed as five UDP-glycosyltransferase 1 family genes
(UGT1; Solyc10g085730, Solyc10g085860, Solyc10g085870,
Solyc10g085880, and Solyc10g086240) and one phenylalanine
ammonia lyase gene (PAL; Solyc10g086180; Alseekh et al., 2015).
These genes span positions from 64.81 to 65.10 Mbp, whereas
our closest marker mapped at 64.34 Mbp. Three markers linked
to the content of naringin were found on Chr4 and Chr8; this
represents the first report of markers linked to this metabolite
and their consistence will need further investigation.

Out of 15 markers linked to amino acid content, eight showed
association with Ala; six of them indicated positions on Chr2,
Chr3, Chr5, and Chr10 compatible with previously reported
QTLs (Schauer et al., 2006). The same held for the markers linked
to Pro content on Chr7. Four markers significantly associated
with Glu were arranged on Chr10, two on the short and two on
the long arm. The latter position corresponded to a described
QTL for Glu content (Fulton et al., 2002). As these markers were
remarkably coincident with those linked to total glycoalkaloids,
it remains to be ascertained if they actually reflect the position of
different genes or are the consequence of the negative correlation
existing between total glycoalkaloids and Glu content. However,
the markers linked with Glu, spanning a region between
Solyc10g074470 and Solyc10g074700 (57.33–57.63 Mbp), were
in close proximity to one of the four glutamate dehydrogenase
1 (GDH1) genes annotated in tomato (Solyc10g078550, position
59.66 Mbp; Ferraro et al., 2012). GDH1 encodes an enzyme that
converts alpha oxoglutarate to glutamate (Forde and Lea, 2007),
an important reaction in glutamate metabolism. Moreover, GDH
protein content and activity were highly induced in ripe fruits
paralleling the increase in the relative content of Glu at ripening;
GDH1 is thus a good candidate for determining Glu levels in
tomato fruits (Sorrequieta et al., 2010).
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Perspectives for Improving and Valorize
Italian Tomato Landraces
Taking into consideration all the metabolites analyzed, the study
indicates that modern hybrids that are selected for particular
fruit type categories may not present similar composition and
consequently organoleptic qualities as the traditional tomatoes
with similar fruit shape (Figure S2). The results also showed
that metabolic profiling of tomato landraces can indicate which
metabolites contribute more to the quality of specific variety and,
once this information will be associated with a sensorial analysis,
it will be clear which metabolites contribute more to consumer
acceptance.

As an example, the group of flattened/ribbed tomatoes was
relatively homogeneous for metabolic composition; however, the
Scatolone di Bolsena landrace emerged as having, within this
group, the highest Brix value, α-tomatine content and sweetness
score according to a non-professional panel test assessment
(not shown). This association was in agreement with reports
of these traits as positively correlated (Figàs et al., 2015b).
The hybrid Marinda, that was misplaced in the hierarchical
clustering based on all metabolites, scored lowest values among
flat types for all the three traits. Thus it is possible to argue
that the fruit composition of this hybrid does not represent that
of traditional flat-fruited tomatoes, although Marinda showed
other positive properties as high scores for juiciness (not
shown).

The content in Glu, a compound directly related to
organoleptic quality, was discriminant of genotypes with
different fruit types, being high in all flat types and intermediate
or low in pear/oxheart and in round/elongate types. One
exception was the landrace #16 (Ovale Puglia, a genotype with
elongate fruit and high Glu level). Interestingly, at all the four
SNP positions linked to Glu content this genotype carried the
same allele as the flat tomatoes, giving a good marker and a
candidate gene to pursue Glu content improvement. On the
contrary, the pear-shaped hybrid Tomawak showed a very low
Glu value in comparison with tomatoes with similar fruit types.
As it was shown by multivariate analysis of all the analytes,
this hybrid showed a different position compared with similar
varieties (Figure S2), possibly reflecting different organoleptic
qualities. The detection of mQTLs for important metabolites
as those exemplified above will give valuable tools to improve
traditional tomato varieties by assisted breeding without losing
general and specific quality traits.

CONCLUSIONS

Overall the data supported the idea that significant changes
in quality-related metabolites occur not only according to the
ripening process but also depending on the genetic background
(Carli et al., 2011). Consequently, metabolic profiling and
the association of metabolic profiles with variation at specific
genomic regions may represent a useful tool to characterize
traditional varieties with functional markers in order to establish
new criteria for distinctiveness and protection (Vallverdú-
Queralt et al., 2011). The reported analysis indicated the

reliability of the described association; turning these information
into markers efficient for selection or into candidates for cloning
the genes underlying mQTLs will need the study of a much wider
germplasm collection, endowed with wider phenotypic diversity.

In the past decade, the platforms for genotyping plant
genomes at high density have increased considerably due to
resequencing (Shirasawa et al., 2013; Ercolano et al., 2014;
Lin et al., 2014) and genotyping by sequencing (Deschamps
et al., 2012) approaches. In parallel, opportunities for efficiently
analyzing a large number of genotypes for phenotypic as well
as biochemical traits are becoming more affordable (Klee and
Tieman, 2013). This scenario paves the way for investigating
the genetic/molecular basis of organoleptic trait variation
and breeding for quality-related compounds in tomato fruits.
Network analysis demonstrated that the complex control of
organoleptic quality in fresh tomato can be dissected into few
strong relationships between sensory perception and specific
biochemical data (Carli et al., 2009). This achievement supports
the possibility of unravelingmain genetic determinants of tomato
quality and improving the crop by breeding a limited number of
favorable alleles into elite germplasm.
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Alcohol dehydrogenase (ADH) plays an important role in aroma volatile compounds

synthesis of plants. In this paper, we tried to explore the relationship between CmADHs

and the volatile organic compounds (VOCs) in oriental melon. Three different aroma

types of melon were used as materials. The principle component analysis of three

types of melon fruit was conducted. We also measured the CmADHs expression level

and enzymatic activities of ADH and alcohol acyl-transferase (AAT) on different stages

of fruit ripening. An incubation experiment was carried out to investigate the effect of

substrates and inhibitor (4-MP, 4-methylpyrazole) on CmADHs expression, ADH activity,

and the main compounds of oriental melon. The results illustrated that ethyl acetate,

hexyl acetate (E,Z)-3,6-nonadien-1-ol and 2-ethyl-2hexen-1-ol were the four principal

volatile compounds of these three types of melon. AAT activity was increasing with fruit

ripening, and the AAT activity in CH were the highest, whereas ADH activity peaked

on 32 DAP, 2 days before maturation, and the ADH activity in CB and CG were higher

than that in CH. The expression pattern of 11 CmADH genes from 24 to 36 day after

pollination (DAP) was found to vary in threemelon varieties.CmADH4was only expressed

in CG and the expression levels of CmADH3 and CmADH12 in CH and CB were much

higher than that in CG, and they both peaked 2 days before fruit ripening. Ethanol and

4-MP decreased the reductase activity of ADH, the expression of most CmADHs and

ethyl acetate or hexyl acetate contents of CB, except for 0.1 mM 4-MP, while aldehyde

improved the two acetate ester contents. In addition, we found a positive correlation

between the expression of CmADH3 and CmADH12 and the key volatile compound

of CB. The relationship between CmADHs and VOCs synthesis of oriental melon was

discussed.

Keywords: volatiles organic compounds, alcohol dehydrogenase, oriental melon, fruit ripening, gene expression

INTRODUCTION

Oriental melon (Cucumis melo var. makuwa makino) is a species of thin-pericarp melon, and it
has extensive cultivated varieties and the largest plantation in china. The oriental melon has a
sweet and crisp taste, juicy flesh and an edible rind, especially intense volatile aromas compound
that is one of the most attractive qualities (Liu et al., 2012). Most volatile aroma compounds,
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as a sign of fruit maturity, are produced and released during
the maturation period (Visai and Vanoli, 1997; Goff and Klee,
2006). To date, more than 2000 types of volatile compounds
have been detected in various plants, including melons, apples,
strawberries, pears, tomatoes, and bananas (Dixon and Hewett,
2000; Maul et al., 2000; Urruty et al., 2002; Li et al., 2014,
2016). In different melon varieties, ∼240 volatile compounds
have been found, including volatile alcohols, aldehydes, terpene,
especially abundant esters (Kourkoutas et al., 2006; Khanom
and Ueda, 2008; Obando-Ulloa et al., 2010). Specifically, the
contents of aromatic compounds vary drastically according to
the melon variety. In climacteric melon varieties, volatile esters
are prominent, together with short-chain alcohols, aldehydes and
terpenes, while non-aromatic varieties often have much lower
levels of total volatiles, lacking the volatile esters (Gonda et al.,
2010). Tang also found that ester, especially straight-chain esters
were important VOCs in oriental melon (Tang et al., 2015).
As the most abundant aroma in climacteric melon, esters are
mainly produced from two ways, namely the amino acid way,
producing the branched-chain esters and the lipoxygenase (LOX)
way synthesizing the straight-chain esters (Zhang et al., 2014;
Tang et al., 2015).

The lipoxygenase (LOX) pathwaymay be themost critical way
for aroma foundation because of the high straight-chain esters
content of oriental melon. The LOX way consist of four enzymes,
including LOX, HPL (Hydroperoxide lyase), ADH (Alcohol
dehydrogenase, EC1.1.1.1), and AAT (Alcohol acetyltransferase).
As the last two steps in the foundation of volatile esters,
some ADH and AAT have been extensively investigated, both
in melons and in other plants. These steps involve alcohol
dehydrogenase and alcoholacetyl transferase activities that
convert volatile aldehydes to their respective alcohols and esters,
and these activities are related to climactericity (Gonda et al.,
2010).

The classic ADHs are Z-binding enzymes, relying on an
NAD(P) co-factor to interconvert ethanol and acetaldehyde (and
other short linear alcohol/aldehyde pairs). In petunia, PhADH2
and PhADH3 were involved in floral scent from the lipoxygenase
pathway (Garabagi and Strommer, 2004). Previous reports
also showed that ADHs were expressed in a developmentally-
regulated manner, particularly during fruit ripening (Salas and
Sánchez, 1998; Speirs et al., 2002; Lara et al., 2003; Manríquez
et al., 2006). Over-expression of LeADH2 in tomato led to
increasing the level of alcohols, particularly Z-3-hexenol of the
fruit (Salas and Sánchez, 1998). The specific down-regulation
of SlscADH1 in tomato fruit did not alter the aldehyde/alcohol
balance of the volatiles compounds, but made higher concent of
C5 and C6 volatile compounds from the lipoxygenase pathway
(Moummou et al., 2012). However, there were few reports on
ADHs, participating in aroma synthesis, in oriental melon which
has the extensive cultivated varieties and the largest plantation in
China.

As our previous works, 12 CmADH genes (CmADH1-12)
have been identified in the melon genome (http://melonomics.
net/) and bioinformatics analyzed. We have also investigated the
response of 12 CmADHs to ethylene in oriental melon (Jin et al.,
2016), but the function of most members were far from clear,

except for CmADH1 and CmADH2 in Countloup melon. The
key CmADH gene participating in the accumulation of various
volatile organic compounds (VOCs) in different aroma types
of melon and the regulation of CmADHs family in the process
of aroma foundation in oriental melon are still unknown. In
this paper, to explore the potential CmADH genes participating
in the key aroma compounds production, we analyzed the
VOCs and investigated the activities and expression of ADH
and AAT in ripening fruits of three different aroma types of
melon. Simultaneously, a fruit disk incubation experiment was
conducted to investigate the influence of substrates (ethanol and
aldehyde) or inhibitor on ADH activity,CmADHs expression and
VOCs productions in oriental melons.

MATERIALS AND METHODS

Plant Materials
Three different aromatic oriental melon varieties were used,
including strong- aromatic melon (C. melo var. makuwaMakino)
cultivar “Cai Hong” (CH), less-aromatic melon (C. melo var.
makuwa Makino) cultivar “Cui Bao” (CB), and non-aromatic
melon “Cai Gua” (CG) which is called as snake melon (C. melo
L var. flexuosus Naud) in China. They were grown in pots
(volume of 25 L and soil: peat: compost= 1: 1: 1) in a greenhouse
under standard cultural practices for fertilization and pesticide
treatments at Shenyang Agricultural University(Shenyang,
China) from March to June in 2014. Female flowers were
pollinated with “Fengchanji 2” to increase the rate of fruit set,
and tagged on the day of bloom. Melons were harvested on 24,
26, 28, 30, 32, 34, 36 days after pollination (DAP).

Fruit Firmness, Soluble Solids Content
(SSC) Evaluation
The firmness of melon fruit was measured with a hardness
tester (FHM-1, Takemura, Japan) according to the method of
Tijskens (Tijskens et al., 2009). The soluble solids content of
melon fresh was determined by a digital refractometer (DBR45,
Huixia, Fujian, China) described by Liu (Liu et al., 2012). A CR-
400/410 spectrophotometer (Konica Minolta, Japan) was used to
detect the rind color of melons. Six readings were taken from
equatorial zone of each fruit (Liu et al., 2012). The firmness and
SSC experiment was performed in triplicate.

ADH Enzyme Activity Assay
Reductase and dehydrogenase activities of ADH were evaluated
by CARY 100 scan ultraviolet (UV)/visible spectrophotometer
(Varian, USA). The method was optimized on the foundation
of Longhurst et al. (1990) and Manríquez et al. (2006).
Approximately 3 g fresh melon was ground into powder in liquid
nitrogen using mortar and pestle, then mixed with 6 ml pre-
cooling extract buffer [4◦C, 100 mM MES-Tris (pH 6.5), 2 mM
DTT (dithiothreitol), 1% PVP (polyvinyl pyrrolidone) (m/v)].
The ground slurry was centrifugated at 15,000 g for 30 min
at 4◦C, and the supernatant was collected for ADH activity
analyzing as crude enzyme. Reductase activity was measured
in 1 ml total volume containing 200µl crude protein, 5mM
aldehyde, 0.25 mM NADH, or NADPH and 50 mM sodium
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FIGURE 1 | Different physiological characteristics of three types of melon at their maturity. (A) Firmness, (B) Soluble solids contents of melon flesh, (C–E)

Pericarp color (a* means the red/green ratio and b* represents the yellow/blue ratio, L* represents the brightness of rind). Duncan’s multiple range tests have been

performed with different letters above the columns represent significant differences (P < 0.05) between different types of melon.

phosphate buffer (pH 5.8). Dehydrogenase activity was assayed in
solution contained 5 mM ethanol, 0.25 mM NAD or NADP and
glycine-NaOH buffer pH 9.4 in 1 ml. Reductase/dehydrogenase
activitywas measured by the increase/decrease in absorbance at
340 nm due to change of NAD(P). The reaction was initiated by
the addition of ethanol or aldehyde and the rate of absorbance
change without ethanol or aldehyde was subtracted to give the
substrate dependent rate.

AAT Enzyme Activity
AAT activity was measured according to Shalit (Shalit et al.,
2001). Total protein was extracted from 3 g melon fruit without
peel and macerated with 6 ml 0.1 M sodium phosphate buffer

(pH = 0.8) at 4◦C. The supernatant was collected as the
crude enzyme for AAT activity analyzing after the mixture was
centrifuged at 16,000 g for 30 min at 4◦C. The reaction system
consisted of 2.5ml 5M Mgcl2, 50 µl 0.5 mM acetyl CoA, 50µl
200mM butanol and 0.6ml crude enzyme. 150µl 5,5-disulfide
double nitro benzoic acid (DTNB) was added into the mixture
after 15 min. The AAT activity was determined by the changes
of A412 measured by spectrophotometer and each measurement
was repeated three times.

Protein Content
Total proteins were quantified with modifications (BioRad
Protein Assay Kit, Bio-Rad, USA) according to the method of

Frontiers in Physiology | www.frontiersin.org June 2016 | Volume 7 | Article 254 | 248

http://www.frontiersin.org/Physiology
http://www.frontiersin.org
http://www.frontiersin.org/Physiology/archive


Chen et al. Aroma Volatiles and CmADHs in Oriental Melon

coomassie brilliant blue G-250 described by Bradford (Bradford,
1976).

Volatile Organic Compounds Analysis
The VOCs of different melons were detected under the procedure
of headspace (HP)-solid phase micro extraction (SPME)-gas
chromatography-mass spectrometry (GC-MS), as Liu and Tang
was used (Liu et al., 2012; Tang et al., 2015). About 100 g frozen
melon flesh were thawed and squeezed into juice. 1-octanol
(50 µl, 59.5mg/l) were added into 10ml juice samples as an
internal standard. SPME needle was from Supelco (57347-U,
Bellefonte, PA, USA), and GC-MS was from Thermo Scientific

TABLE 1 | Total and different classes of volatile compounds and their

concentrations in different aromatic melon types.

Volatile compounds Different types of melon

(µg.g−1FW) CH CB CG

Total esters 207.83±17.21a 127.16± 16.75b 5.29±1.82c

Total alcohols 30.24±2.48b 23.68± 1.87b 136.85±4.85a

Total acids 15.73±5.28a 8.14± 2.62b 9.31±3.97b

Others 54.15±20.01a 10.07± 1.32b 6.14±1.21b

Duncan’s multiple range tests were performed, and different letters represent significant

differences (P < 0.05) between different types of melon.

(Trace GC Ultra-ITQ 900, Waltham MA 02454). The GC system
was equipped with a 30 m∗0.25 mm∗0.25 um thickness capillary
column (Thermo TR-5 ms SQC, USA).

For incubation experiment, a 1 g aliquot of the melon powder
was placed in a 10 ml glass vial containing 0.7 g of solid NaCl,
2ml of a 20 % (w/v) NaCl solution (Gonda et al., 2010) and 10
µl of a 59.5mg/l 1-octanol used as internal standard. Then, the
sample was measured with the method mentioned above.

Incubation Experiments
Melon cubes (4 g) from CB mature fruit were put in sterile
petri dish plates and 500µl of a solution of 5mM ethanol or
5mM aldehyde and different concentrations of ADH inhibitor
(4-methylpyrazole, 4-MP. 0.1, 1, and 5mM) were applied on top
of each cube, and distilled water was taken as control. The plate
was covered and incubated overnight at room temperature. Then,
each cube was frozen in liquid nitrogen and stored at −80◦C
(Gonda et al., 2010).

Real-Time Quantitative (qPCR) Analysis
The total RNA was isolated with TRIzol Reagent (Takara, Japan).
DNase I (Promega, USA) was used to remove genomic DNA.
cDNA template was obtained by reverse transcriptase(Invitrogen,
Thermo fisher scientific, USA) with random primer. The PCR
program parameters consisted of a preliminary step of 3 min at
95◦C followed by 45 cycles at 95◦C for 15 s and at 60◦C for 30
s, finally, 68◦C 30 s. The template cDNA was amplified in a 20

FIGURE 2 | Principal component analysis (PCA) of aroma volatiles identified in three types of melon at mature period. Loading plots of the two main PCA

of the aroma volatiles identified in three types of melon at mature period. One hundred percent of the variability in the volatile compounds in the melon cultivars could

be explained by two principal PCs. PC1 explained 57.57% of the variability, while PC2 explained 42.43% of the variability. Each sample consisted of three replicates.

Codes were corresponding to the volatile compounds number in Table S1.
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FIGURE 3 | Four principal volatile compounds of three types of melon at mature period. All of the data for volatile compounds are means ± SE value of three

replicates.

FIGURE 4 | ADH and AAT activities in three aroma types of melon at different DAP. (A) ADH activities in three types of melon. (B) AAT activities in three types

of melon. Each experiment was performed in triplicate and the means ± SE value of their activities were shown in the line chart.
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FIGURE 5 | Gene expression of CmADHs in three types of melon on different DAP. Expression levels of each gene are showed as a ratio relative to the

ADH/18SrRNA ratios for CH on 24DAP, which was set to 1. Each experiment was performed in triplicate and the means ± SE value of their content were shown in the

figure.

µl reaction (2xSYBR Green PCR Master Mix, Tiangen Biotech
Co. Ltd. Beijing, China) on an ABI 7500 sequence detection
system. All qPCR experiments were performed in triplicate with
different cDNA template. The ADH/18s rRNA ration for samples
were related to the ratio for CH in Figure 5 and for CB in
Figure 8 which were set to 1, respectively. The 2−11Ct method
was used to calculate relative genes expression of the CmADH
genes produced by real time PCR.

Statistical Analysis
A principal component analysis (PCA) was employed to
identify the key aroma compounds of the three aromatic
melon varieties according to their VOCs by the SPSS
20.0. And significant analysis was conducted by a one-
way ANOVA following Duncan’s multiple range tests for
experiment at a p < 0.05 level. The figures were produced by
Origin 9.0.
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FIGURE 6 | Ethyl acetate and Hexyl acetate content in “CB” oriental

melon in incubation experiment. Flesh melon were incubated with 5 mM

ethanol (Ethanol), 5 mM aldehyde (Aldehyde), 0.1 mM 4-methylpyrazole

(4MP0.1), 1 mM 4-methylpyrazole (4MP1), and 5 mM 4-methylpyrazole

(4MP5). Melon incubated with distilled water was taken as a control. Duncan’s

multiple range tests have been performed with different letters above the

columns represent significant differences (P < 0.05) between different

treatments.

RESULTS

Firmness, Soluble Solids Content (SSC),
and Rind Color
In order to determine the maturation period, SSCs of the three
types of melon was chosen for the signal of fruit maturation
(Tang et al., 2015). We chose DAP34 as the maturation period
of three melon, due to the directly relationship between SSCs
and fruit development of melons. The SSC of three types of
melon nearly reached the highest concentration at the same
time at 34 DAP (Figure S1). The firmness of CH and CG
were similar and lower than that of “CB” (Figure 1A). Both
CH and CB fruit had higher SSCs than CG (Figure 1B). In
terms of rind color, CH and CG were brighter or yellow,
CB were dark green (Figures 1C–E; Figure S2). Moreover, CH,
CB, and CG fruits also exhibited various morphological and
physical characteristics, implying the ripening of different type
melons.

Volatile Organic Compounds of Three
Types of Melon
We had detected 49 VOCs, including esters, alcohols, acids, and
other aroma in three types melons (Table S1). Esters were the
most abundant volatiles in CH and CB (∼207.83 µg.g−1FW
and 127.16 µg.g−1FW, respectively). On the other hand, alcohol
contributed the aroma of CG. We also found that the content of
esters or total aroma accumulated in CHwas nearly twice of those
in CB, although esters was the main compounds in both of them
(Table 1).

To further distinguish the variety of aroma in three types of
melon, PCA of aroma volatiles identified in three types of melon
at mature period was conducted (Figure 2). It was clearly that
CG was separated from the others in account of V29 [(E,Z)-
3,6-nonadien-1-ol], V24 (z-6-nonenal), V27 (3-carene), V34 (2-
octyn-1-ol), V44 [Stearic acid, 3-(octadecyloxy) propyl ester],
and V45 (10,12-Octadecadiynoic acid; Figure 2), and (E,Z)-3,6-
Nonadien-1-ol was the representative volatile compound of CG
considering the content (Table S1). V1 (ethyl acetate), V23 (hexyl
acetate), and V20 (2-ethyl-2hexen-1-ol) were three principal
contributors to PC1, when their abundance were taking into
account (Figure 2, Table S1). We regarded ethyl acetate, hexyl
acetate, (E, Z)-3, 6-nonadien-1-ol and 2-ethyl-2hexen-1-ol as
four principal volatile compounds of these three types of melon.
In Figure 3, it was obvious that acetate esters made “CH” or “CB”
be separated from “CG.”

Reductase Activity of ADH and AAT Activity
in Three Types of Melon at Different DAP
During fruit development from 24 to 36 DAP, reductase activity
of ADH in three types of melon showed a trend of increasing
at first and decreasing subsequently, which reached a peak at 32
DAP. ADH activity was higher in flesh of CB and CG than that of
CH from 24 to 36 DAP, but the change of ADH activity in flesh of
CH was smaller than that of CB and CG (Figure 4A).

Figure 4B shows that AAT activity in flesh of CH significantly
increased after 32 DAP and peaked on day 36. AAT activity in
flesh of CB shows the similar change to CH, which increased
after 30 DAP and peaked at 36 DAP, although the AAT activity
in flesh of CB was lower than that of CH from 32 to 36 DAP. The
AAT activity in CG did not change significantly and the level of
enzyme activity in CG was the lowest among three melons from
32 to 36 DAP.

CmADHs Expression in Three Types of
Melon during Fruit Ripening
A total of 11 CmADHs were expressed during ripening of
melon (Figure 5), as CmADH11 was not detected during our
experiment. Transcript analysis indicate that these 11 CmADH
genes were specifically expressed in ripening fruit of three
aroma types of melon. CmADH2 and CmADH6 were specifically
expressed in strong-aromatic melon CH and less-aromatic melon
CB and CmADH4 was only expressed in non-aromatic melon
CG. The expression of CmADH3, CmADH7, and CmADH12
in CH and CB were higher than that in CG, and most of the
genes were consistently expressed with an increase in transcript
abundance and reached the peak at 34 DAP or 36 DAP in CH
and CB. In addition, the expression level of CmADH5, CmADH8,
CmADH9, CmADH10 were either not expressed or maintained a
low level during fruit ripening.

Volatile Aroma Compounds of CB in
Incubation Experiment
Production of ethyl acetate and hexyl acetate in CB were
significantly affected by substrates or inhibitor (Figure 6). Both
ethyl acetate and hexyl acetate abundance reduced after ethanol
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FIGURE 7 | ADH activities depended on four co-factors (0.25 mM NADPH/NADP and NADH/NAD) of CB flesh melon incubated with multiple solutions,

including 5 mM ethanol (Ethanol), 5 mM aldehyde (Aldehyde), 0.1 mM 4-methylpyrazole (4MP0.1), 1 mM 4-methylpyrazole (4MP1), and 5 mM

4-methylpyrazole (4MP5) (A–D). (A) ADH activity depended on 0.25 mM NADPH. (B) ADH activity depended on 0.25 mM NADH. (C) ADH activity depended on

0.25 mM NADP. (D) ADH activity depended on 0.25 mM NAD. Flesh melon incubated with distilled water were used as control. Duncan’s multiple range tests have

been performed with different letters above the columns represent significant differences (P < 0.05) between different treatments.

treatment. Aldehyde only facilitated the production of ethyl
acetate. The level of hexyl acetate was up-regulated, but it
was not significant. For 4-methylpyrazole (4-MP), the inhibitor
of ADH, it seems that the effect of 4-MP on melon acetate
production was dose-dependentmanner to some extent.Medium
and high dose of 4-MP decreased the production of two acetates,
while Low dose of 4-MP increased the ethyl acetate content
(Figure 6).

ADH Activity in Incubation Experiment
In incubation experiment, the ADH reductase activity was
suppressed by ethanol, a production of ADH inmelon, regardless
of NADH or NADPH was used and ethanol showed a stronger
suppression than 4-MP (Figures 7A,B). The dehydrogenase
activity were increased by ethanol treatment, though activity
change was more significant when the co-factor was NADP
4-MP also worked as an inhibitor, but it depended on co-
factor and its concentration (Figures 7C,D). Aldehyde did
not promoted the ADH reductase activity, but it significantly
inhibited the dehydrogenase activity when the co-factor was
NAD (Figure 7D).

CmADHs Expression in Incubation
Experiment
Based on the incubation experiment, 11 CmADH genes were
expressed in oriental melon “CB” (Figure 8). CmADH1,
CmADH4, CmADH9, and CmADH12 were up-regulated
following the addition of aldehyde, while CmADH2, CmADH3,
and CmADH7 seemed to not response to aldehyde. Most of
CmADHs genes were down-regulated under ethanol treatment
except CmADH4, CmADH7, and CmADH9. Different dose of
4-MP (0.1, 1, and 5 mM) reduced the levels of most CmADHs
except CmADH4, CmADH7, CmADH9, and CmADH12
(Figure 8).

DISCUSSION

Aroma was an important quality of ripe fruit, and it differed
between varieties of the same species, which was found in many
plants (Poll, 1981; Visai and Vanoli, 1997; Kourkoutas et al.,
2006; Goulet et al., 2012). For example, esters and alcohols were
the main aroma volatiles of Cantalope melon, sulfur esters and
straight-chain compounds of six-carbon or nine-carbon were
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FIGURE 8 | CmADHs gene expression in the incubation experiment of

oriental melon “CB” flesh fruit. Expression levels of each gene are showed

as a ratio relative to the ADH/18SrRNA ratios for CK, which was set to black.

The red cube means transcript level was up-regulated and the green cube

means down-regulated on the contrary. All of the data for ADH gene

expression are means of three replicates.

abundant, while E, Z-2,6-nonadienal was the principle aroma
compound of honeydew melon fruit, and methyl esters were
the main volatiles of Galia melon (Kourkoutas et al., 2006).
Similar results were showed in high-aromatic melon Arava and
less-aromatic melon Rochet; Acetate esters were abundant in
Arava, while Rochet had high level of volatiles, such as alcohols
and aldehydes (Shalit et al., 2001). In our study, unsurprisingly,
except for soluble solids content and rind color, three types of
melon showed diverse physiological characteristics in flavor, the
aroma content of CH is the most abundant, either the total
VOCs concentration or esters and CB content less esters than
CH, but esters were still the most abundant volatile in CB flesh
melon as well as CH; There were little esters in CG flesh melon,
on the contrary, alcohols were the principle volatile of non-
aromatic melon. Ethyl acetate and hexyl acetate were found to
be the principle aroma compounds of CH and CB by PCA
analysis combined with their content in ripening fruit, which was
consistent with previous conclusion that volatile esters, especially
straight-chain esters, were important VOCs in aromatic melon
(Tang et al., 2015). In contrast, (E, Z)-3,6-nonadien-1-ol was the

most abundant volatile in CG. These results illustrated that there
were differences on the primary VOCs among different aroma
types of melon and esters, especially ethyl esters were important
aromatic compounds in oriental melons (Li et al., 2011; Liu et al.,
2012).

The synthesis of straight-chain ethyl ester, such as hexyl
acetate and butyl acetate, was directly correlated with the main
enzymes activity in LOX pathway (Senesi et al., 2002; Echeverría
et al., 2004; Altisent et al., 2009; Paige and Sheryl, 2012). ADH,
as one of the key enzymes in LOX pathway, plays an important
role in diverse volatile compounds synthesis in many plants. In
olive, ADH activity may account for the diversity in aldehydes
and alcohols of two cultivars, Carolea, and Coratina (Iaria et al.,
2012). The high expression of PuADH3 in pear during fruit
ripening also indicated the relationship between PuADHs and
aroma (Li et al., 2014). CmADH1 and CmADH2 were involved in
fruit development due to their highly expression in Cantaloupe
melon and ethylene-induced regulation. Particular substances
preferences of two ADHs indicated their particular functions
in the formation of various flavor of melon (Manríquez et al.,
2006). But ADH is not the final step of LOX pathway, some
alcohols produced by ADH would convert into esters under the
function of AAT. So that there may be a complex relationship
between ADH, AAT and volatiles: During the development
of apricot fruit, the expression levels of PaADH and PaLOX
stayed constant at all stages, however PaAAT levels showed
a sharp increase in the late harvest stages, with the changes
observed in ester levels (González-Agüero et al., 2009); Silencing
SlscADH1, a specifically expressing gene in tomato fruit, resulted
in the accumulation of C5 and C6 compounds rather than
the alternation of alcohols/aldehydes balance (Moummou et al.,
2012). In our study, ADH activity of all cultivars increased
slightly first and raised up to several fold 2 days before the fruits
ripened. There was no obvious difference between Less-aromatic
melon CB with high esters content and non-aromatic CG with
low esters content on ADH activity during fruit development,
indicating that ADH activity might not be a key regulator of
esters abundance in oriental melon. Increase of AAT activity
was detected during ripening of fruit in CH and CB, but there
was no significant change about AAT activity in non-aromatic
melon CG. It seems there was no direct correlation between
the total ADH activity and the total content of VOCs or the
alcohols, and the AAT activity was positively correlated with the
content of esters in oriental melons. The gene expression pattern
of CmADHs also various in three cultivars during fruit ripening
(Figure 5). The specific CmADH genes expression might be an
important reason for the diversity of alcohols and follow-up ester
components in oriental melon considering that different ADH
had particular preferences for various substrates (Manríquez
et al., 2006; Moummou et al., 2012) and further more studies are
needed to prove the speculation.

We cannot analysis the specific substrate preference of each
CmADH using crude enzyme, but the change of expression
of every CmADH caused by some substrate could be detected
in incubation experiment. Ethanol was immediate precursor of
ethyl acetate, the most abundant characteristic aroma compound
in oriental melon. Ethanol and aldehyde could be converted
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FIGURE 9 | Relative expression of two CmADH genes (CmADH12 and CmADH3) and volatile content of two principle esters (ethyl acetate and hexyl

acetate) in incubation experiment. (A) CmADH12 and CmADH3 relative expressions in CB melon incubated with multiple treatments. (B) Volatile content of ethyl

acetate and hexyl acetate in CB melon incubated with multiple treatments. The treatments were ethanol (Ethanol), aldehyde (Aldehyde), 0.1mM 4-MP (4MP0.1), 1mM

4-MP (4MP1), and 5mM 4-MP (4MP5). All of the data for ADH gene expression and volatile contents are means of three replicates.

into each other by ADH through oxidation or reduction.
Previous study showed that the exogenous application of ethanol
could delay the maturation of oriental melon and increase the
accumulation of aroma volatile compounds within a short time
without influencing the ADH activity (Liu et al., 2012). Our study
demonstrated ethanol significantly inhibited the activity of ADH
enzyme of oriental fresh melon in incubation experiment, just
like high concentration of 4-MP,the competitive inhibitor which
could inhibit 40 to 60% of the in vivo activity of ADH in tomato
(Beaulieu et al., 1997) or prevent the formation of ethanol (Kato-
Noguchi and Yasuda, 2007), and the levels of most CmADHs
expression were down-regulated with the reduction of esters. The
confliction with former studies may be due to the concentration
of ethanol treatment and the treatment time. Dehydrogenase
activities of CmADH were slight deduced by aldehyde, but
increase of reduction activities which we suspected were not
found. The expression levels of CmADH1, CmADH4, CmADH9,
and CmADH12 in acetaldehyde treatment were improved, along

with the production of ethyl acetate and hexyl acetate, suggesting
their potential function in aroma volatile or ester synthesis. The
results suggested that substrates were not the mainly regulator
of CmADHs expression and ADH activity in oriental melon, and
similar result was found in grapevine (Tesniere et al., 2004).
Perhaps there was a complex regulation of ADH and enzymatic
activity in oriental melon.

So far, 12 CmAdh genes were found from the melon
genome website and the function of most members were far
from clear, except for CmADH1 and CmADH2 in Countloup
melon. By bioinformatic analysis, we found that high homology
appeared between CmADH2 and CmADH12 in spite of the low
homology of the ADH gene family, and functional domains
cheeked via NCBI’s Conserved Domain Database suggested that
CmADH12might have the same catalytic function as short-chain
dehydrogenases (Strommer, 2011; Jin et al., 2016). In addition,
we were surprised to find the correlation among CmADH3 or
CmADH12 gene expression pattern in our experiment, the ADH
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reductase activity when NADPH acted as the co-factor, and the
accumulation of hexyl acetate or ethyl acetate in incubation
experiment (Figure 9), although the CmADHs gene expression
and the changes of enzyme activity would not directly affect
the synthesis of esters in theory. It hinted CmADH3 and
CmADH12 might involve in synthesis of aroma compounds of
oriental melon. Considering that their expression levels were up-
regulated by ethylene in our previous study (Jin et al., 2016).
The recombinant protein or the transgenic plants were needed
to obtain more information about the role of certain CmADHs in
oriental melon aroma formation.

CONCLUSIONS

In this paper, volatile esters, especially ethyl acetate, and hexyl
acetate, as the primary aroma were identified in strong and less
aromatic oriental melons, and alcohols, (E, Z)-3, 6-nonadien-1-
ol, as the principle volatile, were also identified in non-aromatic
melon. We found that the specific CmADH genes expression
might be an important reason for the diversity of alcohols
and follow-up ester components in three types of melon. ADH
activity, CmADH genes expression and the content of two
principle esters were significantly inhibited by ethanol, and the
4-MP, a kind of competitive inhibitor of ADH enzyme. While
affection of aldehyde on CmADH activity or CmADH expression
depended on co-factors or genes. We also found the relationship
between CmADH3, CmADH12 and the characteristic volatile,
namely ethyl acetate or hexyl acetate. In conclusion, our study
provide some evidences for the relationship between CmADHs
and volatile compounds of oriental melon, and more studies are
needed to make it clear.

AUTHOR CONTRIBUTIONS

HC and HQ designed research; HC performed research; HC
analyzed data; HC and HQ wrote the paper; SC, YJ, and YT
helped to revise the paper.

FUNDING

First level of Liaoning high school Talent support program,
LR2014020.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: http://journal.frontiersin.org/article/10.3389/fphys.
2016.00254

Table S1 | Volatile compounds and their concentrations (µg.g-1FW) in

different aroma types of the melon ripen fruit. Include “Cai Hong”

(CH), “Cui Bao” (CB) and “Cai Gua” (CG). Each experiment was

performed in triplicate and the mean value of their concentrations were

shown in this table.

Figure S1 | The SSC of three types of melon at different days after

pollination (DAP). The three aroma types melon are CH (short for “Cai Hong”),

CB (short for “Cui Bao”), and CG (short for “Cai Gua”). Each experiment was

performed in triplicate and the means ± SE value of their content were shown in

the line chart.

Figure S2 | Different appearance of three types of melon (Cucumis melo).

(A) Oriental melon (C. melo var. makuwa Makino) cultivar “Chai Hong” (CH). (B)

Oriental melon (C. melo var. makuwa Makino) cultivar “Chai Hong” (CH). (B)

Oriental melon (C. melo var. makuwa Makino) cultivar “Cui Bao” (CB). (C) Snake

melon (C. melo L. var. flexuosus Naud) “Cai Gua” (CG).
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Volatile compounds are the major determinants of aroma and flavor in both grapes

and wine. In this study, we investigated the emission of volatile and non-volatile

compounds during berry maturation in two grape varieties (Airén and Tempranillo)

throughout 2010 and 2011. HS-SPME coupled to gas chromatography and mass

spectrometry was applied for the identification and relative quantitation of these

compounds. Principal component analysis was performed to search for variability

between the two cultivars and evolution during 10 developmental stages. Results

showed that there are distinct differences in volatile compounds between cultivars

throughout fruit development. Early stages were characterized in both cultivars by higher

levels of some apocarotenoids such as β-cyclocitral or β-ionone, terpenoids (E)-linalool

oxide and (Z)-linalool oxide and several furans, while the final stages were characterized

by the highest amounts of ethanol, benzenoid phenylacetaldehyde and 2-phenylethanol,

branched-amino acid-derived 3-methylbutanol and 2-methylbutanol, and a large number

of lipid derivatives. Additionally, we measured the levels of the different classes of

volatile precursors by using liquid chromatography coupled to high resolution mass

spectrometry. In both varieties, higher levels of carotenoid compounds were detected

in the earlier stages, zeaxanthin and α-carotene were only detected in Airén while

neoxanthin was found only in Tempranillo; more variable trends were observed in the case

of the other volatile precursors. Furthermore, we monitored the expression of homolog

genes of a set of transcripts potentially involved in the biosynthesis of these metabolites,

such as some glycosyl hydrolases family 1, lipoxygenases, alcohol dehydrogenases

hydroperoxide lyases, O-methyltransferases and carotenoid cleavage dioxygenases

during the defined developmental stages. Finally, based on Pearson correlation analyses,

we explored the metabolite-metabolite fluctuations within VOCs/precursors during the

berry development; as well as tentatively linking the formation of some metabolites
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detected to the expression of some of these genes. Our data showed that the two

varieties displayed a very different pattern of relationships regarding the precursor/volatile

metabolite-metabolite fluctuations, being the lipid and the carotenoid metabolism the

most distinctive between the two varieties. Correlation analysis showed a higher degree

of overall correlation in precursor/volatile metabolite-metabolite levels in Airén, confirming

the enriched aroma bouquet characteristic of the white varieties.

Keywords: volatile organic compounds, precursors, aroma, expression analysis, Vitis vinifera

INTRODUCTION

Secondary metabolites of grapes (Vitis vinifera L.) play a key
role in wine quality. The phenolic components of the skin
and seeds are the main source of the color of wine and its
structural properties (Ribereau-Gayon and Glories, 1986), while
volatile organic compounds (VOCs) are the major determinants
of aroma and flavor in wine (Zoecklein et al., 1998).

The final aroma of wine is determined by several hundreds
of volatile compounds of varying chemical nature. Among
these compounds, alcohols, esters, aldehydes, ketones, and
hydrocarbons have been characterized, all at very low
concentrations with a human threshold detection ranging
between 10−4 and 10−12 g/L (Koundouras et al., 2009).
The concentration of these compounds in the final product
depends on factors associated with grape variety, cultivation
(climate, irrigation, etc.) as well as the fermentation process
(pH, temperature, nutrients and microflora) and posterior
management involving factors such as filtration, clarification
or aging. The characteristics and intensity of aroma may vary
depending on the grape variety used, and also the geographical
and climatic conditions where the grapes were grown. The
volatile compounds that contribute to the aroma of the grape
are mainly esters of acetic acid and modified monoterpenoids
such as linalool, geraniol, nerol, citronellol, α-terpineol, and
hotrienol (Rapp and Mandery, 1986). Other groups of volatile
aromatic compounds playing an important role in aroma
are aldehydes such as (E)-2-hexenal and hexanal, ketones,
e.g., 2- and 3-alkanones; and alcohol compounds including
n-alcohols from 4 to 11 carbon atoms, unsaturated alcohols
and short-chain branched and aromatic alcohols such as benzyl
alcohol. Furthermore, it should be noted that a large amount
of compounds responsible for the aroma have been described
in grape in glycosylated non-volatile form (Winterhalter and
Skouroumounis, 1997). The most abundant included within this
group are modified terpenes, particularly monoterpenes.

The existence of a non-volatile and odorless grape fraction

that can be revealed by chemical or enzymatic pathways was first

demonstrated by Cordonier and Bayonove (1974).
During the past two decades, a growing number of studies

have shown that the glycosides represent a natural reservoir

of volatile compounds in a high number of fresh or processed
fruits (Buttery et al., 1990; Marlatt et al., 1992; Buttery, 1993;
Krammer et al., 1994; Sakho et al., 1997; Boulanger and Crouzet,
2001; Aubert et al., 2003; Lalel et al., 2003; Osorio et al., 2003;
Tikunov et al., 2010, 2013), in grapes and wine (Williams,

1993; Baek and Cadwallader, 1999; Genovés et al., 2003; Sarry
and Günata, 2004), and also in flowers and plants and their
derivatives (Loughrin et al., 1992; Straubinger et al., 1998; Wang
et al., 2001; Watanabe et al., 2001; Nonier et al., 2005). The
enzymatic and acid hydrolysis of glycosylated precursors release
the volatile aglycones, thus changing the flavor (Williams, 1993).
Enzymatic hydrolysis is catalyzed by glycosidases. This is a large
group of biologically important enzymes, both biomedical and
industrial, which are found in plants andmicroorganisms, mainly
yeasts, and filamentous fungi (Pogorzelski and Wilkowska,
2007). Although, endogenous glycosidic activities increased in
the fruit during the ripening process, no evidence of their
relationship with the hydrolysis of glycosylated precursors of
volatile compounds has been proved so far (Lecas et al., 1991;
Kumar and Ramón, 1996;Manzanares et al., 2001;Mizutani et al.,
2002; Sarry and Günata, 2004; Wei et al., 2004; Tsuruhami et al.,
2006).

As stated before, in grape berries there are hundreds
of compounds that potentially contribute to the aroma and
flavor of wine. The nature of these metabolites shows a large
chemical diversity and belongs to different metabolic pathways
producing mainly fatty acids, amino acids, esters and terpenoid
derivatives.

Volatiles derived from fatty acids are a class of compounds
which includes one of the most important volatiles produced in
many fruits. These compounds are classified as green leaf volatiles
due to their characteristic “green” fresh aroma of cut grass,
since high amounts of lipid-derived C6 aldehydes and alcohols
are released from vegetative tissues when disrupted (Klee, 2010;
Rambla et al., 2014). The initial step in the biosynthesis of
these compounds is still not completely understood. Due to
their toxicity free fatty acids are rapidly catabolized mainly by
means of the lipoxygenase pathway which includes the sequential
activity of lipoxygenase (LOX) and hydroperoxide lyase (HPL)
enzymes (Tieman et al., 2012). The aldehydes produced from this
LOX pathwaycan be reduced to alcohols by means of alcohol
dehydrogenases (ADHs), enzymes catalyzing their reversible
interconversion (Speirs et al., 1998a,b; Tesniere et al., 2006).

A variety of compounds are derived from the amino acid
phenylalanine, such as 2-phenylethanol, phenylacetaldehyde and
benzaldehyde, some of which provide a floral aroma (Baldwin
et al., 2008; Tzin et al., 2013). The main biosynthesis of these
compounds is started by means of a phenylalanine ammonia-
lyase (PAL) producing (E)-cinnamic acid, while the last steps of
the biosynthesis of some of these compounds are catalyzed by an
O-methyltransferase (Mageroy et al., 2012).
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Other important volatile compounds are terpenoids, which
can be classified into two groups: monoterpenoids (C10)
and sesquiterpenoids (C15). They are both synthesized from
the five-carbon precursors isopentenyl diphosphate (IPP) and
dimethylallyl diphosphate (DMAPP). The carotenoid derived
volatiles, such as the C13 ketones β-ionone or β-damascenone,
are synthesized by the oxidative cleavage of double bonds in
carotenoids carried out by carotenoid cleavage dioxygenases
(CCDs) (El Hadi et al., 2013; Granell and Rambla, 2013;
Frusciante et al., 2014; Rubio-Moraga et al., 2014; Ahrazem et al.,
2016).

Many of the volatiles are not preformed but produced by
action of enzymes on precursors or conjugated substrates. To
see to what extent the variability in volatile production from
berries of two grape cultivars Airén (white) and Tempranillo
(red) is in part due to differences in precursors levels or precursor
availability to the volatile pathway, we study the profiles of
volatiles and non-volatiles metabolites and investigated the
correlations among the level of volatile compounds and their
precursors and the expression of some genes potentially involved
in their formation. A positive correlation between precursors and
final volatile products will help us to exploit biotechnologically
their potential to increase volatiles by selecting varieties with
more precursors or conjugated forms of volatiles.

MATERIAL AND METHODS

Plant Material
Grapevine berries and leaves of healthy Vitis vinifera L. from
Tempranillo and Airén varieties were sampled in Tarazona de
la Mancha, Spain, during 2010 and 2011. The two genotypes
are cultivated in neighboring vineyards thus they are under
the same climatic, microclimatic and stress impacts. Vineyard
management was carried out to provide optimum plant growth
and yield including fertilization, plant protection treatment,
irrigation and canopy management according to local viticulture
standards.

For every 10 plants, three bunches of grapes were sampled
over a 10-week period from the end of July to early October.
A total of 10 samples corresponding to 10 different stages were
inspected visually before sampling and only intact and healthy
bunches were taken. The weekly samples corresponding to the
phenology of the two cultivars is shown in Supplementary Figure
1. After collection, all samples were immediately frozen in liquid
nitrogen and stored at−80◦C until required.

Volatile Detection and Quantification
For volatile analysis, three biological replicates were processed
and analyzed independently for each developmental stage. Each
biological replicate consisted in a pool of about 500 g of whole
berries in the same developmental stage. Samples were cooled
with liquid nitrogen, ground with mortar and pestle, and
stored at −80◦C until analysis. Prior to the analysis of volatile
compounds, frozen fruit powder (1 g fresh weight) from each
sample was weighed in a 7mL vial, closed, and incubated at
30◦C for 10 min. Then, 2.2 g of CaCl2.2H2O and 1mL of EDTA
100mM were added, shaken gently and sonicated for 5 min,

and 1.5mL of the homogenized mixture was transferred into a
10ml screw cap headspace vial, where volatiles were collected
from.

Volatile compounds were extracted by headspace solid-phase
microextraction (HS-SPME) by means of a 65 µm PDMS/DVB
fiber (Supelco). Initially, headspace vials were tempered at 50◦C
for 10min. Then, the volatiles were extracted by exposing
the fiber to the vial headspace for 30min under continuous
agitation and heating at 50◦C. The extracted volatiles were
desorbed in the GC injection port for 1 min at 250◦C in splitless
mode. Incubation of the vials, extraction and desorption were
performed automatically by a CombiPAL autosampler (CTC
Analytics). Chromatography was performed on a 6890N gas
chromatograph (Agilent Technologies) with a DB-5ms (60m
× 0.25mm × 1µm) column (J&W Scientific) with Helium as
carrier gas at a constant flow of 1.2 mL/min. Oven temperature
conditions were: 40◦C for 2min, 5◦C/min ramp until 250◦C
and then held at 250◦C for 5 min. Mass spectra were recorded
in scan mode in the 35–250m/z range by a 5975B Mass
Spectrometer (Agilent Technologies) at an ionization energy of
70 eV and a scanning speed of 6 scans/s. MS source temperature
was 230◦C. Chromatograms and spectra were recorded and
processed using the Enhanced ChemStation software (Agilent
Technologies).

For GC-MS, compounds were unequivocally identified by
comparison of both mass spectrum and retention time to those
of pure standards (SIGMA-Aldrich), except those labeled with
an asterisk, which were tentatively identified by comparison
of their mass spectra with those in the NIST05 library.
For quantification, peak areas of selected specific ions were
integrated for each compound and normalized by comparison
with the peak area of the same compound in a reference
sample injected regularly in order to correct for variations
in detector sensitivity and fiber aging. The reference sample
consisted in a homogeneous mixture of all the samples
analyzed. Data for a particular sample were expressed as the
relative content of each metabolite compared to those in the
reference.

Precursors Detection and Quantification

by LC-MS
Carotenoids and chlorophylls have been analyzed and quantified
by LC-DAD-APCI-HRMS as previously described (Liu et al.,
2014) (Su et al., 2015) with slight modifications. Forty milligram
of freeze-dried berry powder have been used for each extraction,
and APCI-MS settings were as following: sheath and auxiliary
gas, set to 30 and 12 units, respectively; the vaporizer
temperature and the capillary temperature were set to 270
and 220◦C, respectively, while the discharge current was set to
3.5 µA, and the capillary voltage and tube lens settings were
25V and 80V. Identification was performed using literature
data (Mendes-Pinto et al., 2004; Crupi et al., 2010; Kamffer
et al., 2010), and on the basis of the m/z accurate masses,
as reported on Pubchem (http://pubchem.ncbi.nlm.nih.gov/)
or Chemspider (http://www.chemspider.com). Linoleic and
linolenic acids have been analyzed using the same experimental
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conditions, confirmed by using authentic standards, and have
been relatively quantified as fold on the internal standard (α-
tocopherol acetate) level. For each experimental point, at least 4
independent extractions have been used.

LC-ESI(+)-HRMS analysis of semi-polar precursors of
volatiles (amino acids, phenylpropanoids, terpene glucosides)
has been performed as previously described (De Vos et al.,
2007; Iijima et al., 2008) with slight modifications. 20mg of
freeze-dried grape berry powder were extracted with 0.75mL
cold 75% (v/v) methanol, 0.1% (v/v) formic acid, spiked with
10µg/ml formononetin. After shaking for 40′at 20Hz using a
Mixer Mill 300 (Qiagen), samples were centrifuged for 15min at
20,000 g at 4◦C. 0.6mL of supernatant was removed and transfer
to HPLC tubes. For each genotype/stage, at least five independent
extractions have been carried out. LC-MS analyses were carried
out using a LTQ-Orbitrap Discovery mass spectrometry system
(Thermo Fisher Scientific) operating in positive electrospray
ionization (ESI), coupled to an Accela U-HPLC system (Thermo
Fisher Scientific, Waltham, MA). Liquid chromatography was
carried out using a Phenomenex C18 Luna column (150 ×

2.0mm, 3µm) and mobile phase was composed by water
−0.1% Formic Acid (A) and acetonitrile −0.1% Formic Acid
(B). The gradient was: 95%A:5%B (1min), a linear gradient to
25%A:75%B over 40min, 2min isocratic, before going back to
the initial LC conditions in 18 min. Tenmicroliter of each sample
were injected and a flow of 0.2 mL was used during the whole LC
runs. Detection was carried out continuously from 230 to 800 nm
with an online Accela Surveyor photodiode array detector (PDA,
Thermo Fischer Scientific,Waltham,MA). All solvents used were
LC-MS grade quality (CHROMASOLV R©from Sigma-Aldrich).
Metabolites were quantified in a relative way by normalization
on the internal standard amounts. ESI-MS ionization was
performed using the following parameters: capillary voltage and
temperature were set at 10V and 285◦C; sheath and aux gas flow
rate at, respectively, 40 and 10. Spray voltage was set to 6 kV
and tube lens at 60V. Metabolite identification was performed
by through comparing chromatographic and spectral properties
with authentic standards and reference spectra, literature data,
and on the basis of the m/z accurate masses, as reported on
Pubchem database (http://pubchem.ncbi.nlm.nih.gov/) for
monoisotopic masses identification, or on Metabolomics Fiehn
Lab Mass Spectrometry Adduct Calculator (http://fiehnlab.
ucdavis.edu/staff/kind/Metabolomics/MS-Adduct-Calculator/)
in case of adduct ion detection.

RNA Extraction and Quantitative

Real-Time PCR Analysis
The same batch of material used for RNA extraction was
used for volatiles analysis. Total RNA extractions were
performed as reported (Gómez-Gómez et al., 2012). The
quantitative RT-PCR was carried out on cDNA from three
biological replicates; reactions were set up in GoTaq R©

qPCR Master Mix (Promega, Madison WI, USA) according
to manufacturer’s instructions, with gene-specific primers
(0.125µM) in a final volume of 25µl. The grapevine
Genoscope database was used to identify sequences

related to GH, CCD, LOX, HPL, ADH, and OMT genes
(http://www.genoscope.cns.fr/externe/GenomeBrowser/Vitis/).
The Primer design was performed using Primer3 program
(http://frodo.wi.mit.edu/) (Rozen and Skaletsky, 2000). Primer
sequences are listed in Supplementary Table 1. Transcripts were
normalized to a reference number derived from transcript levels
of the constitutively expressed 18rRNA. The cycling parameters
of qPCR consisted of an initial denaturation at 94◦C for 5
min; 40 subsequent cycles of denaturation at 94◦C for 20 s,
annealing at 58◦C for 20 s and extension at 72◦C for 20 s; and
final extension at 72◦C for 5 min. Assays were conducted with
a StepOneTM Thermal Cycler (Applied Biosystems, California,
USA) and analyzed using StepOne software v2.0 (Applied
Biosystems, California, USA). Analyses of qRT-PCR data used
the classic (1 + E)−11CT method (CT is the threshold cycles
of one gene, E is the amplification efficiency). 1CT is equal to
the difference in threshold cycles for target (X) and reference
(R) (CT,X-CT,R), while the 11CT is equal to the difference of
1CT for stage 1 (C) and the other stages (T) (1CT,T-1CT,C) for
each variety. The amplification system (e.g., primer and template
concentrations) was properly optimized, and the efficiency was
close to 1. So the amount of target, normalized to an endogenous
reference and relative to a calibrator, is given by: Amount of
target =2−11CT. The qPCR products were separated on a 1.0%
agarose gel and, then, were sequenced to confirm their identity
using an automated DNA sequencer (ABI PRISM 3730xl,
Perkin Elmer) from Macrogen Inc. (Seoul, Korea). Additionally,
subsequent reactions for DNA melt curves were created for
each primer combination to confirm the presence of a single
product.

Statistical and Bioinformatics Analysis
For Principal Component Analysis (PCA), the complete dataset
including all replicates was considered. The ratio of the signal
relative to a reference consisting in a homogeneous mixture
of all the samples was used, after log2 transformation. PCA
was performed by means of the program SIMCA-P version 11
(Umetrics, Umea, Sweden) with Unit Variance normalization.

Pearson correlation coefficients were calculated with SPSS
version 15.0 software (SPSS Inc., Chicago, USA) with the relative
target quantity in samples based on the comparative CT (11CT)
method of each gene and the log 2 transformed levels of the
average ratio of each volatile/precursor metabolite for each
variety and developmental stage. A Hierarchical Cluster Analysis
(HCA) was performed with the resulting correlation values
using the Acuity 4.0 program (Axon Instruments), with the
distance measures based on Pearson correlation. Data from the
correlation matrix were represented as a heatmap or correlation
network by means of the Acuity 4.0 program.

Gene and metabolite data were transformed in linear fold
change and Pearson correlation coefficients (|ρ|) were calculated
using the PAST software (http://folk.uio.no/ohammer/past/).
Subsequently, gene-metabolite correlation heat maps and
matrices were built and colored using the GENE-E software
(http://www.broadinstitute.org/cancer/software/GENE-E/).
Finally, correlation networks were performed as previously
described (Diretto et al., 2010).
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RESULTS AND DISCUSSION

Volatile Profiling
Airén and Tempranillo, sourced from Castilla-La Mancha
(Spain), represent important commercial varieties in this region.
A study was carried out over a 2-year period to determine
the evolution of the volatile fractions and also some of their
precursors during grape development. In addition, we have
tentatively associated some of the genes potentially involved
in their formation expressions and the metabolites found in
different stages of development in both varieties.

Many studies have sought to analyse and characterize wine
VOCs in Tempranillo (Rosillo et al., 1999; Hermosín Gutiérrez,
2003; González et al., 2007; Izquierdo Cañas et al., 2008; López
et al., 2008; Cynkar et al., 2010) and Airén (Gonzalez-Viñas et al.,
1996; Pérez-Coello et al., 1999; Rosillo et al., 1999; Pérez-Coello
et al., 2000; Castro Vázquez et al., 2002; Hernández-Orte et al.,
2005). However, few studies have been dedicated to the aroma of
grape juices in Tempranillo (González-Mas et al., 2009) or Airén
(García et al., 2003).

There are clear and distinct aroma differences between grape
cultivars, which are due to differences in their profile of volatile
compounds. These variations are mostly attributed to differences
in the levels of the substances that constitute the aroma of
grape rather than to qualitative differences in the volatile
compounds produced. Headspace solid phase microextraction
(HS-SPME) technique was chosen for the acquisition of
volatiles due to its high sensitivity and low manipulation
required.

A total of 55 compounds were identified in the volatile
fraction of both Airén and Tempranillo. Forty-eight of these
metabolites were unequivocally identified by both mass spectra
and retention index with those of authentic standards. For the
other 7 compounds, a tentative identification based on their mass
spectra similarity was proposed.

The volatiles identified are detailed in Table 1, which
also shows the nature of the compounds detected in the 10
developmental stages analyzed for the two cultivars (Airén and
Tempranillo) and their classification into different metabolic
pathways: phenylpropanoids, terpenoids, lipid derivatives,
branched-chain amino acid and other amino acid derivatives and
norisoprenoids. Most of the VOCs shown in Table 1 had been
previously detected in these varieties (González-Mas et al., 2009;
Cejudo-Bastante et al., 2011). The complete results obtained
for the analysis of volatiles of all the samples are shown in
Supplementary Table 2.

Principal Component Analysis (PCA) was performed in

order to unravel the main features of the differences in volatile

compounds among the samples. The score plot of the first two

principal components, explaining 24.2 and 18.2% of the total

variability respectively, separates the two varieties throughout the

different stages based on their distinct volatile profiles. It can also

be appreciated that there is a parallel evolution of the volatile

levels during most of the developmental stages in both varieties,
with the exception of the latest stages in Tempranillo, when a
dramatic change is developed and a characteristic profile appears
(Figure 1).

The volatile profile of Tempranillo was characterized by
higher levels of branched-chain amino acid-derived compounds
such as 3-methylbutanol, 2-methylbutanol, 2-methyl-2-
propanol and 2-methyl-2-butanol, C5 lipid derivatives pentanal,
1-pentanol, 1-penten-3-ol and (E)-2-pentenal, other lipid
derivatives such as 1-hexanol, heptanal (only detected in this
variety), (E)-2-heptenal, (E,E)-2,4-heptadienal, 1-octen-3-ol,
(E)-2-octenal and (E)-2-nonenal, phenylpropanoids methyl
salicylate, salicylaldehyde, benzylalcohol, phenylacetaldehyde,
and 2-phenylethanol, which has been reported to be important in
the flavor of Noble muscadine wine, and also other compounds
such as 2-pentylfuran, acetaldehyde, ethyl ether, and ethyl
acetate.

On the other hand, white variety Airén showed higher levels
of norisoprenoids (β-damascenone, β-ionone, β-cyclocitral,
and an unknown compound at 33.56 min with a norisoprenoid
structure), monoterpenoids (linalool, terpineol and (Z)- and
(E)-linalool oxide isomers), sesquiterpenes (ylangene and
two unidentified compounds at 39.38 and 39.96 min only
detected in this variety), C6 lipid-derived aldehydes ((Z)-3-
hexenal, (E)-2-hexenal and (E,E)-2,4-hexadienal) and also a few
other compounds characteristic of early developmental stages
(Figure 2).

Regarding the contribution to aroma of apocarotenoids, we
know from the sensory work done that β-damascenone and β-
ionone have a very low perception threshold. Thus, β-ionone
confers intense fruity and floral aromas with violet notes (Silva
Ferreira and Guedes De Pinho, 2004). The main characteristics
of these volatile profiles, with minor variations, were consistent
in the 2 years of sampling.

Lipid derivatives are generated by the enzymatic degradation
of lipids when cellular tissue breakdown occurs (Baldwin et al.,
1998), while their level in the intact fruit is minimal (Riley and
Thompson, 1998). This applies, for example, to C6 aldehydes
(hexanal and (Z)-3-hexenal) responsible for the “green” flavor
note, cut grass aroma and fruity notes of grapes (Vilanova et al.,
2010). Hexanal and (Z)-3-hexenal are formed, respectively, from
linoleic and linolenic acids, after the action of a lipoxygenase
(LOX) followed by a hydroperoxide lyase (HPL) (Granell and
Rambla, 2013). Hexanal and (Z)-3-hexenal can then be reduced
to their corresponding alcohols, 1-hexanol and (Z)-3-hexenol,
respectively, by the action of an alcohol dehydrogenase (ADH)
(Galliard et al., 1977). The instability of (Z)-3-hexenal has been
described in many papers (Buttery et al., 1987, 1988), and
especially its broad isomerization to (E)-2-hexenal (Galliard et al.,
1977; Buttery, 1993; Riley and Thompson, 1998; Gray et al.,
1999).

Norisoprenoids are obtained from the degradation of
carotenoids such as β-carotene or lycopene (Stevens, 1970;
Simkin et al., 2004; Lewinsohn et al., 2005b). These reactions take
place only in the fruit, and in some cases occur after cellular
tissue breakdown. However, the biochemical nature of these
degradative oxidation mechanisms, and the enzymes and genes
involved should be reviewed in each case (Lewinsohn et al.,
2005a).

Compounds which originate from amino acids can be
subsequently converted into aldehydes, alcohols and esters, via
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TABLE 1 | Volatile compounds detected in Tempranillo and Airén fruit juice.

ID Compound Identification Compound nature Metabolic pathway

1 Acetaldehyde Unequivocal Aldehyde

2 Ethanol Unequivocal Alcohol

3 Acetone Unequivocal Ketone

4 2-propanol Unequivocal Alcohol

5 Ethyl ether Unequivocal Ether

6 2-methyl-2-propanol Unequivocal Alcohol BAA?

7 Ethyl acetate Unequivocal Ester

8 2-methyl-2-butanol Unequivocal Alcohol BAA?

9 1-butanol Unequivocal Alcohol

10 1-penten-3-ol Unequivocal Alcohol L

11 Pentanal Unequivocal Aldehyde L

12 2-ethylfuran Unequivocal Furan L?

13 3-methylbutanol Unequivocal Alcohol BAA

14 2-methylbutanol Unequivocal Alcohol BAA

15 (E)-2-pentenal Unequivocal Aldehyde L

16 1-pentanol Unequivocal Alcohol L

17 (Z)-3-hexenal Unequivocal Aldehyde L

18 Hexanal Unequivocal Aldehyde L

19 (E)-2-hexenal Unequivocal Aldehyde L

20 (E)-2-hexen-1-ol Unequivocal Alcohol L

21 1-hexanol Unequivocal Alcohol L

22 Heptanal Unequivocal Aldehyde L

23 (E,E)-2,4-hexadienal Unequivocal Aldehyde L

24 (E)-2-heptenal Unequivocal Aldehyde L

25 1-octen-3-ol Unequivocal Alcohol L

26 2-pentylfuran Unequivocal Furan L?

27 2-octanol Unequivocal Alcohol L

28 (E,E)-2,4-heptadienal Unequivocal Aldehyde L

29 Limonene Unequivocal Monoterpene T

30 Benzylalcohol unequivocal Alcohol/phenolic Ph

31 Unknown 25.22 (furan) Tentative Furan

32 Phenylacetaldehyde Unequivocal Aldehyde/phenolic AA

33 (E)-2-octenal Unequivocal Aldehyde L

34 Salicylaldehyde Unequivocal Aldehyde/phenolic Ph

35 1-octanol Unequivocal Alcohol L

36 (Z)-linalool oxide Unequivocal Monoterpenoid T

37 (E)-linalool oxide Unequivocal Monoterpenoid T

38 2-ethylhexanoic acid Unequivocal Organic acid

39 Linalool Unequivocal Monoterpenoid T

40 2-phenylethanol Unequivocal Alcohol/phenolic AA

41 (E)-2-nonenal Unequivocal Aldehyde L

42 3-ethylbenzaldehyde Unequivocal Aldehyde/phenolic Ph?

43 2-ethylbenzaldehyde Unequivocal Aldehyde/phenolic Ph?

44 Terpineol Unequivocal Monoterpenoid T

45 Methyl salicylate Unequivocal Ester/phenolic Ph

46 β-cyclocitral Unequivocal Norisoprenoid C

47 Nonanoic acid Unequivocal Organic acid L

48 Unkown 33.56 (apocarotenoid) Tentative Norisprenoid C

49 2, 6-diisocyanatotoluene Tentative Phenolic

50 beta-damascenone Unequivocal Norisprenoid C

(Continued)
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TABLE 1 | Continued

ID Compound Identification Compound nature Metabolic pathway

51 Ylangene Tentative Sesquiterpene T

52 β-ionone Unequivocal Norisprenoid C

53 Unknown 39.38 (sesquiterpene) Tentative Sesquiterpene T

54 1-(2,3,6-trimethylphenyl)-3-buten-2-one Tentative Ketone/phenolic

55 Unknown 39.96 (sesquiterpene) Tentative Sesquiterpene T

BAA, branched-amino acid derivative; L, lipid derivative; Ph, phenylpropanoid; AA, other amino acid derivatives; T, terpenoid; C, apocarotenoid. A question mark indicates some degree

of uncertainty about the metabolic pathway.

FIGURE 1 | Principal Component Analysis score plot showing the individual samples of the 10 developmental stages analyzed in both Airén (A) and

Tempranillo (T) varieties (1, earliest; 10, latest) for season 2011. Principal components 1 and 2 have been represented. The dashed line shows the separation

between the two varieties.

various steps including deamination, decarboxylation, reduction
and esterification (Crouzett, 1992). Phenylpropanoid volatile
compounds such as 2-phenylethanol, methyl salicylate, or
benzaldehyde are primarily derived from phenylalanine. The
synthesis of some of these compounds requires the shortening of
the carbon skeleton side chain by a C2 unit, which can potentially
occur via either the β-oxidative pathway or non-oxidatively
(Dudareva et al., 2004; Orlova et al., 2006; Pichersky et al., 2006).

C6 aldehydes are partially responsible for the green,
herbaceous and sometimes bitter aromas of wine. Volatile
phenolic compounds such as phenylacetaldehyde figure as one
of the substances responsible for the hyacinth and rose-like odor
described in the French-Romanian Admira grape variety (Wang

and Kays, 2000), while terpenoid and norisoprenoid compounds
are responsible for the floral and fruity aroma of wine made from
these varieties.

As previously mentioned, a clear evolution in the volatile
profile throughout grape development was also observed.
This was markedly parallel in both varieties, except for
the last ripening stages in Tempranillo, where a dramatic
change was detected between stages 7 and 8–10. The score
plot shows the existence of four different stages for both
cultivars corresponding to immature, unripe, ripe and over-
ripe. Higher levels of carotenoid derivatives were characteristic
of the earlier stages of development in both varieties with
higher levels of some apocarotenoids such as β-cyclocitral
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FIGURE 2 | Principal Component Analysis loading plot showing the volatile compounds determining the first two principal components. The two

components represented and the dashed line correspond to those in the score plot (Figure 1). Each number corresponds to a volatile compound as indicated in

Table 1 and Supplementary Table 2.

or β-ionone, and monoterpenoids (E)-linalool oxide, (Z)-
linalool oxide, and terpineol. Higher levels of other compounds
such as 2-ethylbenzaldehyde, 3-ethylbenzaldehyde, 1-(2,3,6-
trimethylphenyl)-3-buten-2-one, 2-octanol, and 2-ethylhexanoic
acid were also characteristic in these stages. Carotenoids may
undergo breakdown reactions that generate C13 norisoprenoid
compounds involved in the typical aromas of some grapevine
cultivars (Baumes et al., 2002). Apocarotenoids are mostly
generated by the cleavage of a carotenoid molecule by enzymes
of the CCD family.

In the last stages of development in Tempranillo (T8-
T10), a dramatic change in the volatile profile was observed,
characterized by a significant increase in the levels of branched-
chain amino acid-derived alcohols 3-methylbutanol and 2-
methylbutanol, a set of lipid-derived aldehydes ((E)-2-heptenal,
(E)-2-octenal, (E)-2-nonenal, heptanal, and pentanal) and
alcohols (1-octen-3-ol, 1-hexanol, and 1-pentanol), and some
phenylpropanoid compounds (salicylaldehyde, benzyl alcohol,
and 2-phenylethanol).

The last stages of development were not characterized
by such a dramatic change in Airén volatiles; although a
significant increase in lipid-derived compounds such as hexanal,
(E)-2-hexenal, (E)-2-hexen-1-ol, and 1-octanol was observed
(Figure 2).

Volatile Precursors Profiling
In order to search for possible volatile precursors, we carried out
LC-HRMS analyses of the non-volatile fractions (both polar and

non-polar by, respectively, ESI- and APCI-MS) in both varieties.
A total of 56 compounds were identified in the Airén and
Tempranillo samples, belonging to different metabolic pathways.
Forty-eight of these metabolites were unequivocally identified
by retention index and maximal absorption wavelength with
those of authentic standards. Eight compounds were annotated as
unknown fromwhich 6 were carotenoids and 2 were chlorophylls
(Tables 2A,B).

A strong relationship has been reported between the amino
acid profile of grape varieties and the relative levels of the
higher alcohols in wine and therefore the final aroma in wine
(Hernández-Orte et al., 2002). The four amino acids detected
in Airén and Tempranillo varieties were isoleucine, leucine,
valine, and phenylalanine. Phenylalanine was the most abundant
amino acid in grapes from both cultivars. This aromatic amino
acid has been reported to produce aromatic alcohols such as 2-
phenylethanol (Rossouw et al., 2009), which has a characteristic
honey/spice/rose/lilac aroma (Francis and Newton, 2005) and is
considered to play an important role in white wine aroma (López
et al., 2003). Different accumulation patterns were observed
in red and white varieties. In Tempranillo, higher levels were
detected at T8 stage for isoleucine, leucine and valine, while
phenylalanine had its maximum accumulation at T3 stage,
whereas in Airén, isoleucine and phenylalanine were higher at
the earlier stages of maturation decreasing later on, and leucine
and valine were abundant in both earlier and latest stages. These
patterns were in agreement with those obtained by (Garde-
CerdáN et al., 2009) where higher accumulation at the end of

Frontiers in Plant Science | www.frontiersin.org October 2016 | Volume 7 | Article 1619 | 265

http://www.frontiersin.org/Plant_Science
http://www.frontiersin.org
http://www.frontiersin.org/Plant_Science/archive


Rambla et al. Volatiles and Precursors Profiling

TABLE 2A | Volatile precursors detected in Airén throughout maturation stages.

Metabolites λmax RT A1 A2 A3 A4 A5 A6 A7 A8 A9 A10

AMINO ACIDS

Isoleucine 1.29 0.0171 0.0166 0.0036 0.0096 0.0094 0.0065 0.0116 0.0036 0.0061 0.0103

Leucine 1.82 0.0327 0.0378 0.0140 0.0313 0.0369 0.0296 0.0404 0.0175 0.0300 0.0453

Phenylalanine* 2.77 0.0624 0.1002 0.0688 0.2004 0.1131 0.0722 0.1144 0.0628 0.0753 0.1733

Valine 1.25 0.0138 0.0134 0.0034 0.0089 0.0090 0.0092 0.0056 0.0054 0.0091 0.0132

LIPIDS

Linoleic Acid 0.90 0.0064 0.0037 0.0059 0.0051 0.0072 0.0044 0.0060 0.0053 0.0032 0.0041

Linolenic Acid 0.70 0.0452 0.0464 0.0559 0.0426 0.0284 0.0313 0.0235 0.0215 0.0159 0.0258

CAROTENOIDS

Unknown carotenoid (1) (375) 400, 421, 441 1.15 0.0604 0.0131 0.0006 0.0022 NF NF NF NF NF NF

Unknown carotenoid (2) (375) 400, 421, 441 1.34 0.0944 0.0877 0.0001 0.0017 NF NF NF NF NF NF

Unknown carotenoid (3) 398, 422, 444 1.52 0.0213 0.0095 0.0016 NF 0.0005 NF NF 0.0004 NF NF

Unknown carotenoid (4) 421, 444, 470 1.70 0.1252 0.0093 NF 0.0023 NF NF NF NF NF NF

Unknown carotenoid (5) (375) 400, 421, 441 1.83 0.0843 0.0335 0.0000 0.0008 0.0023 NF NF NF NF NF

Neochrome-like structure 400, 421, 445 2.00 0.0364 0.0100 0.0015 NF NF 0.0005 0.0091 0.0008 NF 0.0001

Neochrome a 401, 419, 446 2.27 0.0334 0.0144 0.0044 0.0113 0.0009 0.0016 NF 0.0021 0.0010 0.0016

Neoxanthin 420, 440, 466 2.40 NF NF NF NF NF NF NF NF NF NF

Neochrome b 402, 421, 447 2.63 0.0062 0.0071 0.0054 0.0177 NF NF 0.0055 0.0041 0.0016 0.0035

Luteoxanthin isomer 402, 421, 447 2.84 0.0115 0.0269 0.0106 0.0201 0.0044 0.0046 0.0209 0.0087 0.0053 NF

All-trans-violaxanthin 416, 442, 463 2.87 NF NF NF NF NF NF NF NF NF NF

9-cis-violaxanthin 438, 462 2.91 NF NF NF NF 0.0148 0.0431 0.0050 0.0010 0.0096 0.0166

Luteoxanthin 421, 444, 465 3.05 NF NF NF NF NF NF NF NF NF NF

Auroxanthin 403, 425, 444 3.13 0.0033 0.0054 0.0023 0.0047 0.0020 0.0315 0.0072 0.0003 0.0018 0.0051

Flavoxanthin (375), 402, 423, 446 3.47 0.0115 0.0068 0.0028 0.0510 NF 0.0132 0.0200 0.0048 0.0006 0.0015

All-trans-lutein 445, 472 4.09 0.3771 0.9528 1.1306 0.9413 0.1485 0.5769 0.6059 0.1842 0.2535 0.1136

Zeaxanthin 450, 476 4.77 0.4398 0.2700 0.2641 0.0000 0.0786 0.0656 0.1452 NF 0.1565 0.0739

13Z or 13Z′ lutein 442, 468 4.87 NF 0.0128 0.0091 0.0601 0.0046 0.0060 0.0022 0.0775 0.0072 0.0066

9Z or 9Z′ lutein 438, 467 4.98 NF NF NF 0.0022 NF NF 0.0020 0.0026 0.0007 0.0013

Lutein-like structure 424, 446, 473 5.14 0.0605 0.0695 NF NF NF NF NF NF NF NF

9Z or 9Z′ lutein-like

structure

440, 468 5.45 NF NF 0.0120 0.0821 0.0107 0.0143 0.0241 0.0276 0.0209 0.0053

Lutein-like structure 424, 446, 473 5.50 0.2215 0.2220 0.0288 0.0249 0.0238 NF 0.0472 NF 0.0154 0.0059

5, 8-epoxy-β-carotene 406, 426, 450 6.29 0.0639 0.0879 0.0225 0.0762 0.0179 0.0180 0.0115 NF NF 0.0119

All-trans-α-carotene 444, 470 6.42 0.0349 0.0495 0.0117 0.0373 0.0224 0.0142 0.0038 0.0153 0.0123 0.0167

All-trans-β-carotene 452, 477 7.01 0.1263 0.3116 0.3068 0.2428 0.0698 0.1008 0.2784 0.0908 0.1184 0.0616

9-cis-β-carotene 423, 447, 473 7.13 0.0655 0.0991 0.0762 0.0660 0.0250 0.0230 0.0478 0.0208 0.0365 0.0275

Unknown carotenoid (6) 422, 446 7.75 0.0056 0.0100 0.0101 NF NF NF 0.0091 NF NF NF

All-trans-δ-carotene 453 8.02 0.0572 0.0295 0.0046 NF NF NF 0.0110 NF NF NF

TOTAL 1.9402 2.3385 1.9058 1.6446 0.4263 0.9134 1.2561 0.4412 0.6413 0.3528

CHLOROPHYLLS

Pyropheophorbide b 436, 655 2.08 NF NF NF NF NF NF NF NF NF NF

Pyropheophorbide a 410, 665 2.22 0.0010 NF NF NF NF NF NF NF NF 0.0003

Chlorophyll b 469, 651 3.73 NF NF NF NF 0.1866 0.0530 0.1466 NF 0.1687 0.2337

Chlorophyll a 432, 665 5.05 NF NF NF NF NF NF NF NF NF NF

Unknown chlorophyll

derivative (1)

401 5.64 0.3015 0.4567 0.0850 0.0805 0.0445 NF 0.0940 NF 0.0024 NF

Unknown chlorophyll

derivative (2)

402 6.04 0.0222 0.0080 0.0050 0.0048 0.0031 0.0055 0.0117 0.0065 0.0038 NF

Pheophytin a-like (1) 410 6.12 0.1240 0.0854 0.0589 0.0047 NF NF NF NF NF NF

Pheophytin a-like (2) 415, 445, 665 6.39 0.0168 0.0135 0.0141 0.0066 NF 0.0015 0.0045 0.0011 NF 0.0007

(Continued)
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TABLE 2A | Continued

Metabolites λmax RT A1 A2 A3 A4 A5 A6 A7 A8 A9 A10

Pheophytin b-like 419, 436, 656 6.52 0.0286 0.0107 0.0048 0.0059 NF NF 0.0071 0.0139 NF NF

Pheophytin b 432, 654 6.89 0.5318 0.8759 0.4672 0.7853 0.0533 0.1730 0.2664 0.3316 0.1672 0.1702

Pheophytin a 408, 666 6.91 0.6346 0.9565 0.1426 0.1744 0.1006 0.1075 0.2378 0.3304 0.0841 0.0347

TOTAL 1.6604 2.4068 0.7776 1.0622 0.3881 0.3406 0.7681 0.6835 0.4262 0.4396

OTHERS

α-tocopherol 290 2.74 1.0555 4.4248 3.1581 6.5971 2.0164 0.9774 3.6324 1.0689 1.9921 0.7909

Ubiquinone 296 5.89 9.3522 7.8888 4.0349 4.9211 2.6044 1.6224 6.2746 3.6986 5.0433 2.7090

Unknown 255 6.28 5.0114 12.8318 1.0207 10.8884 27.9940 5.7073 5.4368 4.9682 22.1602 4.9485

TOTAL 15.4192 25.1455 8.2137 22.4066 32.6148 8.3071 15.3438 9.7357 29.1956 8.4484

PHENYLPROPANOIDES

Benzoic acid 10.84 0.0033 0.0054 0.0005 0.0005 0.0007 0.0005 0.0005 0.0001 0.0003 0.0002

Caffeic acid 7.36 0.0001 0.0001 NF NF NF NF NF NF NF NF

Cinnamic acid 13.45 0.0001 0.0002 0.0002 0.0005 0.0003 0.0002 0.0003 0.0002 0.0002 0.0005

Coniferyl acetate 18.20 0.0005 0.0005 0.0005 0.0006 0.0005 0.0007 0.0264 0.0016 0.0008 0.0010

Coniferyl alcohol 0.72 0.0009 0.0008 0.0004 0.0004 0.0004 0.0004 0.0005 0.0004 0.0003 0.0004

Coniferyl aldehyde 10.56 0.0005 0.0005 NF NF NF NF NF NF NF NF

Coumaric acid 8.86 0.0040 0.0040 0.0012 0.0011 0.0017 0.0018 0.0022 0.0015 0.0017 0.0020

Ferulic acid 10.59 0.0002 0.0003 NF NF NF NF NF NF NF NF

Hydroxyconiferyl alcohol 6.56 0.0002 0.0002 NF NF NF NF 0.0002 NF NF NF

Sinapyl alcohol 0.80 NF NF NF NF NF NF NF NF NF NF

TERPENES

α-terpinol-[xylosyl-(1-

>6)-glucoside]

7.25 0.0005 0.0002 0.0001 0.0001 0.0001 0.0001 0.0003 0.0001 0.0001 0.0002

α-terpinol-beta-d-

glucoside

9.00 0.0002 0.0001 NF NF NF NF NF NF NF NF

L-Linalool 3-[xylosyl-(1-

>6)-glucoside]

9.76 0.0012 0.0010 0.0003 0.0002 0.0002 0.0002 0.0005 0.0002 0.0001 0.0003

Limonene-

arabinofuranose

11.83 0.0001 0.0002 0.0001 0.0002 0.0001 0.0001 0.0002 0.0002 0.0001 0.0002

Limonene-

arabinofuranose-

glucoside

15.62 0.0000 0.0000 0.0000 0.0001 NF 0.0000 0.0001 0.0001 0.0000 0.0001

Linalool-arabinofuranose 10.09 0.0001 0.0001 NF NF NF NF NF NF NF NF

Linalyl-beta-d-glucoside 9.20 0.0004 0.0003 NF NF NF NF NF NF NF NF

E-/Z-linalool

oxide-arabinofuranose1**

9.00 0.0010 0.0006 NF NF NF NF NF NF NF NF

E-/Z-linalool

oxide-arabinofuranose2**

11.78 0.0001 0.0001 NF NF NF NF NF NF NF NF

E-/Z-linalool

oxide-arabinofuranose-

glucoside1**

9.71 0.0013 0.0010 0.0003 0.0002 0.0002 0.0002 0.0004 0.0001 0.0001 0.0003

E-/Z-linalool

oxide-arabinofuranose-

glucoside2**

10.09 0.0007 0.0006 0.0001 0.0001 0.0001 0.0001 0.0003 0.0001 0.0000 0.0001

E-/Z-linalool

oxide-glucoside1**

7.80 0.0002 0.0002 NF NF NF 0.0001 NF NF 0.0001

E-/Z-linalool

oxide-glucoside2**

9.00 0.0002 0.0001 NF NF NF NF NF NF NF NF

E-/Z-linalool oxide-

rhamnopyranose1**

8.10 0.0004 0.0003 NF 0.0000 NF NF NF NF NF NF

E-/Z-linalool oxide-

rhamnopyranose2**

9.50 0.0002 0.0001 NF NF NF NF NF NF NF NF

(Continued)
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TABLE 2A | Continued

Metabolites λmax RT A1 A2 A3 A4 A5 A6 A7 A8 A9 A10

E-/Z-linalool oxide-

Rhamnopyranoside-

glucoside**

12.08 0.0001 0.0002 0.0001 NF 0.0001 0.0000 0.0001 NF NF NF

E-/Z-linalool oxide-

Rhamnopyranoside-

glucoside2**

12.65 0.0000 0.0000 0.0000 NF 0.0000 0.0000 0.0000 NF NF 0.0000

Isoprenoids (carotenoids, chlorophylls, ubiquinone, and a-tocopherol) were identified and quantified by LC-DAD-APCI-MS and data are expressed as µg/mg DW.Other metabolite

precursors were detected and relatively quantified by LC-APCI-MS (lipids) and LC-ESI-MS (amino acids, phenylpropanoids, terpene glucosides) and data are expressed as fold on the

internal standard level (APCI, a-tocopherol acetate; ESI, formononetin). For more details, see materials and methods.

*Also involved in phenylpropanoid-derived volatiles.

**Not possible discriminating the E- and Z- isomers.

ripening of amino acids were found in red varieties (Monastrell
organic, Syrah, and Merlot grapes), whereas in the white grape
Petit Verdot it diminished at the same stage.

The C6 aldehydes and alcohols derived from fatty acids
constitute the major aroma derivatives responsible for the
“green” aroma and are generally formed by the action of
lipoxygenase (LOX), hydroperoxide lyase (HPL), (3Z)-(2E) enal
isomerase, and alcohol dehydrogenase (ADH) enzymes when
the grape is crushed (Baldwin, 2002; Schwab et al., 2008).
Lipidic precursors linoleic and linolenic acids were detected in
all the samples. Linoleic acid was detected at very low levels
in Airén, while its levels in Tempranillo were about 25-fold
higher. Linolenic acid was more abundant than linoleic acid in
both varieties, and its levels were slightly higher in Tempranillo.
In Airén, both fatty acids showed their higher levels in earlier
stages, decreasing thereafter. A different pattern was observed
in Tempranillo, with a sharp increase at stage T8, particularly
dramatic in the case of linolenic acid. It is known that the
phenolic content of grape is dependent on grape variety and
maturity but is also influenced by variations in water and nutrient
availability, light and temperature environment, and changes
in predation and disease stresses (Downey et al., 2006; Cohen
and Kennedy, 2010; Robinson et al., 2014). Phenylpropanoid
precursors levels were found to be higher in Tempranillo than
in Airén. In both varieties, benzoic acid and coumaric acid were
found to be the predominant phenolic acids and were detected
at the earlier stages. Benzoic acid is the precursor of several
common hydroxybenzoic acids usually found in wine, such as
gallic acid, gentisic acid, p-hydroxybenzoic acid, protocatechuic
acid (3,4-dihydroxybenzoic acid), syringic acid, salicylic acid and
vanillic acid (Peña et al., 2000; Pozo-Bayón et al., 2003; Monagas
et al., 2005), whereas coumaric acid is a polyphenol precursor,
especially for flavonoids, flavones and flavonols (Hrazdina et al.,
1984). The latter acid is equally a crucial substrate for enzymes
to create resveratrol (Goldberg et al., 1998). Sinapyl alcohol, one
of the substrates necessary for the polymerization reactions that
produce lignin, was only detected in Tempranillo, while caffeic
acid was only found in Airén. The majority of phenylpropanoid
precursors have a double sigmoid curve accumulation pattern
with higher contents at the earlier and latest stages, a patterns
which had been found for a variety of Semillon as well as for the
flesh of Muscat Gordo Blanco berries (Francis et al., 1992).

Despite the diverse range of structures that have been
isolated from natural sources, few carotenoids have been detected
in grapes, 85% of the total carotenoids are β-carotene and
lutein, with neochrome, neoxanthin, violaxanthin, luteoxanthin,
flavoxanthin, lutein-5,6-epoxide and zeaxanthin, cis isomers
of lutein and α-carotene the next most abundant (Mendes-
Pinto, 2009). In both varieties, the carotenoids precursors were
detected mainly at the earlier stages, with some exception where
the metabolites were detected in all stages as all-trans lutein.
Some of these metabolites were variety specific as the unknown
carotenoid (2), all-tran-α-carotene, zeaxanthin and neochrome
which were detected only in Airén, whereas neoxanthin,
all-trans-violaxanthin and luteoxanthin were identified in
Tempranillo. The concentration of some of these metabolites
was higher in one of the varieties than the other; this is the
case of the unknown carotenoid (4), which appears to be 4-
fold higher in the red cultivar. Our data are in concordance
with numerous studies on the evolution of carotenoids during
grape development that pointed out that levels of β-carotene,
lutein, flavoxanthin, and neoxanthin decrease drastically after
veraison until maturation (Razungles et al., 1996; Bureau et al.,
1998; Yuan and Qian, 2016). Processes of bioconversion of these
compounds into others have been reported as, for example, the
formation of violaxanthin from β-carotene as a consequence
of the activation of the xanthophylls cycle at the end of
maturation (Düring, 1999). Violaxanthin, lutein 5,6-epoxide and
luteoxanthin only appear when higher concentration of sugar
is reached, while neochrome is characteristic of green grapes
(Guedes De Pinho et al., 2001; Grimplet et al., 2007; Deluc et al.,
2009).

Regarding chlorophyll metabolites, chlorophyll a was absent
under our analysis conditions, which could be due to the
coefficient response of chlorophyll a, which is 4 times
lower than the coefficient response of chlorophyll b, whereas
pyropheohorbide b was only detected in Tempranillo. Higher
concentrations of chlorophyll metabolites were detected in
Tempranillo than in Airén. Chlorophyll-derived compounds
are degraded more quickly than lutein or α-carotene. No
chlorophyll-derived compounds are present in wines; grapes with
a high content of these compounds are transformed into wines
with a higher aromatic complexity (Winterhalter and Rouseff,
2002; Mendes-Pinto et al., 2005).
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TABLE 2B | Volatile precursors detected in Tempranillo throughout maturation stages.

Metabolites λmax RT T1 T2 T3 T4 T5 T6 T7 T8 T9 T10

AMINO ACIDS

Isoleucine 0.0054 0.0045 0.0128 0.0016 0.0083 0.0033 0.0020 0.0228 0.0104 0.0032

Leucine 0.0167 0.0173 0.0519 0.0072 0.0443 0.0175 0.0102 0.1005 0.0596 0.0153

Phenylalanine* 0.0478 0.0578 0.1588 0.0255 0.1013 0.0457 0.0404 0.1215 0.1178 0.0368

Valine 0.0128 0.0097 0.0230 0.0039 0.0138 0.0066 0.0039 0.0364 0.0220 0.0059

LIPIDS

Linoleic Acid 0.0098 0.0089 0.0086 0.0057 0.0056 0.0076 0.0076 0.0112 0.0064 0.0056

Linolenic Acid 0.0444 0.0850 0.0767 0.0286 0.0822 0.0232 0.0344 0.4349 0.0582 0.0372

CAROTENOIDS

Unknown carotenoid (1) (375) 400, 421, 441 1.15 0.0786 0.0457 0.1030 NF NF NF NF NF NF NF

Unknown carotenoid (2) (375) 400, 421, 441 1.34 NF NF NF NF NF NF NF NF NF NF

Unknown carotenoid (3) 398, 422, 444 1.52 0.0561 0.0595 0.0569 0.0244 0.0188 0.0131 0.0064 NF NF NF

Unknown carotenoid (4) 421, 444, 470 1.70 0.0175 NF NF NF NF NF NF NF NF NF

Unknown carotenoid (5) (375) 400, 421, 441 1.83 NF NF 0.0300 0.0284 0.0182 0.0165 0.0049 NF 0.1232 NF

Neochrome-like structure 400, 421, 445 2.00 0.1990 NF NF NF NF NF NF 0.0189 0.1600 NF

Neochrome a 401, 419, 446 2.27 NF NF NF NF NF NF NF NF NF NF

Neoxanthin 420, 440, 466 2.40 NF NF NF NF NF NF 0.1006 NF 0.1230 NF

Neochrome b 402, 421, 447 2.63 0.0867 0.0686 0.0503 NF NF NF NF NF 0.0115 0.0709

Luteoxanthin isomer 402, 421, 447 2.84 0.3063 0.2396 0.0970 0.3509 0.0790 NF NF NF 0.0689 NF

All-trans-violaxanthin 416, 442, 463 2.87 NF NF NF NF NF 0.2267 0.2435 NF NF NF

9-cis-violaxanthin 438, 462 2.91 NF 0.1184 NF NF NF 0.1511 NF NF NF NF

Luteoxanthin 421, 444, 465 3.05 NF NF 0.0299 0.0247 0.0137 0.0554 0.1522 NF 0.3048 1.2015

Auroxanthin 403, 425, 444 3.13 0.3277 0.1742 0.0646 NF NF NF NF 0.0619 0.1520 NF

Flavoxanthin (375), 402, 423, 446 3.47 0.7499 0.2313 0.1284 NF NF NF NF 0.1691 0.1482 NF

All-trans-lutein 445, 472 4.09 9.9916 7.6905 4.9760 4.4097 2.2627 2.9679 2.8582 1.9456 2.6001 2.7767

Zeaxanthin 450, 476 4.77 NF NF NF NF NF NF NF NF NF NF

13Z or 13Z′ lutein 442, 468 4.87 0.9707 0.2728 0.1881 0.4108 0.0538 0.2203 NF 0.1092 0.1751 1.0202

9Z or 9Z′ lutein 438, 467 4.98 0.0866 0.1354 0.2069 0.0162 NF 0.1210 NF NF NF NF

Lutein-like structure 424, 446, 473 5.14 0.0352 NF NF NF NF NF NF NF NF NF

9Z or 9Z′ lutein-like

structure

440, 468 5.45 0.5244 0.6207 0.7687 0.6037 0.2918 0.1278 0.1456 0.2171 0.3323 0.5097

Lutein-like structure 424, 446, 473 5.50 0.3054 NF NF NF NF NF NF NF NF NF

5,8-epoxy-β-carotene 406, 426, 450 6.29 0.9041 0.5826 0.5256 0.3810 0.0945 0.2507 0.1520 0.1829 0.1075 NF

All-trans-α-carotene 444, 470 6.42 NF NF NF NF NF NF NF NF NF NF

All-trans-β-carotene 452, 477 7.01 4.9373 3.8749 0.6841 1.4960 0.8937 1.3463 1.5620 0.9064 0.9788 0.2520

9-cis-β-carotene 423, 447, 473 7.13 1.7399 1.1741 0.6765 0.5374 0.2493 0.3821 0.3580 0.2368 0.3233 NF

Unknown carotenoid (6) 422, 446 7.75 0.0771 0.0364 0.0296 NF NF NF NF NF NF NF

All-trans-δ-carotene 453 8.02 0.0279 0.0426 0.0164 NF NF NF NF NF NF NF

TOTAL 21.4219 15.3672 8.6320 8.2832 3.9756 5.8788 5.5834 3.8481 5.6087 5.8310

CHLOROPHYLLS

Pyropheophorbide b 436, 655 2.08 NF NF NF NF NF NF NF 0.0192 NF NF

Pyropheophorbide a 410, 665 2.22 NF NF NF NF NF NF NF 0.0276 0.0912 NF

Chlorophyll b 469, 651 3.73 NF 2.6581 NF 2.7103 0.9423 3.1888 3.6151 NF 1.0158 2.2874

Chlorophyll a 432, 665 5.05 NF NF NF NF NF 0.0474 0.4265 NF NF NF

Unknown chlorophyll

derivative (1)

401 5.64 1.0691 0.2496 0.3093 NF NF NF 0.0205 NF NF NF

Unknown chlorophyll

derivative (2)

402 6.04 0.1963 0.0974 0.1222 NF NF NF 0.0186 0.0705 0.0444 NF

Pheophytin a-like (1) 410 6.12 0.1168 0.0516 0.1256 NF 0.0577 NF NF 0.0256 0.0258 0.0198

Pheophytin a-like (2) 415, 445, 665 6.39 0.0698 NF 0.0585 NF 0.0390 NF NF NF NF NF

(Continued)
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TABLE 2B | Continued

Metabolites λmax RT A1 A2 A3 A4 A5 A6 A7 A8 A9 A10

Pheophytin b-like 419, 436, 656 6.52 0.8094 0.4350 0.8440 0.2006 0.1131 NF NF 0.2263 0.1325 NF

Pheophytin b 432, 654 6.89 14.1734 7.8599 11.3427 3.8593 3.0228 0.4781 0.4265 2.3711 3.3644 1.4385

Pheophytin a 408, 666 6.91 5.3704 3.2120 3.4230 2.0915 1.0261 1.0585 0.7032 0.6567 1.1197 0.5704

TOTAL 21.8052 14.5636 16.2253 8.8616 5.2010 4.7727 5.2103 3.3968 5.7939 4.3161

OTHERS

α-tocopherol 290 2.74 45.1689 28.6563 12.3871 22.0931 13.4224 21.0568 19.4971 19.3449 25.3264 11.9777

Ubiquinone 296 5.89 27.9983 25.4948 18.1442 8.6920 NF 21.2234 13.5892 6.9020 19.9027 NF

Unknown 255 6.28 119.4096 NF 93.9746 NF NF NF NF 54.0751 NF NF

TOTAL 192.5768 54.1511 124.5060 30.7851 13.4224 42.2802 33.0863 80.3219 45.2291 11.9777

PHENYLPROPANOIDES

Benzoic acid 0.0095 0.0053 0.0034 0.0006 0.0002 0.0002 0.0002 0.0001 0.0001 0.0001

Caffeic acid NF NF NF NF NF NF NF NF NF NF

Cinnamic acid 0.0001 0.0001 0.0005 0.0001 0.0003 0.0001 0.0001 0.0004 0.0004 0.0001

Coniferyl acetate 0.0008 0.0006 0.0006 0.0006 0.0006 0.0007 0.0007 0.0006 0.0006 0.0005

Coniferyl alcohol 0.0006 0.0003 0.0003 0.0001 NF 0.0004 NF NF NF NF

Coniferyl aldehyde 0.0016 0.0007 0.0002 0.0003 0.0001 0.0004 0.0003 0.0001 NF NF

Coumaric acid 0.0040 0.0030 0.0021 0.0017 0.0012 0.0013 0.0009 0.0014 0.0012 0.0010

Ferulic acid 0.0018 0.0009 NF 0.0003 NF NF NF NF NF NF

Hydroxyconiferyl alcohol 0.0003 0.0002 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 NF NF

Sinapyl alcohol 0.0007 0.0003 NF 0.0001 NF NF 0.0002 NF NF NF

TERPENES

α-terpinol-[xylosyl-(1-

>6)-glucoside]

0.0003 0.0002 0.0001 0.0002 0.0001 0.0002 0.0002 0.0001 0.0002 0.0002

α-terpinol-beta-d-

glucoside

NF NF NF NF NF NF NF NF NF NF

L-Linalool 3-[xylosyl-(1-

>6)-glucoside]

0.0003 0.0002 0.0001 0.0000 0.0000 0.0002 0.0000 0.0000 0.0000 0.0000

Limonene-

arabinofuranose

0.0000 0.0002 0.0001 0.0001 0.0001 0.0001 0.0003 0.0002 0.0001 0.0002

Limonene-

arabinofuranose-

glucoside

NF NF NF NF NF NF NF NF NF NF

Linalool-arabinofuranose NF NF NF NF NF NF NF NF NF NF

Linalyl-beta-d-glucoside NF NF NF NF NF NF NF NF NF NF

E-/Z-linalool

oxide-arabinofuranose1**

0.0007 0.0004 NF NF NF NF NF NF NF NF

E-/Z-linalool

oxide-arabinofuranose2**

0.0002 0.0002 NF NF NF NF NF NF NF NF

E-/Z-linalool

oxide-arabinofuranose-

glucoside1**

0.0004 0.0002 0.0001 0.0001 0.0000 0.0002 0.0000 NF NF NF

E-/Z-linalool

oxide-arabinofuranose-

glucoside2**

0.0002 0.0001 0.0001 NF NF NF NF NF NF NF

E-/Z-linalool

oxide-glucoside1**

NF NF NF NF NF NF NF NF NF NF

E-/Z-linalool

oxide-glucoside2**

NF NF NF NF NF NF NF NF NF NF

E-/Z-linalool oxide-

rhamnopyranose1**

NF NF NF NF NF NF NF NF NF NF

(Continued)
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TABLE 2B | Continued

Metabolites λmax RT A1 A2 A3 A4 A5 A6 A7 A8 A9 A10

E-/Z-linalool oxide-

rhamnopyranose2**

NF NF NF NF NF NF NF NF NF NF

E-/Z-linalool oxide-

Rhamnopyranoside-

glucoside**

0.0001 0.0000 0.0001 0.0000 NF 0.0000 0.0000 0.0000 0.0000 0.0000

E-/Z-linalool oxide-

Rhamnopyranoside-

glucoside2**

0.0000 NF 0.0000 0.0000 NF 0.0000 NF NF 0.0000 0.0000

Isoprenoids (carotenoids, chlorophylls, ubiquinone, and a-tocopherol) were identified and quantified by LC-DAD-APCI-MS and data are expressed as µg/mg DW; other metabolite

precursors were detected and relatively quantified by LC-APCI-MS (lipids) and LC-ESI-MS (amino acids, phenylpropanoids, terpene glucosides) and data are expressed as fold on the

internal standard level (APCI, a-tocopherol acetate; ESI, formononetin). For more details, see materials and methods.

*Also involved in phenylpropanoid-derived volatiles.

**Not possible discriminating the E- and Z- isomers.

Other metabolites such as α-tocopherol, ubiquinone and an
unknown metabolite with a maximum absorption at 290, 296,
and 255, respectively, have been detected in both varieties and
were present during all maturation stages. α-tocopherol is the
main tocopherol detected in grape berries compared to γ and
δ-tocopherols, while β-tocopherol was not found in the berries.
Among the tocopherols present in foods, the α-homolog shows
the highest vitamin E activity, thus making it the most important
for human health and biological activity (Baydar, 2006; El
Gengaihi et al., 2013).

Monoterpenes and sesquiterpenes play important roles in
a number of different grape varieties as contributors to the
overall aroma. Red grapes are not characterized by high levels of
terpenes; however some terpenes are usually present at low levels
(Canuti et al., 2009).

A total number of 17 glycosylated terpenes were detected
in the samples analyzed. The total amounts of glycosylated
terpenes were higher in Airén than in Tempranillo and 8 of
these precursors were detected only in the white variety. In
general, precursors with a disaccharide remainedmainly constant
throughout the maturation stages in both varieties while the
precursors with one linked sugar were only found in stages 1 and
2, with the exception of limonene-arabinofuranose which was
detected throughout all the stages in Airén.

The data obtained for glycosylated terpenes and carotenoids
are in accordance with the levels detected for related volatile
compounds, showing the highest levels of terpenoid and
apocarotenoid volatiles in early stages and in the white variety
Airén. On the contrary, the abundance of branched-chain amino
acids and fatty acids do not seem to be in accordance to the levels
observed for their related volatile compounds, likely due to the
cell demand for keeping high contents in primary metabolites
involved in a broad range of reactions and metabolic pathways.

Metabolite-Metabolite and

Metabolite-Gene Correlation Analyses
In order to explore precursor/volatile metabolite-metabolite
fluctuations during the ripening of the Airén and Tempranillo
berries, we generated two correlation matrices (Supplementary
Figure 2) by calculating the Pearson correlation coefficients

for each data pair. Overall, the two varieties displayed a very
different extent of relationships, stronger in Airén compared
to Tempranillo. However, for both varieties we could identify
a common “positive correlation core,” represented by the
precursor/volatile metabolites involved in secondary pathways:
phenylpropanoids, carotenoids, terpenes, and chlorophyll. This
finding suggests the existence of a metabolic co-regulation during
berry ripening, implying a general decrease in compounds
which are exploited as volatile precursors, or are associated
to early developmental stages. Oppositely, primary metabolism,
particularly in lipids, exhibited a very distinct attitude between
the two varieties: Airén berries showed a general negative
correlation between lipids against the secondary metabolites,
which was not observed in the Tempranillo matrix, indicating a
different contribution of the lipid metabolism in the generation
of the berry aroma bouquet.

Furthermore, we used correlative analyses to build two

correlation networks, a different approach to investigate
relationships among the different metabolic pathways, as well as
within the same metabolism (Figure 3). In agreement with what
was previously observed, the two varieties mainly differentiate
at the lipid level, yielding a negative correlation region in the
Airén berries. Additionally, we observed the presence of areas

of high positive correlations (e.g., number of nodes belonging
to the same metabolic pathways harvesting a large number of
correlations >|0.65|) like the terpene and carotenoid pathways
(for Airén) and the phenylpropanoid metabolism (both varieties,
but with a greater number of correlations in Airén compared

to Tempranillo). The distinct pattern of the lipid precursors
and volatiles with respect to the other metabolic classes and
between the two varieties prove that the volatile evolution in the
Tempranillo berries occurs through a concerted process in which
metabolites from the different pathways move together (general
presence of positive correlations). On the contrary, Airén berries
display a “metabolite imbalance” between the primary (lipids,
negatively correlated toward all the other pathways) and the
secondary (phenylpropanoids, carotenoids, terpenes, which are
positively correlated) metabolism. Finally, the evaluation of the
“node strength” (ns) (Diretto et al., 2010) which is the average of
all the |ρ| of a node, demonstrates that, with the exception of the
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FIGURE 3 | Correlation networks of precursor and volatile metabolites in ripening berries of Airen and Tempranillo grape varieties. Networks are

visualized as circles with nodes of different sizes according the node strength (ns). Lines joining the nodes represent postive (red) and negative (blue) correlations, of

width proportional to each corresponding |ρ|.

primaries as well as some other random metabolite, in general
all the compounds under investigation take part with the same
“weight” in the metabolic shift arising during berry ripening.

To gain insights into the biological roles played by V. vinifera
GH Family 1, LOX, HPL, OMT, ADH, and CCD, a set of primers
have been designed based on the full length sequences obtained
at the Genoscope database with the exception of ADH and LOX,
where only 3 sequences per gene were selected (Supplementary
Table 1) for OMT. Using these primers, qRT-PCR analyses
were carried out to determine the expression pattern in both
Tempranillo and Airén cultivars, using tissues from the 10
stages.

Taking together the expression analyses and the metabolite
compound levels throughout the different stages, for each variety
we have built three heat maps referring to lipid, carotenoid
and phenylpropanoid metabolism (Figures 4–6, respectively).
To achieve this, we used Pearson correlation analysis, a
best-fit approach that creates a mathematical simulation
of expression values using the available experimental data.
Significant correlation does not necessarily mean that there
is a cause-effect relationship between genes and metabolites;
although it allowed us to suggest possible candidates for a gene
function, and also to discard genes as unrelated to metabolites.

For each pathway, elements are placed according to the
following order: non-volatile precursors, genes (LOX,HPL, CCD,
and OMT) and volatile compounds. Using this approach, it is

possible to identify metabolites and transcripts whose levels show
a concordant or opposite evolution, resulting in, respectively,
positive and negative correlations. Since GH 1 and ADH proteins
have low substrate affinities, we have built a correlation network
for assessing their putative activities (Supplementray Figure 3).

Overall correlation values between volatile, non-volatile levels
and gene expression were higher in the Airén variety than in
Tempranillo (Supplementary Tables 3–5).

Regarding the lipid metabolism as shown in Figure 4,
linolenic acid showed a higher significant positive relationship
with some volatiles than linoleic acid as (E,E)-2,4-heptadienal
(0.75), 1-penten-3-ol (0.80), 2-ethylfuran (0.84), (E)-2-pentenal
(0.75), nonanoic acid (0.81), 2-pentylfuran (0.80), and 2-
octanol (0.75) while both fatty acids correlated negatively
with (E)-2-hexen-1-ol (−0.68). GSVIVP00014710001 (HPL2)
and GSVIVP00036457001 (HPL6) correlated positively between
each other (0.90) and with LOXD (0.85, 0.91), respectively;
LOXA correlated positively with (Z)-3-hexenal (0.70) and
negatively with 2-pentylfuran (−0.70), whereas LOXC and
LOXD were strongly correlated to each other (0.87). LOXC
correlated strongly with GSVIVP00014710001 (HPL2) (0.69),
GSVIVP00036456001 (HPL5) (0.71) and GSVIVP00036457001
(HPL6) (0.81).

In Tempranillo, more correlations among the volatile
compounds were found than with the precursors or HPL and
LOX genes, for example (E,E)-2,4-hexadienal and (Z)-3-hexenal
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FIGURE 4 | Heatmap plots for gene-metabolite relationships in lipid biosynthesis. Legend on the right indicates the corresponding names of genes and

metabolites. Red and blue shaded boxes indicate, respectively, different extents of positive and negative correlations; white boxes indicate no correlation.

have a strong correlation (0.98) with each other. Only linoleic
acid correlated positively with GSVIVP00036457001 (HPL6)
(0.70). A low relationship was obtained between (E)-2-hexenal
and GSVIVP00014710001 (HPL2) (0.67) and between (E)-2-
pentenal and LOXA. Transcript levels of LOXD and HPL6
correlate negatively with linolenic acid (-0.74) and positively with
linoleic acid (0.76), respectively.

Four LOX genes VvLOXA, VvLOXO, VvLOXC, and
VvLOXD from the white grape cultivar Sauvignon Blanc have
been isolated and characterized (Podolyan et al., 2010). The
recombinant LOXA-TP and LOXO-TP proteins have been
expressed and both enzymes were able to convert LnA into
13(S)-hydroperoxyoctadecatrienoic acid and LA into 13(S)-
hydroperoxyoctadecadienoic acid. During berry development
for three seasons, transcripts from VvLOXA exhibited an initial
decrease in early stages of development, followed by an increase
in expression around veraison. LOX enzymes generate some
derivatives that can be catalyzed by hydroperoxide lyase to
produce aldehydes. Our data suggested that linoleic and linolenic
are catalyzed by LOXA and HPL2, producing (E)-2-hexenal and
(E)-2-pentenal, whhile it is possible that HPL6 could also be
involved in this pathway.

Correlations from carotenoid metabolism exhibited more
relationships among the precursors and volatile compounds
than CCD expression genes. Different patterns were found

in Airén and Tempranillo. In the white grape cultivar, β-
cyclocitral positively correlated with neochromes (0.70), lutein
(0.81), β-carotene (0.82), and α-carotene (0.83). β-damascenone
correlated with GSVIVP00028786001 (CCD1) (0.86) and also, to
a lesser extent with GSVIVP00032423001 (CCD1-1) (0.73).

In the red grape cultivar, looking at the relationships between
precursors and VOCs, positive correlations were found among
the unknown 33.56 apocarotenoid (0.91, 0.77), β-cyclocitral
(0.87, 0.82), and β-ionone (0.92, 0.68) with lutein and 5,8-
epoxy-β-carotene respectively. β-damascenone showed a low
correlation with neochromes (0.71). On the other hand, positive
correlations between gene expressions and precursors were found
only between δ-carotene and GSVIVP00001163001 (CCD4a)
(0.81) and between neochromes.

Our data showed a relationship among CCD1, lutein,
β-ionone, β-cyclocitral, β-damascenone, and the unkown 33.56
apocarotenoid. It is known that CCD1 enzymes are involved
in the cleavage of the 5,6 (5′,6′) (Vogel et al., 2008); 7,8 (7′,8′)
(Ilg et al., 2009) and 9,10 (9′,10′) (Schwartz et al., 2001) double
bonds to produce a variety of volatiles. In grape, VvCCD1 is
able to produce 3-hydroxy-β-ionone from zeaxanthin (Mathieu
et al., 2005), pseudoionone from lycopene, β-ionone from
β-carotene and 6-methyl-5-heptene-2-one (6MHO) from lutein
(Lashbrooke et al., 2013). β-damascenone is generated from
multiple grape glycoconjugated precursors as lutein (Pineau et al.,
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FIGURE 5 | Heatmap plots for gene-metabolite relationships in carotenoid biosynthesis. Legend on the right indicates the corresponding names of genes

and metabolites. Red and blue shaded boxes indicate, respectively, different extents of positive and negative correlations; white boxes indicate no correlation.

2007). In vitro enzyme assay was carried out by (Mathieu et al.,
2005) using VvCCD1 from V. vinifera L. cv Shiraz catalyzed
only the cleavage of zeaxanthin and lutein to produce 3-hydroxy-
β-ionone but not β-carotene as a substrate. However VvCCD1
isolated from V. vinifera L. cv Pinotage by (Lashbrooke et al.,
2013), was capable of catalyzing the cleavage of lycopene, β-
carotene and ε-carotene, but not neurosporene and ζ -carotene.
Recent studies suggest that apocarotenoids instead of carotenoids
act as the major substrates of CCD1 in plant (Floss et al., 2008; Ilg
et al., 2010; Rubio-Moraga et al., 2014).

No clear associations were found among the precursors and
the CCD4 genes in either the white or in the red cultivars. The
CCD4 family contains at least two forms of genes with different
structure and genome position (Ahrazem et al., 2010). The main
group contains enzymes with a 9,10 (9′,10′) double bond cleavage
activity (Rubio et al., 2008; Huang et al., 2009) and a second clade
with 5,6 (5′,6′) activity as CCD4a and b enzymes from V. vinifera
(Lashbrooke et al., 2013). A new CCD4 from citrus was recently
isolated and has the ability to cleave asymmetrically at the 7′,8′

double bond in zeaxanthin and β-cryptoxanthin (Rodrigo et al.,
2013). In grape, VvCCD4a andVvCCD4bwere able to produce α-
ionone from ε-carotene and geranylacetone from neurosporene,
also VvCCD4a and VvCCD4b were capable of releasing 6-MHO
from lycopene and geranylacetone from ζ -carotene (Lashbrooke
et al., 2013). Despite the low correlation among lutein and the
CCD4 a and b, the plastidial location of these CCDs and the

characterization of an orthologue from saffron CsCCD4c, with a
restricted expression in stigmas, having activity 9,10 (9′,10′) over
lutein (Rubio-Moraga et al., 2014) suggest that these enzymes
might use lutein as a substrate.

The fact that β-cyclocitral was detected in both cultivars
indicate the presence of a CCD4 which cleaves at the 7′,8′ double
bond in zeaxanthin or lutein. Two more VvCCD4c and d were
described in Vitis showing a 97% of identity in nucleotides
between each other and were related to CcCCD4b from citrus
and PtCCD4c and d from Populous truncata (Ahrazem et al.,
2010). Even though the expression of the VvCCD4c could not
be detected in any of the tissues analyzed by (Lashbrooke
et al., 2013), these enzymes seem to be candidates to release β-
cyclocitral from zeaxanthin or lutein by an asymmetric cleavage.

Concerning the phenylpropanoid pathway, different patterns
were obtained in both cultivars. In Airén, a cluster formed by
benzoic acid, coniferyl alcohol (0.73) and coumaric acid (0.72)
correlated positively among each other and also with the volatiles
3- and 2-benzaldehyde (0.76 and 0.79). Coniferyl acetate showed
strong positive and negative correlations with hydroxyconiferyl
alcohol (0.95) and methyl salicylate (-0.92) respectively. OMT1
has a relatively high correlation with phenylacetaldehyde (0.74)
and in a lesser extent with 2-phenylethanol (0.69), OMT4 has a
negative association with benzylalcohol (−0.70). Some volatiles
showed relationships among each other as benzyalcohol and 3-
and 2-ethylbenzaldehyde (0.76 and 0.76).
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FIGURE 6 | Heatmap plots for genes-metabolites relationships in phenylpropanoid biosynthesis. Legend on the right indicates the corresponding names of

genes and metabolites. Shades of red and blue colored boxes indicates, respectively, different extents of positive and negative correlations; white boxes refer indicate

no correlation.

A strong positive relation was found between benzoic acid and
coumaric acid (0.93) with 2-ethylbenzaldehyde (0.68). Another
cluster is formed by coniferyl alcohol, ferulic acid and sinapyl
alcohol, which are all strongly correlated among themselves
(up to 0.88). High positive correlation was also found between
coniferyl aldehyde and hydroxyconiferyl alcohol (0.97). OMT1
and OMT2 were related to each other and were also negatively
associated with salicylaldehyde (0.81). We were not able to
establish any relationship among the OMTs studied and the VOC
compounds.

Regarding branched-chain amino acids and the volatile
compounds related to them, no significant correlation appeared
either in Airén or in Tempranillo.

In relation to GH 1 (Supplementary Table 5 and
Supplementary Figure 3), a cluster formed by GS6, GS21,
and GS25 showed a positive correlation among each other and
showed the same pattern against the metabolites involved in
the amino acid metabolism (precursors: Isoleucine, leucine,
and valine; volatiles: 2-methyl-2-propanol, 3-methylbutanol
and 2-methylbutanol) and against two lipids [linolenic
acid and (Z)-3-hexenal) and a terpene (Unknown 39.38
(sesquiterpene)], suggesting a putative role in the generation
of these volatiles. Similarly, GS9 also exhibited a broad set of
significant correlations toward metabolites of the lipid pathway,
positive with linoleic acid (0.66), 1-penten-3-ol (0.77), and

2-ethylfuran (0.74), and negative with Hexanal and (E)-2-
hexenal (−0.68 each), which could, thus, let hypothesize a
function in the evolution of the lipid-derived volatiles.

GS10, GS15, GS24, and GS28 placed, together with the
already mentioned GS9, in the most crowded region of the
network, and showed significant positive correlations with almost
all the phenylpropanoid precursors detected with score values
ranging from 0.91 (Coniferyl Aldehyde) to 0.67 (Coniferyl
Alcohol) and also with some terpene glucosides (α-terpinol-
[xylosyl-(1→6)-glucoside] (0.82); L-Linalool 3-[xylosyl-(1->6)-
glucoside] (0.78); E-/Z-linalool oxide-arabinofuranose1∗ (0.82);
E-/Z-linalool oxide-arabinofuranose-glucoside1∗ (0.84); E-/Z-
linalool oxide-arabinofuranose-glucoside2∗ (0.88)). Surprisingly,
these transcripts also displayed significant positive correlations
with carotenoid precursors and apocarotenoid compounds [for
instance, auroxanthin (0.92) and flavoxanthin (0.84) in the
former, and b-ionone and the Unknown 33.56 (apocarotenoid)
(0.82 each)].

Transcript levels of glycosidases GS1, GS5, GS12, GS16, GS20,
GS22, and GS26 showed no significant correlation with any
volatile compound. Therefore, the proteins encoded by these
genes would not be expected to be involved in the production
of any of the volatile compounds identified, at least in the wide
range of developmental stages studied, or unless their activities
would be mostly regulated at translational or post-translational
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level. The rest of glycosidases not mentioned above have few
correlations with the metabolites detected (for instance, GS8 with
limonene or GS23 with (E)-2-pentenal), indicating either a very
specialized activity, or that these glycosidases should produce a
minor effect in the generation of the final bouquet.

In the classic model of volatile emission, the occurrence
of significant negative correlations between the precursor
metabolite and the genes coding for volatile-producing enzymes
would be expected, along with a positive correlation between
the latter and the volatiles. However, this simplified model
does not take into consideration regulation phenomena
at protein/enzymatic activity level (as mentioned above).
Additionally, it must be remarked that some precursors
(especially the ones involved in primary metabolism) are needed
at high constitutive levels for a series of additional functions in
cell metabolism, or are accumulated as sink (as in the case of
the terpene glucosides). In this complex framework, we believe
that the presence of significant correlations, although with an
opposite sign with respect to the expected, could be biologically
relevant, and could reflect the presence of specific metabolic
tunings.

ADH1 exhibited only a few correlations with (E)-2-
hexen-1-ol (0.67) and, contrary to the expectation, with the
pyropheophorbide a (0.71), while ADH2 and ADH3 displayed
almost the same pattern against the metabolites and showed
high correlative power toward lipid derivatives (Supplementary
Table 5). However, ADH3 showed higher scores than ADH2 and
more relationships with other metabolites such as (E)-2-hexenal
(0.67), 3-ethylbenzaldehyde (0.84), 2-ethylbenzaldehyde (0.74),
terpeniol (0.73) and 2,6-diisocyanatotoluene (0.82). It has been
shown that grape ADH1 gene expression was detected in the
first phase of fruit development, while ADH2 has been described
as a berry ripening-related isogene, with data suggesting that
transcriptional regulation of these genes and ADH enzyme
activity could partially be related to the ethylene signaling
pathway (Cirilli et al., 2012).

Our data allow a general and extensive view of the evolution
of volatile and non-volatile compounds from the early formation
of the berry to the post ripening stages, along with their
relationships with some transcripts involved in their biosynthesis
(Figure 3). Differences between the two varieties regarding
VOCs were found, even though these variations were mostly
attributed to differences in the levels of the substances that
constitute grape aroma rather than to qualitative differences
in the volatile compounds produced. The results obtained
provide potential glycosidase candidates that could participate
in the final aroma of Airén and Tempranillo, such as GS9,
GS10, GS15, GS16, GS21, GS24, and GS25. In relation to lipid
metabolism, data showed the possible involvement of LOXA
and HPL2 to generate (E)-2-hexenal and (E)-2-pentenal. At

the carotenoid metabolism level, volatiles exhibited a higher
extent of correlations toward their precursors compared to the
biosynthetic genes; although a notable exception was represented
by CCD1, which was related mainly with the production of β-
ionone and CCD4c, and seems to be the candidate for the release
of β-cyclocitral from zeaxanthin or lutein by an asymmetric
cleavage. Concerning phenylpropanoid and branched-chain

amino acid pathways, no clear relationships were found among
the metabolites and gene expression. Interestingly, the white
variety showed a higher “metabolite imbalance” between primary
(lipids, negatively correlated toward all the other pathways) and
secondary (phenylpropanoids, carotenoids, terpenes, which are
positively correlated among each other) metabolism than the red
variety. Furthermore, correlation analysis also showed a higher
degree of overall correlation in precursor/volatile metabolite-
metabolite levels in Airén, which confirms a distinct mechanism
of the white varieties for producing an enriched aroma bouquet
compared to the red ones.
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Postharvest pathogens can penetrate fruit by breaching the cuticle or directly through
wounds, and they show disease symptoms only long after infection. During ripening
and senescence, the fruit undergo physiological processes accompanied by a decline in
antifungal compounds, which allows the pathogen to activate a mechanism of secretion
of small effector molecules that modulate host environmental pH. These result in the
activation of genes under their optimal pH conditions, enabling the fungus to use a
specific group of pathogenicity factors at each particular pH. New research suggests
that carbon availability in the environment is a key factor triggering the production and
secretion of small pH-modulating molecules: ammonia and organic acids. Ammonia is
secreted under limited carbon and gluconic acid under excess carbon. This mini review
describes our most recent knowledge of the mechanism of activation of pH-secreted
molecules and their contribution to colonization by postharvest pathogens to facilitate
the transition from quiescence to necrotrophic lifestyle.

Keywords: small effector molecules, pH regulation, pathogenicity, postharvest susceptibility, colletotrichum,
penicillium

INTRODUCTION

The resistance of unripe fruit to pathogen infection and colonization after harvest is considered
a dynamic process that is modulated during host maturation and ripening. In many postharvest
pathogens, disease symptoms occur long after the initial stages of infection when the pathogen
is quiescent. During ripening of the host, the quiescent biotrophic infection resulting from
fruit penetration directly or through wounds becomes active and develops into necrotrophic
colonization that manipulates the host’s physiological response (Denison et al., 1995; Calvo et al.,
2002; Caracuel et al., 2003b; O’Meara et al., 2010). For successful colonization, a pathogen must
be able to overcome the host’s defenses and initiate attack under prevailing physiological and
environmental conditions. During this period, the pathogen must trigger pathogenicity factors
that macerate host tissues and release the nutrients required to sustain its development. Since both
the host and the pathogen are living entities, the conditions imposed by the host are critical to
inducing susceptibility and activating the pathogen quiescent stage. While the mechanism of pH
modulation by fungal metabolism has been thoroughly reported, no specific studies have indicate
the effect of host pH on fungal pathogenicity. Furthermore fruit ripening and host susceptibility
is accompanied by significant sugar accumulation, pH change and many other host changes that
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affect fungal pathogenicity and have not been independently
studied (Prusky, 1996). In this mini review, we analyze
the conditions that modulate the pathogen’s initial stages of
colonization by pH modulation of the host.

POSTHARVEST PATHOGENS AND pH
MODULATION

The ability of postharvest pathogens to alter pH locally was
initially described for Colletotrichum gloeosporioides, and then
extended to some other pathogens, such as Alternaria alternata,
Botrytis cinerea, Penicillium expansum, Penicillium digitatum,
Penicillium italicum, Phomopsis mangiferae, Monilinia fructicola,
and Fusarium oxysporum (Prusky et al., 2001, 2004; Rollins
and Dickman, 2001; Eshel et al., 2002a,b; Manteau et al., 2003;
Davidzon et al., 2010; Miyara et al., 2010, 2012).

Ambient alkalization by fungi is achieved by their active
secretion of ammonia, which results from the activation of
proteases followed by deamination of amino acids (Jennings,
1989; Miyara et al., 2010). Ammonium accumulation has
been detected in association with pathogenicity of many
Colletotrichum species, including C. gloeosporioides, C. acutatum,
C. higginsianum, C. graminicola, and C. coccodes (Alkan et al.,
2008; Dieguez-Uribeondo et al., 2008; Miyara et al., 2010;
O’Connell et al., 2012), A. alternata (Eshel et al., 2002a,b), and
F. oxysporum (Miyara et al., 2012). The ammonium secreted
by these species alkalizes the host tissue, and its concentration
can reach approximately 5 mM, as found in decayed avocado,
tomato, and persimmon fruit (Eshel et al., 2002a,b; Alkan et al.,
2008; Miyara et al., 2010). In each case with Colletotrichum spp.,
increased ammonium accumulation has been related to enhanced
pathogenicity (Alkan et al., 2008, 2009; Miyara et al., 2010). In
the case of A. alternata, ammonium accumulation led to a 2.4 pH
unit increase in several hosts—tomato, pepper, melon, and cherry
(Eshel et al., 2002a,b). Interestingly, ammonia accumulation and
pH increase were not correlated across host species, suggesting
that pH increase in each host depends on a complex interaction
that involves the buffer capacity of the tissue, nitrogen, and
carbon availability, and the fruit’s initial pH (Eshel et al., 2002b).
Indeed, fruit differ in their buffer capacity and pH. However, low
pH has been found to activate higher ammonia production and
secretion in Colletotrichum spp. (Kramer-Haimovich et al., 2006;
Alkan et al., 2008).

In contrast, other pathogenic fungi, such as P. expansum,
P. digitatum, P. italicum (Prusky et al., 2004), Phomopsis
mangiferae (Davidzon et al., 2010), Aspergillus niger (Ruijter
et al., 1999), B. cinerea (Manteau et al., 2003), and Sclerotinia
sclerotiorum (Bateman and Beer, 1965) use tissue acidification
in their attack. Tissue acidification is enhanced by the secretion
of organic acids and/or H++ excretion. S. sclerotiorum and
B. cinerea decrease host pH by secreting significant amounts of
oxalic acid (OA; Rollins and Dickman, 2001; Manteau et al.,
2003); gluconic acid (GLA) is secreted by Phomopsis mangiferae
(Davidzon et al., 2010), and combinations of gluconic and citric
acids are mainly secreted by Penicillium (Prusky et al., 2004) and
Aspergillus (Ruijter et al., 1999). In P. expansum, reduced GLA

accumulation has been related to reduced pathogenicity (Barad
et al., 2014).

In both cases, alkalization or acidification of the environment
by the secretion of ammonia by Colletotrichum or organic
acid by Penicillium, respectively, clearly modulates (activating
or repressing) pathogenicity factors. P. expansum acidifies the
host tissue to pH levels of 3.5–4.0, at which polygalacturonase
(pg1) transcription is significantly enhanced (Prusky et al., 2004).
Similarly, in C. gloeosporioides, pelB (encoding pectate lyase) is
expressed and secreted in vitro at pH levels higher than 5.7,
similar to the pH values present in decaying tissue (Prusky et al.,
1989; Yakoby et al., 2000, 2001). Analysis of endoglucanase 1
gene expression in A. alternata showed maximal expression at
pH levels higher than 6.0, i.e., values similar to those found in the
decayed tissue in which maximal virulence was observed (Eshel
et al., 2002b). This suggests that postharvest pathogens modulate
the expression of genes contributing to pathogenicity according
to environmental pH-inducing conditions.

GENE MODULATION OF FUNGAL
PATHOGENICITY FACTORS

What is the mechanism governing fungal modulation of pH-
responsive genes? PacC is a transcription factor that regulates
gene expression under increasing alkaline conditions. Previous
work in the model fungal system Aspergillus has suggested
that PacC responds to external pH to enable fungal survival
under varied pH conditions (Penalva et al., 2008; Selvig and
Alspaugh, 2011). Moreover, in fruit fungal pathogens, pacC
knockout significantly reduces pathogenicity (Miyara et al., 2008;
Zhang et al., 2013), suggesting that this transcription factor
not only modulates genes for fungal survival, but contributes
to pathogenicity as well. The reports that the pathogen may
modulate pH by increasing or decreasing the pH of the
environment, as described in Section “Postharvest Pathogens
and pH Modulation,” suggest that PacC shows dual regulation
of pathogenicity genes (activation and repression) under pH
change. Thus, it is likely that fungi with different pH preferences
contain an arsenal of both alkaline- and acid-regulated genes to
exploit changing pH conditions. Alkan et al. (2013) characterized
alkaline− and acid-expressed genes. Those modulated genes
encoded transporters, antioxidants and cell wall-degrading
enzymes (CWDEs) (Alkan et al., 2013). Transporters, including
those involved in sulfate, potassium, carboxylic acid, and
ammonium transport, are likely to be controlled by pH due to the
direct pH effect on the charge of inorganic or organic acid ions.
The upregulation of transporters may compensate for changes in
ionic differences between intracellular and extracellular regions
to restore fungal homeostasis under changing pH (Bensen
et al., 2004). The pH shifts also seem to affect cellular redox
status, as exemplified by changes in antioxidants that include
catalase activity and hydrogen peroxide catabolic process. Major
components of PacC regulation in C. gloeosporioides are CWDE
pathogenicity factors. Genes that are shown here to be affected by
PacC include pelB, and those encoding cellulase, α-mannosidase
and 1,4-β-xylanase activity. These findings extend the repertoire
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of pH-modulated CWDEs from the previously identified PelB
in C. gloeosporioides, endoglucanases in Alternaria alternata
(Yakoby et al., 2000; Prusky et al., 2001, 2004; Eshel et al., 2002a),
and polygalacturonases Bcpg1−6 in B. cinerea (Wubben et al.,
2000; ten Have et al., 2001).

What is interesting to note is that gene families with members
of similar functionality were both up- and downregulated by
PacC (Alkan et al., 2013). This indicated that similar functions
might occur under alkaline and acidic conditions, including
CWDE activity. The differential pH regulation of genes with
similar activities suggests that they are selectively activated on the
basis of their optimal enzymatic pH activity, allowing the fungus
to cope with variable pH conditions and make optimal use of the
available enzymes.

While PacC has been reported as a gene regulator under
alkaline conditions, a recent publication by Barad et al. (2016)
showed that the pacC transcript can be activated under acidic
conditions in P. expansum. Electrophoretic mobility shift assay
(EMSA) of P. expansum PacC, together with antibodies against
the different cleaved proteins, showed that PePacC is not
protected against proteolytic signaling at pH 4.5 compared to
pH 7.0. Moreover, Barad et al. (2016) observed that ammonia
is not produced only by alkalizing pathogens, but by acidifying
pathogens as well, under specific growth conditions, at reduced
carbon levels and at the leading edge of the colonized area
(Barad et al., 2016). Ammonia did not further enhance PacC
proteolytic cleavage but did enhance activation of palF transcript
in the PaL pathway under acidic conditions. The PaL pathway
represents a key process regulating PacC cleavage (Diez et al.,
2002). Ammonia accumulation in the host environment by
the pathogen under acid pH may be a regulatory cue for
pacC activation, toward accumulation of pathogenicity factors.
This process has not been investigated in other acidifying
pathogens. However, similar processes may be occurring there as
well.

The results obtained under acidification and alkalization
conditions are consistent with the observation that 1pacC
mutants of C. gloeosporioides, C. acutatum, F. oxysporum,
P. expansum, and S. sclerotiorum are less virulent than the
wild type (Caracuel et al., 2003a; Rollins, 2003; You et al.,
2007; Miyara et al., 2008; Zhang et al., 2013; Barad et al.,
2014). This suggests the importance of gene regulation by PacC
in acidifying and alkalizing pathogens. It indicates that PacC
controls enzyme fine-tuning so that the optimum repertoire will
be expressed at any given pH. That is probably how transporters
and antioxidants maintain homeostasis and expression of
pathogenicity factors for orchestration of the genomic arsenal
under changing pH. Hence, at each pH, the fungus is likely
to express an optimal gene combination. Those acid-expressed
genes are crucial for P. expansum and B. cinerea pathogenicity
because the pathogenicity thrives at low pH. Reciprocally, in
fungi that alkalinize the environment, such as C. gloeosporioides
and A. alternata, PacC will be activated only after the fungi raise
the surrounding pH. Because fungi are likely to encounter a
broad spectrum of initial environmental pH, broad conservation
of pH responses may be activated to justify a preferred pH for
pathogenicity.

MODULATING THE ACTIVATION OF
SMALL SECRETED MOLECULES

The pathogens’ ability to secrete pH-regulating molecules, on the
one hand, and the transcriptome analysis of PacC-modulated
genes, on the other, has revealed that pH may regulate the
arsenal of pathogenicity factors. However, previous reports in
most postharvest pathogens have shown that a given pathogen
has a single, specific lifestyle by which it modulates its host
pH, and the same pathogen was usually not found to be able
to act in the opposite direction (Table 1). The questions are:
how specific are the pH-regulating patterns for each particular
fungal species during pathogenicity, and what is the signal that
may differentially activate the specific pH modulation during
colonization?

One of the significant changes observed in fruit during
ripening is an increase in sugar content. Sugars are one of
the major constituents responsible for tomato fruit quality,
accounting for some 50% of the dry matter (Hulme, 1971;
Prusky, 1996). In tomato the total sugar content increases
progressively during ripening from the mature-green to red-
ripe stage. The sucrose content of bananas also changes from a
high concentration of starch to a higher concentration of sucrose
during ripening (Hulme, 1971; Prusky, 1996).

In a recent work by Bi et al. (2016), it was reported that
postharvest pathogens such as C. gloeosporioides, P. expansum,
Aspergillus nidulans and F. oxysporum can cause either
alkalization or acidification of their environment. The
acidification was induced by all pathogens under carbon
excess, e.g., 175 mM sucrose; in contrast, alkalization occurred
under conditions of carbon deprivation, e.g., less than 15 mM
sucrose. The carbon source was metabolized by glucose oxidase
(GOX2) to GLA, contributing to medium acidification, while
catalyzed deamination of non-preferred carbon sources, such
as the amino acid glutamate, by glutamate dehydrogenase 2
(GDH2) resulted in the secretion of ammonia. Interestingly, this
type of response was similar in C. gloeosporioides, P. expansum,
A. nidulans, and F. oxysporum, suggesting that carbon response
is concentration-dependent rather than pathogen-dependent (Bi
et al., 2016) (Figure 1).

Can different host nutritional conditions, such as increasing
sugar levels during fruit ripening, modulate the type of small
effector molecules secreted by fungi to modulate host pH? Fungi

TABLE 1 | Fungal pathogens and small secreted molecules that modulate
pH for the activation of pathogenicity factors.

Pathogens Alkalizers Acidifiers

Colletotrichum Ammonia

Alternaria Ammonia

Fusarium Ammonia

Penicillium Gluconic acid

Phomopsis Gluconic acid

Monilinia Gluconic acid

Sclerotinia Oxalic acid

Botrytis Oxalic acid
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FIGURE 1 | Effects of carbon level on the induction of alkalization or acidification of medium by Penicillium expansum (Pe.), Fusarium oxysporum
(Fo.), Aspergillus nidulans (An.), and Colletotrichum gloeosporioides (Cg.). Fungal mycelia were grown in primary rich medium for 2–3 days and then
transferred to secondary medium containing sucrose at 15 mM (�) or 175 mM (�), adjusted to pH 5, for 72 h (Bi et al., 2016).

possess sensitive gene-regulatory mechanisms to respond to
nutrient fluctuations in the environment, as occur in ripening
fruit or growing plants. Nutritional availability at the initial stages
of germination and growth is certainly different from that during
necrotrophic colonization, where nutrients are available in excess
(Bi et al., 2016). Lack of nutrient availability at the leading
edge of the colonized tissue of ripening fruit induces ammonia
accumulation by C. gloeosporioides (Miyara et al., 2010). With
low sugar concentrations, the importance of glutaminolysis for
cell energy supply is clear, and ammonia is generated as a
byproduct of the glutaminase and glutamate dehydrogenase
synthesis reactions (Newland et al., 1990). Similarly, exposure
of P. expansum spores to natural acidic conditions on the
wounded fruit peel enhances its germination and biomass
development (Barad et al., 2012). Under high glucose/sucrose
concentrations in ripe fruit, sugar may be oxidized to CO2
via tricarboxylic acid, with high rates of glycolysis and the
production of organic acids that contribute to the secretion of
metabolites that decrease host pH (Figure 2). Bi et al. (2016)
found accumulation of ammonia by C. gloeosporioides and
enhanced alkalization during pathogenicity on tomato, whose
total sugar content reached 6%. However, in plum fruit, with
a sugar concentration of at least 14%, the same pathogen
did not accumulate ammonia. On the contrary, in plum,
accumulation of GLA by C. gloeosporioides was twice as high as
in inoculated tomato, suggesting that during host colonization,
the balance between ammonia and GLA accumulation by

FIGURE 2 | Diagram of the effect of carbon levels in the fruit on the
induction of alkalization and acidification, modulation of PacC and
colonization by postharvest pathogens.

the same pathogen also determines the final pH of the host
environment.

Understanding the genetic pathways that regulate the
responses of pathogenic fungi to their environment is paramount
to developing effective disease–prevention strategies. Pathogens
use specific gene-induction pathways to metabolize a wide
range of carbon and nitrogen compounds, but this colonization
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is moderated by two global regulatory systems that ensure
the preferential utilization of a few favored carbon and
nitrogen sources. Carbon catabolite repression (CCR) is a global
regulatory mechanism found in a wide range of microbial
organisms; it ensures the utilization of preferred carbon
sources, such as glucose, over less favorable ones. However,
little is known about the components of CCR that interact
with pH-modulating nitrogen systems: CCR operates via the
negatively acting zinc finger repressor CreA to ensure that
glucose is utilized preferentially, by preventing the expression
of genes required for the metabolism of less preferred carbon
sources (Fernandez et al., 2012, 2014). According to Bi et al.
(2016), CreA is induced at high sucrose concentrations where
GLA accumulation is induced and ammonia production is
repressed. How is this system activated? This question is
of high importance for understanding the differential pH
response and the consequent expression of genes that modulate

pathogenicity under dynamic pH and colonization conditions
(Figure 2).
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The soluble sugar concentration of fleshy fruit is a key determinant of fleshy fruit
quality. It affects directly the sweetness of fresh fruits and indirectly the properties of
processed products (e.g., alcohol content in wine). Despite considerable divergence
among species, soluble sugar accumulation in a fruit results from the complex interplay
of three main processes, namely sugar import, sugar metabolism, and water dilution.
Therefore, inter-species comparison would help to identify common and/or species-
specific modes of regulation in sugar accumulation. For this purpose, a process-based
mathematical framework was used to compare soluble sugar accumulation in three
fruits: grape, tomato, and peach. Representative datasets covering the time course
of sugar accumulation during fruit development were collected. They encompassed
104 combinations of species (3), genotypes (30), and growing conditions (19 years
and 16 nutrient and environmental treatments). At maturity, grape showed the highest
soluble sugar concentrations (16.5–26.3 g/100 g FW), followed by peach (2.2 to
20 g/100 g FW) and tomato (1.4 to 5 g/100 g FW). Main processes determining
soluble sugar concentration were decomposed into sugar importation, metabolism, and
water dilution with the process-based analysis. Different regulation modes of soluble
sugar concentration were then identified, showing either import-based, dilution-based,
or import and dilution dual-based. Firstly, the higher soluble sugar concentration in grape
than in tomato is a result of higher sugar importation. Secondly, the higher soluble
sugar concentration in grape than in peach is due to a lower water dilution. The third
mode of regulation is more complicated than the first two, with differences both in sugar
importation and water dilution (grape vs. cherry tomato; cherry tomato vs. peach; peach
vs. tomato). On the other hand, carbon utilization for synthesis of non-soluble sugar
compounds (namely metabolism) was conserved among the three fruit species. These
distinct modes appear to be quite species-specific, but the intensity of the effect may
significantly vary depending on the genotype and management practices. These results
provide novel insights into the drivers of differences in soluble sugar concentration
among fleshy fruits.

Keywords: dilution, fruit metabolism, grape, peach, sugar importation, tomato
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INTRODUCTION

Fresh fruits (such as grape, tomato, and peach) and their
processed products (e.g., wine from grape) have a major
economical importance. Fresh fruits also play an essential role
in the composition of a healthy diet. The composition of fruits
largely determines their sensory properties, their nutritional
value, and hence, consumer preference and the final profit
for fruit growers. Among other compounds, soluble sugars
are one of the major determinants of fruit quality. They
directly impact the sweetness and taste of fresh fruits and
provide precursors for the synthesis of other quality-related
compounds, such as organic acids, anthocyanins, and aroma
compounds. They affect alcohol content after fermentation
in processed products (e.g., wine). For example, consumers
prefer peaches with a high (∼9.5–10%) value of total soluble
solids (TSSs, mainly soluble sugars) rather than fruits with
a lower TSS (<8%; Grechi et al., 2008). On the other
hand, a too high soluble sugar content (TSS over 30%) in
grape leads to a high alcohol level in wines, which may be
detrimental for the perception of wine quality and the health
of wine consumers (Duchêne and Schneider, 2005). Therefore,
modulating fruit sugar concentration to an attractive and
desirable level for the consumers has scientific interest and
agronomical relevance.

Soluble sugar concentration as well as sugar composition
show large variations across species (Coombe, 1976).
For example, grape has a very high soluble sugar
concentration (∼2 mmol/gFW) compared to other fleshy
fruits (Coombe, 1992), while peach and tomato has, respectively,
moderate (∼0.4 mmol/gFW; Quilot et al., 2004) and low
(∼0.15 mmol/gFW) soluble sugar concentration (Prudent
et al., 2011; Biais et al., 2014). The form of soluble sugars
stored in fruits can be hexoses (glucose and fructose)
dominated with trace sucrose (most of grape and tomato
varieties) or sucrose dominated with moderate levels of
hexoses (peach and few specific varieties of grape and
tomato) and low levels of sorbitol (peach; Desnoues et al.,
2014).

Soluble sugar concentration in fruit is the result of several
processes. First, photoassimilates are imported into the fruit,
following phloem unloading. Different phloem unloading
mechanisms exist (Lalonde et al., 2003; Kühn and Grof,
2010) and their coordination follows specific developmental
patterns depending on the species (Ruan and Patrick, 1995;
Zhang et al., 2006; Zanon et al., 2015). Second, imported
photoassimilates are metabolized in apoplasm, symplasm or
vacuole and partly used to synthesize cell walls, organic acids
or storage compounds (e. g. starch in tomato). Although sugar
metabolism shares similar reaction pathways associated with
common enzymes, such as sucrose synthase (SuSy), sucrose
phosphate synthase (SPS) and invertase (INV), specificities exist
for individual species depending on the nature of accumulated
soluble sugars (e.g., sorbitol for peach). Moreover, the evolution
of enzymes activities over fruit development may significantly
differ among species, whereas it appears pretty stable among
genotypes of the same species (Biais et al., 2014; Desnoues

et al., 2014). Last but not least, dilution by water also
plays an important role in determining the concentration of
soluble sugars (Génard et al., 2014) and it is known to be
largely affected by environmental conditions or management
practices. For example, a negative correlation is usually found
between sugar content and irrigation levels (Kobashi et al.,
2000; Castellarin et al., 2007; Sadras and McCarthy, 2007;
Ripoll et al., 2016). Therefore, any difference in soluble sugar
concentration among species or among genotypes within a given
species may result from the different contributions of sugar
importation, sugar metabolism, and/or dilution, during fruit
development.

Considering that the basic processes determining soluble
sugar concentration are similar, multispecies comparison
may help to understand whether the main control levers of
soluble sugar concentration are species-specific or follow a
species-overarching manner. However, multispecies comparison
among fruits is largely hampered by (a) the complex nature of
sugar accumulation as affected by the genotype x environment
interactions and (b) the lack of proper tools to integrate
information into a common framework to make comparable
the results from different species. Recently, Klie et al. (2014)
identified some conserved dynamics of metabolic processes
across species during fruit development with a generalized
principal component approach (STATIS). STATIS can
capture similarities and differences between multiple tables
containing metabolite data during different fruit development
and ripening stages, providing a way of multispecies comparison
of metabolism in fruits (Klie et al., 2014). However, as other
statistical analysis approaches, STATIS analyzes the metabolite
profiles but cannot provide indications on biological processes
that may affect these metabolite profiles.

Process decomposition may serve as an alternative framework
for multispecies comparison. It can dissect a complex trait into
processes more physiological relevant and stable over changing
environments (Bertin et al., 2010). A number of frameworks
indeed have been developed that describe the temporal evolution
of soluble sugar concentration within the fruit and have
been used to evaluate the contributions of sugar importation,
metabolism and water dilution on changes in soluble sugar
concentration, under contrasted environment or genotypes, for
a panel of species (Génard et al., 2003; Quilot et al., 2004;
Dai et al., 2009; Prudent et al., 2011). However, inter-species
comparison by using this approach has never been attempted so
far.

Inspired by these studies, we propose here to use
process-based decomposition as a tool for multispecies
comparison. Based on experimental data, the contribution
of sugar importation, metabolism and water dilution on
soluble sugar concentration was computed all over fruit
development and used to analyze the drivers causing the
inter-species variability in soluble sugar concentration, and
to identify similarities and differences among three fruit
species. A particular attention was also devoted to investigate
genotypic variability and the effect of environment and
management practices on the regulation of soluble sugar
concentration.
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MATERIALS AND METHODS

Data sources
Developmental profiles of fruit flesh fresh weight (FW), dry
weight (DW), and soluble sugar concentration (SC) were
collected for three fruit species (grape, tomato, and peach) from
both published literatures and unpublished data (Supplementary
Table S1). In total, there were 104 different sugar accumulation
profiles, covering 30 genotypes and various growing conditions
(19 years and 17 nutrient and environmental treatments;
Supplementary Table S1). Grape and peach datasets were mainly
focused on the second rapid growth phase, ranging from 30 to
140 days after flowering (DAF), with 5–12 sampling points at
regular intervals of 7–15 days in each profile. Tomato datasets
covered the full fruit development stages, ranging from 5 to 70
DAF, with 7–14 sampling points at regular intervals of 5–10 days.
Crop load (an agricultural term describing the ratio between leaf
surface and number of fruits for a fruit tree) treatments that can
modulate the source-sink relationships were imposed to some
genotypes of peach and tomato. In addition, the truss (or the
bunch) position of fruits within a plant was also included in the
analysis for tomato. At least three biological replicates were used
at each sampling date. The three fruit species were chosen for
the analysis because (1) their data are collected within a long-
term collaboration network where protocols and analysis were
rather standardized with various genotypes and years; (2) these
three fruit species are representative of drupes, berry and fleshy
fruits as well as non-climacteric and climacteric fruits, making
their comparison meaningful from a biological perspective.

Flesh FW was measured by weighing whole fruit, and then
seed weight was excluded for peach (Génard et al., 2003); jelly
and seed were excluded for tomato in Prudent et al. (2009) but
whole fruit were considered in other studies of cherry tomato
and tomato (Bertin et al., 2009); an average proportion of 12.5%
of seed and skin weight in grape berry was excluded (Dai et al.,
2009). Flesh DW was obtained from FW by subtracting flesh
water content (WC). The WC of peach and tomato were obtained
by drying a pre-weighed piece of fresh fruit. For grape, the
WC was empirically determined as a function of soluble sugar
concentration (Garcia de Cortazar-Atauri et al., 2009). Soluble
sugars were measured either with enzymatic method (Génard
et al., 2003; Prudent et al., 2009) or HPLC method (Wu et al.,
2012). For some grape samples, TSSs (oBrix) were determined
using a PAL-1 portable electronic refractometer and an empirical
relationship was then applied to transform oBrix into hexose
concentration (OIV, 2009). Total soluble sugar concentration
was obtained by summing up all the sugar forms accumulated
in the fruit, including sucrose, glucose, fructose, and sorbitol
as described by Quilot et al. (2004). To make data comparable,
all FW and DW were expressed in gram, and soluble sugar
concentration in g sugar/100 gFW.

Process-Based Comparative Approach
As described in Quilot et al. (2004), carbon arrives into the fruit
as sugars, via the phloem. In the flesh, part of this flow of carbon
is used as substrates for respiratory pathways. The remaining

carbon is used partly for soluble sugar synthesis and partly
for synthesis of other carbohydrate compounds (e.g., starch,
acids, structural carbohydrates, and proteins). Accordingly, the
variation in soluble sugar concentration (SC) in the fruit results
from the balance among three different processes, the net sugar
import rate from the plant to the fruit (import rate – respiration
rate, u), the rate of metabolic consumption of soluble sugars to
synthesize other compounds (m) and the rate of dilution (d) as
the volume of the fruit increases:

dSC
dt
= u(t)+m(t)+ d(t) (1)

The net sugar uptake rate u (g/100 g/day) can be calculated
directly from dry mass variation of the fruit as done by Génard
et al. (2003):

u =
100γDW

γsugarFW
dDW
dt

(2)

where γDW represents the carbon concentration of the flesh (gC
per gram of dry mass) and γsugar is the mean carbon content of
sugars (gC/g sugars).

In an analogous way, the dilution rate d describes the soluble
sugar concentration loss caused by fruit volume increases and can
be derived from fresh mass variation as in Génard et al. (2003):

d =
SC
FW

dFW
dt

(3)

Note that both u, m, and d components can be time, genotype
and environment dependent.

By integrating all over fruit development, the overall contri-
bution of each process, for a given genotype and environment,
can be defined at fruit maturity as:

U =
∫ tm

t0
u(t)dt, M =

∫ tm

t0
m(t)dt, D =

∫ tm

t0
d(t)dt (4)

By definition,

1SC = SC(tm)− SC0 = U+M+ D

where SC(t0) and SC(tm) are the total soluble sugar
concentrations at the beginning of experiment and at maturity,
respectively.

To calculate the three components (U, M, and D), observed
developmental curves of FW, DW, and SC were fitted by local
regression to compute a daily value. dFW

dt and dDW
dt were then

calculated by derivation of daily FW and DW. Once U and D
determined from Eq. 4, the total metabolic component M can
be computed from the difference M = SC(tm)+SC(t0)−U−D,
providing an estimate of the overall sugar turnover during fruit
development.

Statistical Analysis
The data analysis was conducted using the R Statistical
Computing Environment (R Development Core Team, 2010).
The local regression of FW, DW, and SC were obtained with
the “loess” function and the derivation of FW and DW with
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the “diff” function. The differential equations were numerically
integrated using the Euler method with a 1-day time step.

Statistical methods suitable for unbalanced one-way factorial
dataset are needed to determine if one variable is significantly
different among fruit species. To this end, “gao_cs” function of
“nparcomp” package was applied to conduct a non-parametric
multiple comparison (Baudrit et al., 2015). Principal component
analysis (PCA) was performed on mean-centered and scaled
data with “dudi.pca” function of “ade4” package (Dray and
Dufour, 2007), in order to compare three drivers of soluble sugar
concentration among fruit species. PCA was first made by using
the three drivers of sugar concentration (namely the U, M, D),
and then FW, DW, and SC at maturity were projected as non-
active variables. In this way, one can assess the discriminations
of different fruit species, genotypes, and growth conditions by
the three components and compare the prediction quality of the
PCs identified from the active dataset in relation to the non-active
dataset.

RESULTS

Fruit Size and Soluble Sugar
Concentration at Maturity
Based on a pre-analysis, cherry tomato was found to behavior
differently from normal tomato in both final sugar concentration
and contributions of the three main components. Therefore,
cherry tomato was treated separately in the following sections,
although it belongs to the same species as tomato. The FW
of fruits at maturity varied among fruit species, showing
peach ≥ tomato > cherry tomato > grape, in the studied dataset
(Figure 1). Fruit species also showed a large diversity in soluble
sugar concentration at maturity, with grape having the highest
soluble sugar concentrations (16.5 to 26.3 g/100 g FW), followed
by peach (2.2 to 20 g/100 g FW), cherry tomato (3.5 to 6.1 g/100 g
FW), and tomato (1.4 to 5 g/100 g FW; Figure 1). Comparing
FW and soluble sugar concentration, it is clear that the smallest
fruit species (grape) had the highest soluble sugar concentration.
However, peach weight is higher than cherry tomato and tomato
but it had a higher concentration of soluble sugars.

Dynamics of Fruit Growth and Soluble
Sugar Concentration Over Fruit
Development
It is well-known that grape and peach fruits have a double-
sigmoid growth curve (DeJong and Goudriaan, 1989; Coombe
and McCarthy, 2000), while tomato fruit has a single-
sigmoid growth curve (Bertin et al., 2009). In the present
dataset, developmental profiles of grape and peach covered
mainly the second rapid growth stage, while those of tomato
covered almost the full developmental stages (Figure 2). As
a consequence, during the studied period, fresh and DWs of
all the three fruits exhibited similar dynamics: remaining at
low level at beginning, then increasing sharply, and reaching
a plateau around maturity (Figures 2A–H). Despite these
similarities, soluble sugar concentration showed large differences

in their developmental dynamics. Soluble sugar concentration
of grape increased strongly from veraison on, and reached
a plateau approaching maturity (Figure 2I); Cherry tomato
showed a continuous and exponential increase in soluble sugar
concentration up to the maturity (Figure 2J); tomato and peach
had much smaller fluctuations of sugar accumulation, even
exhibited decreases in soluble sugar concentration over fruit
development (Figures 2K,L).

Contributions of Sugar Importation,
Metabolism, and Dilution on Soluble
Sugar Concentration among Different
Fruit Species
To gain insights into the potential drivers underlying the
differences in soluble sugar concentration among the three
fruit species (Figure 1), developmental profiles in Figure 2
were subjected into the process-based analysis to decompose
soluble sugar concentration into three processes, namely
sugar importation, metabolism and water dilution (Figure 3).
Moreover, development stages were normalized, with flowering
to be 0 and maturity to be 1, to make the developmental
profiles comparable among fruit species (Figures 3A–D). After
this normalization, it is clear that most of the developmental
profiles spanned from 40% maturity to 100% maturity for the
three fruit species, and therefore, cumulative contribution of the
three processes was calculated over this period (Figures 3E–H).
To take into account the variation in duration between 40 and
100% maturity, the cumulative contribution was further divided
by the duration (days) of the chosen period for each condition
(Figures 3E–H).

Over the considered developmental stages, peach showed a
distinct dynamics of sugar importation, metabolism, and water
dilution, in comparison with those of grape, cherry tomato, and
tomato (Figures 3A–D). In grape, cherry tomato and tomato,
higher sugar importation, metabolism, and water dilution were
observed at early developmental stages, and they simultaneously
approached to zero at maturity (Figures 3A–C). On the other
hand, the three processes of peach were low around 40% of
maturity, then peaked around 75% of maturity, and approached
to zero thereafter (Figure 3D). Interestingly, the metabolism
changed from negative value to positive value around maturity,
particularly for cherry tomato (Supplementary Figure S1B) and in
some cases for the other fruits (Supplementary Figures S1A,C,D).
In addition, dilution also changed from negative to positive value
around maturity for grape (Supplementary Figure S1A).

The absolute values of mean cumulative contributions of sugar
importation, metabolism, and water dilution were of the same
order of magnitude regardless of the species over the period
of 40% maturity to 100% maturity (Figures 3E–H). The sugar
importation was always the most important component with a
contribution 2–3 times that of metabolism or dilution. Sugar
importation was higher in grape and peach than in cherry tomato
and tomato. Metabolism did not show significant differences
among the three fruit species. Water dilution was the highest
in peach, followed by grape and tomato, and lowest in cherry
tomato. Based on these statistical results, the modes causing
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FIGURE 1 | Distribution of fruit fresh weight (FW; A) and soluble sugar concentration (B) in grape, cherry tomato, tomato, and peach at maturity.
White points represent median of FW and soluble sugar concentration of a given fruit species in the dataset. The violin shape represents the distribution of the
variables in each fruit species.

differences in soluble sugar concentration among fruit species
were then summarized in Figure 4. Firstly, the higher soluble
sugar concentration in grape than in tomato is a result of higher
sugar importation, while metabolism and water dilution were the
same in both fruit species. Secondly, the higher soluble sugar
concentration in grape than in peach is a result of lower water
dilution. The third mode of regulation is more complicated than
the first two, with differences both in sugar importation and water
dilution (grape vs. cherry tomato; cherry tomato vs. peach; peach
vs. tomato). In this mode, a higher sugar importation was always
followed with a higher water dilution (grape vs. cherry tomato;
peach vs. tomato), and vice versa (cherry tomato vs. peach).
Therefore, the relative extent of differences in water dilution and
sugar importation led to a higher soluble sugar concentration.
A fourth potential mode, namely a higher sugar importation with
a lower water dilution, was not observed in the present dataset.

PCA of Genotypes and Growing
Conditions
In addition to the inter-species variability, genotypic and
environmental variability was further analyzed by PCA. Mean
cumulative values of sugar importation, metabolism and dilution
were used to discriminate different genotypes and growing
conditions (Figure 5). Results are plotted on the first two axes,
which account for more than 90% of variability. The first axis
mainly describes the effect of sugar importation and metabolism,
whereas the second one deals with water dilution. Results confirm

a reduction of import and, to a less extent, metabolism for cherry
tomato, although there is a common tendency in large tomato
too, as shown in Figure 3. For all species, a strong genotypic
and environmental variability is present, especially along the first
principal component (metabolism and sugar importation).

A closer look to individual genotypes and growing
conditions, for each species, shows that PCA was able to
discriminate a few phenotypic classes. White and red grapes
were well-separated, with white grapes being characterized
by an increased dilution term and a higher importation
rate (Figure 5C), which is consistent with their larger fresh
mass. Red grapes showed a high variability in the metabolic
and import component (PC1), with the Cabernet-Sauvignon
generally being the less sweet due to low import. Moreover,
different genotypes showed varying environmental sensitivity,
with Merlot being the most sensitive one to vintages in
comparison with Cabernet-Sauvignon and Cabernet franc
(Figure 5C).

Crop load exerted its effect on soluble sugar concentration
using dilution and sugar importation as the main lever in peach
(Figure 5E). A stable gradient of dilution was visible for Suncrest
genotype conducted under three levels of load, in two different
years. Interestingly, the dilution effect was stronger at low load
but carbon content (and soluble sugar concentration) tended
to be higher, meaning that carbon import increases faster than
dilution. The same is true for the nectarine Zephir, although in
this case the effect on dilution is accompanied by a strong change
in sugar importation (Figure 5E).
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FIGURE 2 | Developmental profiles of FW (A–D), dry weight (DW; E–H), and soluble sugar concentration (I–L) in grape (A,E,I), cherry tomato (B,F,J),
tomato (C,G,K), and peach (D,H,L) fruits. All curves are smoothed fits of the observed data points using the “loess” function in R software (R Development Core
Team, 2010).

In tomato, as in peach, crop load reduced fruit fresh mass but
the mechanism may differ according to genotypes (Figure 5D).
In cherry tomatoes, the impact of crop load was small and
essentially acted by increasing slightly the metabolism. In large
fruit genotypes, on the contrary, the impact of load appeared
more important (except for Levovil), increasing dilution or
decreasing slightly the metabolism.

DISCUSSION

Inter-species variability in soluble sugar concentration of grape,
tomato, and peach was investigated by using a process-based
framework, which decomposes soluble sugar concentration into
three potential drivers (sugar importation, metabolism, and water
dilution). Various datasets were collected and the developmental
profiles of FW, DW, and soluble sugar concentration represented
well the characteristics of each species described in the literature
(Ho et al., 1987; Coombe and McCarthy, 2000; Génard
et al., 2003), providing a solid base for our inter-species
comparison.

The dynamics of the three processes (namely sugar
importation, metabolism, and water dilution) grouped non-
climacteric grape and climacteric tomato fruits together and

discriminated them from the climacteric peach fruits (Figure 3).
This suggests that the three processes related to soluble sugar
concentration are not tightly affected by ethylene-associated
events that characterize the two categories of fruits. In fact, Klie
et al. (2014) compared the dynamics of metabolite concentration
over development in non-climacteric strawberry and pepper
fruits as well as climacteric peach and tomato fruits, and
they also found that some cultivars of tomato were grouped
with non-climacteric fruits and the others with climacteric
peach fruit. Despite differences in respiration burst at the
onset of ripening, cherry tomato and tomato are different
from grape and peach by accumulating transiently starches
during early development stages, which are then degraded to
form soluble sugars around maturity (Schaffer and Petreikov,
1997; Luengwilai and Beckles, 2009; Petreikov et al., 2009).
The transient accumulation of starches in cherry tomato and
tomato is most likely reflected by the much higher levels
of both sugar importation and metabolism during the early
developmental stages (10% maturity to 40% maturity). On
the other hand, positive values of metabolism were observed
around maturity in cherry tomato and tomato (Figures 3B,C
and Supplementary Figures S1B,C), and they may be a result
of the starch degradation when approaching maturity. It is
also worth noting that a positive value of “water dilution”

Frontiers in Plant Science | www.frontiersin.org May 2016 | Volume 7 | Article 649 | 292

http://www.frontiersin.org/Plant_Science/
http://www.frontiersin.org/
http://www.frontiersin.org/Plant_Science/archive


fpls-07-00649 May 17, 2016 Time: 12:28 # 7

Dai et al. Comparing Fruit Sugars Across Species

FIGURE 3 | The dynamic (A–D) and the absolute value of mean cumulative (E–H) contributions of sugar importation, sugar metabolism, and water
dilution on sugar accumulation in grape, cherry tomato, tomato, and peach during the late fruit development stages. Sugar represents the mean
increment of sugar concentration during the targeted period (E–H). To make the developmental profiles comparable among fruits, development stages were
normalized with flowering to be 0 and maturity to be 1. The absolute value of cumulative contributions were calculated over the period from 40% maturity to 100%
maturity (blue dashed lines), and then divided by the duration (days) of the chosen period for each condition. Different letters for a given component in different fruits
(E–H) indicate a significant difference, based on non-parametric multiple comparison for unbalanced one-way factorial designs in R.

indicates a positive effect on soluble sugar concentration due
to fruit dehydration and this was evident in most of grape
berries (Figure 3A and Supplementary Figure S1A). In fact,
grape berries are known to be vulnerable to dehydration around
maturity, which concentrates soluble sugar concentration
without necessarily modifying total sugar quantity in the
berry (Tilbrook and Tyerman, 2009). Based on the dynamic
analysis, it is clear that the process-based decomposition
can capture inter-species features related to soluble sugar
concentration.

Our analysis shows the existence of different patterns
for soluble sugar concentration control, either import-based,
dilution-based, or import-dilution coupled (Figure 4). On the
other hand, conserved metabolic rate was observed among the
three fruit species for the consumption of imported carbon
for synthesis of other compounds than sugars (e.g., starch,
organic acids, structural carbohydrates, and proteins). Sugar
importation is well-regulated by sugar transporters and the
sugar gradient between phloem and fruits (Lecourieux et al.,
2014; Osorio et al., 2014). Jensen et al. (2013) has analyzed the

phloem sugar concentration of 41 species reported in more than
50 experiments and estimated that the optimal concentration
for sugar transport in plants is 0.235 g/g. The phloem sugar
concentration was estimated to be 0.21 g/g for grape (Dai et al.,
2008), 0.11 g/g for tomato (Liu et al., 2007), and 0.38 g/g for
peach (Jensen et al., 2013). The lower phloem sugar concentration
in tomato might be one potential cause of the lower sugar
importation observed for cherry tomato and tomato (Figures 3E–
H). In addition, more efforts are needed to compare the
activities of sugar transporters among the three fruits to identify
the underlying reasons of differences in sugar importation
(Lecourieux et al., 2014; Osorio et al., 2014). Another noticeable
aspect is that the mean cumulative contribution of each process
is also affected by the developmental stage considered. If the
early developmental stages were considered, cherry tomato and
tomato showed very high levels of sugar importation in concert
with high metabolism (Supplementary Figure S2). It will be
interesting to quantify the relative contributions of the three
processes in grape and peach during the early developmental
stages.
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FIGURE 4 | Summary of the differences among fruit species regarding soluble sugar concentration and of its components, sugar importation, sugar
metabolism, and water dilution. Different colors indicate the difference of each criterion between the fruit at row and the fruit at column, with red for higher, green
for lower, and gray for no difference. Sugar represents the mean increment of sugar concentration during the targeted period.

Fruit water balance, which affects dilution, is a function of
water influxes from xylem and phloem and water effluxes via skin
transpiration (Fishman and Génard, 1998; Guichard et al., 2001;
Dai et al., 2010). Fruit transpiration is related to environmental
conditions (temperature and relative humidity) and skin water
permeability that quantifies the permeation coefficient of the fruit
surface to water vapor (Fishman and Génard, 1998). Skin water
permeability varies largely amongst fruit species (Nobel, 1975),
ranging from 26 cm/h for tomato (recalculated from Leonardi
et al., 2000), 50–100 cm/h for grapes (Dai et al., 2008; Zhang
and Keller, 2015), and 200–800 for peaches (Lescourret et al.,
2001). Lescourret et al. (2001) assessed the effect of skin water
permeability on peach fruit growth and found that low skin water
permeability confers high WC in peach, which results in a higher
dilution effect on soluble sugar accumulation. Surprisingly, we
found that peach had a higher dilution component than grape,
cherry tomato, and tomato (Figure 3), which seems to be
the reverse of what can be extrapolated from the analysis of
Lescourret et al. (2001). We postulate that differences in dilution
among the three fruit species should originate from the water
influxes. Therefore, phloem and xylem water conductivities
of fruit species seem to be pertinent candidates for further
comparative analysis.

Environments, growing conditions, and management
practices may influence fruit growth and soluble sugar
concentration, with different responses depending on species
and genotype (Coombe, 1976; Nookaraju et al., 2010; Beckles
et al., 2012; Kromdijk et al., 2014; Kuhn et al., 2014; Soltis
and Kliebenstein, 2015). This variability was clearly shown
in the PCA analysis of mean cumulative values of sugar
importation, metabolism and dilution (Figure 5), confirming
the analyses conducted in previous publications (Quilot et al.,
2004; Dai et al., 2009; Prudent et al., 2011) where the data were
collected. Among the variation factors, such as year, crop load,
water supply, and genotype, the same genotypes were often
clustered together. This highlights the importance of genotype
on determining soluble sugar accumulation in fleshy fruits.
Within a given genotype, we compared the contributions of
sugar importation, metabolism and dilution in response to crop
load modifications between peach and tomato (Figures 5D,E).
Crop load manipulation is an effective way to modify the
carbon balance between sources and sinks (Kromdijk et al.,
2014). Its effect on sugar importation is rather straightforward,
as observed in peach. However, not only sugar importation
is modified, the dilution component is also largely affected.
Higher importation occurs in parallel with higher dilution

Frontiers in Plant Science | www.frontiersin.org May 2016 | Volume 7 | Article 649 | 294

http://www.frontiersin.org/Plant_Science/
http://www.frontiersin.org/
http://www.frontiersin.org/Plant_Science/archive


fpls-07-00649 May 17, 2016 Time: 12:28 # 9

Dai et al. Comparing Fruit Sugars Across Species

FIGURE 5 | Principal component analysis (PCA) analysis of genotypes and growing conditions of the three fruit species. The three components
(importation, metabolism, dilution) were used to make the PCA discriminate the three fruit species (A). Soluble sugar concentration, FW, and DW were projected as
non-active variables on the first two PCs (B). To have a better view of the genotypes and growing conditions, a zooming of the general scatter plot (A) was
conducted for each fruit (C for grape, D for cherry tomato and tomato, and E for peach). The genotype, year, and truss (for tomato) of the fruits were labeled as
“genotype-year-truss.” Mt = Merlot, CS = Cabernet-Sauvignon, CF = Cabernet franc, GW643 = Gewurztraminer, Ri49 = Riesling in (C). Green and yellow dots
represent white grape genotypes and pink, violet and brown dots represent red grape genotypes (C). HC, MC, and LC represent high, mean and low crop loads,
respectively (D,E).

in peach under low crop load. Crop load altering fruit water
relationship has been reported (McFadyen et al., 1996). This
suggests, on the one hand, a strong coordination between
carbon and water influxes into fruits (Ho et al., 1987; Fishman
and Génard, 1998; Guichard et al., 2001). On the other hand,
it highlights the importance of growing conditions on the
metabolite patterns in each fruit species (Kromdijk et al., 2014;
Soltis and Kliebenstein, 2015) and pinpoints out the necessity of
considering dilution effect in metabolic analysis (Génard et al.,
2014).

In addition, the results obtained in this study could be useful
in agricultural application. By representing biological processes
and dissecting a complex trait into processes more physiological

relevant and stable over changing environments (Bertin et al.,
2010), the decomposition approach has also been applied to assist
QTL identification in relation to sugar levels in tomato fruit
(Prudent et al., 2011), evidencing its valuable role in marker-
assisted breeding. The inter-species comparison conducted in this
study highlighted different control modes of sugar concentration
in each species, providing clues for breeding strategies to obtain
fruits with targeted sugar levels (Tohge and Fernie, 2015).
Moreover, the intra-species variabilities among different cultivars
could also provide valuable agricultural implementations. For
example, the different sensitivities of grape cultivars to dilution
and importation may help to select suitable cultivars sensitive to
agronomical factors such as irrigation or fruit load.
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CONCLUSION

Our analysis shows the existence of different patterns for soluble
sugar concentration control, either import-based, dilution-based,
or shared. On the other hand, conserved metabolic rate was
observed among the three fruit species for the consumption
of imported carbon for synthesis of other compounds than
sugars (e.g., starch, organic acids, structural carbohydrates, and
proteins). These distinct modes appear to be quite species-
specific, with dilution being the main lever in peach, but
a strong genotypic variability is present when considering
the intensity of the effect. Growing seasons and management
practices can further explain genotypic variability within a given
species. These results provide novel insights into the drivers of
differences in soluble sugar concentration among fleshy fruits and
further emphasize the importance of dilution. In addition, the
process-based decomposition framework proves to be a suitable
tool for conducting inter-species comparison, because of its
capability to decompose complex traits and extract stable and
conserved information. It can be complementary to the metabolic
multispecies comparison of Klie et al. (2014). It should be noted
that the comparison presented here mainly focuses on the late
developmental stages (40% maturity to 100% maturity), and it
warrants more efforts to cover the whole fruit developmental
stages for the inter-species comparison. Moreover, the underlying
mechanisms of sugar importation and water influxes deserve
further investigation for inter-species comparison, for example,
by coupling the observed developmental profiles with the
virtual fruit model that describes the process of phloem sugar
importation and xylem water transport (Lescourret and Génard,
2005; Génard et al., 2007, 2010).
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Due to post-harvest losses more than 30% of harvested fruits will not reach the
consumers’ plate. Fungal pathogens play a key role in those losses, as they cause most
of the fruit rots and the customer complaints. Many of the fungal pathogens are already
present in the unripe fruit but remain quiescent during fruit growth until a particular phase
of fruit ripening and senescence. The pathogens sense the developmental change and
switch into the devastating necrotrophic life style that causes fruit rotting. Colonization
of unripe fruit by the fungus initiates defensive responses that limit fungal growth and
development. However, during fruit ripening several physiological processes occur that
correlate with increased fruit susceptibility. In contrast to plant defenses in unripe fruit,
the defense posture of ripe fruit entails a different subset of defense responses that will
end with fruit rotting and losses. This review will focus on several aspects of molecular
and metabolic events associated with fleshy fruit responses induced by post-harvest
fungal pathogens during fruit ripening.

Keywords: post-harvest, ripening, plant response, phytohormones, cuticle, softening, phytoalexin, quiescent

INTRODUCTION

Food waste from the grower to the consumer is an important issue as it depletes natural resources.
Recent researches and surveys done by NRDC (Natural Resources Defense Council), USDA (US
Department of Agriculture), FAO (Food and Agriculture Organization of the United Nations), and
the OECD (Organization for Economic Co-operation and Development) revealed that food losses
are estimated to be more than 33% (Gustavsson et al., 2011; Lipinski et al., 2013; Buzby et al., 2014;
Okawa, 2014). Post-harvest losses of fruits and vegetables are even higher and are estimated to
be 40–50%. Post-harvest fruit rotting are a major cause of those losses and are chiefly caused by
fungal pathogens after fruit ripening. In a manner similar to foliar diseases that occur in the field,
several factors as: fungal pathogenicity, host response and environment determine the outcome of
host resistance or susceptibility. However, in post-harvest diseases fruit ripening is another major
component that will determine fruit resistance and must be considered (Figure 1).
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FIGURE 1 | Disease pyramid of post-harvest fruits and pathogenic
fungi interaction. The disease of post-harvest fruits and pathogenic fungi is
regulated by four elements: (1) Fungal pathogenicity, (2) host response, (3)
environment, and (4) ripening or senescence.

Post-harvest Disease Development
Fruits infected by post-harvest fungal pathogens develop, in
general, disease symptoms after harvest and during storage.
Post-harvest fungal pathogens germinate and enter the fruit by
breaching the host cuticle (Emery et al., 2000; Alkan et al., 2015).
This is achieved by: degrading host cuticle (Rijkenberg et al.,
1980), entering through natural openings of the host and wounds
(Barkai-Golan, 2001), or by living endophytically in the stem end
(Johnson et al., 1992; Prusky et al., 2009).When those particularly
insidious pathogens encounter unripe fruit these fungi often
remain quiescent and confined to the initial site of introduction.
They are unnoticed to visual examination, for as long as months
of storage, until the harvested fruit ripen (Prusky et al., 2013).
Several species of fungal pathogens, such as Colletotrichum,
Alternaria, Botrytis, Monilinia, Lasiodiplodia, Phomopsis, and
Botryosphaeria have been reported to live quiescently in their
hosts until the fruits ripen (Prusky et al., 1981; Adaskaveg et al.,
2000; Prins et al., 2000). As fruit ripen, post-harvest fungal
pathogens switch to aggressive growth. At this aggressive stage,
the fungi are necrotrophs, which kill the host cell and obtain
nutrients from the host, leading to decomposed fruit tissue
and decay (Prusky, 1996; Prusky et al., 2013). However, before
this devastating stage those fungi adopt different types of life
styles. Some fungi as Lasiodiplodia, Phomopsis, Colletotrichum,
Alternaria and others, cause stem-end-rot and colonize the stem-
end by adopting endophytic-like lifestyle before fruit ripening
(Johnson et al., 1992). Other fungi, e.g., Colletotrichum are
defined as hemibiotroph, those fungi live quiescently as biotrophs
in unripe fruit cells without killing them (O’Connell et al., 2012;
Alkan et al., 2015). In a parallel manner, fully necrotrophic fungi
as Botrytis can infect and live in a restricted 1–3 cells of unripe
fruit without damaging the surrounding tissue (Cantu et al.,
2008a).

Botrytis and Colletotrichum Model
Due to lack of omics data and in-depth knowledge in the
stem-end-rot pathosystems, this review will focus on the
better understood Colletotrichum (anthracnose) representing

hemibiotrophic fungi and on Botrytis (graymold) as necrotrophic
fungi. These fungi are two of the most common post-harvest
fruit disease agents that are known to attack many economically
important fruits and present problems world-wide (Sutton,
1992; Cannon et al., 2000; Hyde et al., 2009). Colletotrichum
gloeosporioides causes the anthracnose disease to at least 470 host
genera (Sutton, 1980; Hyde et al., 2009) and Botrytis cinerea
causes the gray mold disease on over 200 species of fruit.
On unripe fruit, Colletotrichum conidia germinate and develop
appressoria which penetrate the fruit cuticle via an infection
peg. C. gloeosporioides enters the quiescent stage whereupon
two distinct structures develop: dendritic-like protrusions which
form within the fruit cuticle and swollen hyphae which colonize
the first epidermal cell layer but advance no further (Alkan et al.,
2015). When C. gloeosporioides germinates on the cuticle of ripe
fruit it germinates as on green fruit and goes through a short
biotrophic stage. Only this time it is much more rapid and the
quiescent structures immediately switch to necrotrophic growth.
This indicates that hemibiotrophic growth in C. gloeosporioides
is developmentally cued when encounter with fruit cuticle. On
the other hand, Botrytis spore germlings tend to penetrate
through small wounds or cracks in the epidermis or cuticle
of unripe fruit and remain confined within the lumen of the
wounds (Williamson et al., 2007; Cantu et al., 2008a). When the
hemibiotrophic C. gloeosporioides germinates on small wounds
of unripe fruits, its colonization skips the biotrophic-like stage
and it adopts the necrotrophic strategy, similarly to B. cinerea
(Alkan et al., 2015). Growth of either pathogen on wounds in
unripe fruit is limited for long periods, and upon ripening,
both pathogens become necrotrophic, degrade host tissues and
produce symptoms of disease (Prusky, 1996; Prusky et al.,
2013).

Unripe Fruit Tolerance and Changes
Occurring during Ripening
During fruit ripening, significant physiological shifts occur:
cell wall remodeling (Brummell et al., 1999; Huckelhoven,
2007), soluble sugar accumulation, decrease in the amount
of phytoanticipins and phytoalexins (Prusky, 1996); decline
of inducible host defense responses (Beno-Moualem and
Prusky, 2000); cuticle biosynthesis (Bargel and Neinhuis,
2005) and changes in the ambient host pH (Prusky et al.,
2013; Figure 2). Most of those changes are thought to be
governed by complex hormonal signals including ethylene,
ABA, jasmonic acid (JA), and salicylic acid (SA), which occur
during natural fruit ripening (Giovannoni, 2001; Seymour
et al., 2013). Interestingly, similar phytohormones are regulated
in the host in response to pathogens (Blanco-Ulate et al.,
2013; Alkan et al., 2015). In response to the changes in
the host, pathogens alter the enzymes and compounds they
produce which allow them to infect and break down or
macerate the fruit tissue (Blanco-Ulate et al., 2014; Agudelo-
Romero et al., 2015; Alkan et al., 2015). Signals for release
from quiescence probably occur during fruit ripening and
may include: disassembled cell wall substrates, alterations in
cuticle and other signals (Cantu et al., 2008a,b; Mengiste
et al., 2012; Figure 2). When the fungi are re-activated they
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FIGURE 2 | Changes in the fruit that occur during ripening and
senescence that regulate susceptibility. Morphological and biochemical
changes taking place during the transition from unripe and tolerant to ripe and
susceptible fruit. These changes could stimulate the release from quiescent/
latent or confined colonization to the aggressive colonization of the
necrotrophic fungi in ripe fruits.

induce rotting disease that impairs crop quantity, quality and
appearance. These aspects will be discussed in the following
sections.

HOST FACTORS MODULATING
POST-HARVEST FUNGAL
DEVELOPMENT

Recently, with the expansion of omics technique several
observations elaborated on the involvement of differential
response of ripe and unripe fruit to fungal pathogens (Blanco-
Ulate et al., 2014; Agudelo-Romero et al., 2015; Alkan et al.,
2015).

This review will describe both the changes occurring during
fruit ripening and the fruit response to post-harvest fungal
pathogens.

Phytohormones: Jasmonate-salicylate
Crosstalk and More
Phytohormones are well-known to affect fruit ripening (Burg
and Burg, 1965; Alexander and Grierson, 2002) and the
defense responses to pathogens (Alkan et al., 2012, 2015;
Blanco-Ulate et al., 2013; Agudelo-Romero et al., 2015).
Important signaling roles have been ascribed to classical defense
hormones SA, JA, abscisic acid (ABA), and ethylene (ET)
in molding plant–pathogen interactions (Fujita et al., 2006;
Spoel and Dong, 2008). Gibberellic acid (GA), auxin (IAA),
brassinosteroids (BRs), and cytokinines (CK) have recently been
emerged as important modulators of plant defenses against
microorganisms based mostly on vegetative tissues data and on
the lifestyle of the infecting pathogen (Robert-Seilaniantz et al.,
2011).

Jasmonate-salicylate Crosstalk
Salicylic acid and JA signaling pathways are generally considered
as antagonistic dependent on NPR1 and hormone concentration
(Spoel et al., 2007; Spoel and Dong, 2008; Pieterse et al., 2012).
This interplay between SA and JA was suggested to optimize
host-response to pathogen’s lifestyle (Glazebrook, 2005; Spoel
et al., 2007; Spoel and Dong, 2008; Pieterse et al., 2012). In
vegetative tissue it is commonly postulated that an effective
responses to biotrophic pathogens are typically mediated by
SA and programmed cell death (PCD; Glazebrook, 2005; Spoel
et al., 2007), and responses to necrotrophic pathogens, which
benefit from host cell death, involve JA and ethylene signaling
(Glazebrook, 2005; Spoel et al., 2007; Figures 3 and 4B).

During normal fruit ripening many phytohormones as
ethylene, IAA, ABA, GA, JA, and SA are regulated (Bari and
Jones, 2009; Symons et al., 2012; Zaharah et al., 2012; Seymour
et al., 2013; Figure 2), which complicate the effective fruit
response to pathogens. Indeed, in infections of grapes and tomato
fruit with Botrytis (Blanco-Ulate et al., 2013; Agudelo-Romero
et al., 2015) and tomato fruit infections with Colletotrichum
(Alkan et al., 2015) several stress hormone responsive pathways
including ethylene, ABA, JA, and SA were regulated. In fruit,
high levels of ET and ABA, which stimulate senescence/ripening
processes, may facilitate colonization by necrotrophs. The
balance between SA and JA responses seems to be crucial for fruit
resistance (Blanco-Ulate et al., 2013; Alkan et al., 2015).

During the biotrophic-like quiescence stage of
C. gloeosporioides the resistant unripe fruit mainly responded
through activation of JA, ethylene, and ABA (Alkan et al., 2015).
However, the ripe tomato is more susceptible to disease and the
fungi adopt a necrotrophic mode of host colonization. In the fruit
response to necrotrophic infections, SA biosynthetic, signaling
and response pathways were activated (Alkan et al., 2015;
Figure 3). SA signaling was shown to have an important role
in necrotrophic colonization stage of Colletotrichum on tomato
fruit by inducing cell death and likely as a means to suppress JA
mediated defense response (Alkan et al., 2012). The activation
of this pathway was dependent on NADPH oxidase activity
that was induced by ammonia secreted by the fungus (Alkan
et al., 2009). Indeed, JA application leads to increase tolerance
and SA application leads to PCD and increased susceptibility to
C. gloeosporioides at it necrotrophic stage (Alkan et al., 2012).
Similarly, ripe NahG tomato fruit mutant, lacking SA responses,
showed increased tolerance to C. gloeosporioides. In a reciprocal
manner, the Spr1 mutant, deficient in JA signaling, showed
increased susceptibility (Alkan et al., 2015).

The responses of tomato fruit to Botrytis involved several
stress hormone responsive pathways including ethylene, ABA,
JA, and SA in a complex manner that differ during infections
of ripe and unripe tomato fruit. In general, both grape and
tomato defense response to Botrytis were mainly mediated by JA
and ET (Blanco-Ulate et al., 2013; Agudelo-Romero et al., 2015;
Figure 3). Similarly, Arabidopsis leaves response to Botrytis was
mediatedmainly by JA and ET (AbuQamar et al., 2006). However,
in unripe tomato fruit the NahG gene showed susceptibility to
Botrytis (Blanco-Ulate et al., 2013). This result suggests that
SA has an important role in unripe fruit resistance to Botrytis.
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FIGURE 3 | Fungal pathogenicity and host response at different stages of fruit maturity. (A) Fungal pathogenicity factors during quiescent and during
aggressive necrotrophic stage. (B) Host response to fungal colonization in unripe and in ripe fruit.

In grapes of susceptible cultivar infected with B. cinerea, the
pathogen causes shutdown of defenses, which are regulated by SA
and are expressed during the normal ripening (Agudelo-Romero
et al., 2015). It remains to be established whether SA-mediated
defense system is inhibited or not in resistant cultivars.

In climacteric fruit ET and ABA stimulate ripening and may
affect the host defense response (Seymour et al., 2013). Thus,
resistance of sitiensmutants at ripe fruit stage to Botrytis andABA
elevation in response to Botrytis was correlated to susceptibility
(Blanco-Ulate et al., 2013). The ethylene and ABA elevation
seems to play a dual role, on the one hand it correlated with
JA and ethylene resistance response, and on the other hand it
induced ripening and increase susceptibility (Figure 4A). This
assumption will be further discussed below.

Not Only SA and JA Crosstalk
As discussed above, major responses to fungal pathogens
are mediated by ethylene, ABA, JA, and SA phytohormones
(Figure 3). Additional phytohormones and growth regulators
such as gibberellin, cytokinins, steroid, polyamines, and BRs were
reported to affect fruit response to fungal pathogens. For example
gibberellin-treated persimmon fruit had increased resistance of
to Alternaria alternata by delaying fruit maturation and reducing
cuticle cracks (Eshel et al., 2000; Biton et al., 2014). Gibberellin
seems to act also in an alternative way, the DELLA transcription
factors enable plants to respond to gibberellin; this mechanism
seems to maintain transient growth arrest and lead to plant
response to biotic and abiotic stress (Harberd et al., 2009). DELLA
transcription factors were shown to promote susceptibility to
biotrophs and resistance to necrotrophs in leaves (Navarro et al.,
2008).

Polyamines may have a role in response to post-harvest
pathogens. In fact, genes involved in polyamine biosynthesis are

up-regulated in Botrytis-grapes pathosystem (Geny et al., 2003;
Agudelo-Romero et al., 2015). Over-expression of ARGAH2 in
Arabidopsis leads to enhanced resistance to B. cinerea, thus
suggesting a role for the polyamine arginase in plant resistance
(Brauc et al., 2012). Furthermore, polyamines seem to be co-
regulated with ethylene biosynthesis and seem to co-work with
ABA (Bitrian et al., 2012).

Steroids such as β-sitosterol and stigmasterol have been
previously shown to be involved in plant–pathogen interactions
(Griebel and Zeier, 2010). Indeed, several genes involved
in steroid biosynthesis were also upregulated in grape and
tomato response to Botrytis (Blanco-Ulate et al., 2013; Agudelo-
Romero et al., 2015). Furthermore, BRs play a role in grape
ripening (Symons et al., 2006) and are known to change in
plants response pathogen infection (Krishna, 2003). BAK1,
known for BRs signaling, contributes to pathogen associated
molecular pattern-triggered immunity (PAMP) to necrotrophic
pathogens (Mengiste et al., 2012). Loss of BAK1 results in
increased susceptibility to the necrotrophic fungi (Kemmerling
et al., 2007). Several genes coding for BAK1 were down-
regulated in grapes infected with Botrytis at the onset of
ripening (Blanco-Ulate et al., 2013; Agudelo-Romero et al.,
2015). Application of BRs reduced Penicillium expansum decay
in jujube fruit and delayed fruit senescence (Zhu et al.,
2010).

Ethylene Dual Role in Ripening and Defense
Response
Ethylene is a key post-harvest hormone with a dual role. In
climacteric fruit ripening (Giovannoni, 2001; Seymour et al.,
2013), the presence of ethylene will lead to susceptibility,
however, ethylene could also acts as a defense hormone together
with JA (Spoel and Dong, 2008; Figure 4A).
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FIGURE 4 | Role of phytohormones, ROS, and pH in post-harvest
disease. (A) Ethylene and abscisic acid (ABA) activate fruit ripening and
susceptibility in fruit but also participate in the defense response to pathogens
together with JA. This interplay of hormonal signals can lead to increased
tolerance. (B) Fruit defense response to fungal pathogens is mediated by
phytohormones as salicylic acid (SA), jasmonic acid (JA), ABA, and ethylene.
Phytohormones cross-talk can determine fruit tolerance to biotrophic or
necrotrophic fungal pathogens. JA and ethylene are classically reported to be
involved in tolerance to necrotrophs and SA to biotrophs. (C) ROS is one of
the components that control fruit ripening and thus susceptibility. ROS also
participate in fruit defense response, depending on it relative concentration it
could lead to susceptive or tolerant response. (D) Fruit ripening, fruit defense
response and fungal elicitors modify the pH in the court of host-pathogen
interaction.

In tomato, a climacteric fruit, ethylene is known to
commence during the breaker stage of fruit ripening (Seymour
et al., 2013). Post-harvest fungal pathogen as B. cinerea and
C. gloeosporioides infections induce the ethylene biosynthesis
pathway, transcription factors as non-ripening (NOR), ripening-
inhibitor (RIN) and never-ripe (NR) and the ethylene-regulated
defense genes in both ripe and unripe tomato fruit (Blanco-
Ulate et al., 2013; Alkan et al., 2015). Therefore, they enhance the
ripening process and hasten the release from quiescence.

The increased susceptibility of ripe fruit to B. cinerea depends
on the ripening regulatorNOR, but not on RIN, and only partially
on the fruit’s perception of ethylene. The rin mutant fruits
and those treated with 1-MCP did not ripe but, nevertheless,
were susceptible to B. cinerea (Cantu et al., 2009; Blanco-Ulate
et al., 2013). The differential effect of NOR and RIN indicate the
existence of a specific susceptibility factor. Although nor and rin
act together in a cascade for ripening nor appears to have a more
global effect indicating that it operates upstream of rin (Osorio
et al., 2011). Inspection of the differential expression of genes in
these mutants may point to a source for susceptibility.

Applications of 1-MCP, an inhibitor of ethylene perception,
are widely used due to the beneficial effects in delaying fruit
senescence and prolonging storage (Watkins, 2006; Watkins and
Nock, 2008). Indeed, in apples (Saftner et al., 2003), peaches
(Liu et al., 2005), and plums (Menniti et al., 2004) 1-MCP
treatment reduced fungal pathogens rotting. However, in tomato
(Su and Gubler, 2012; Biswas et al., 2014), avocado (Woolf et al.,
2005), custard apple, mango, and papaya (Hofman et al., 2001),
citrus (Porat et al., 1999), apples (Janisiewicz et al., 2003) 1-
MCP promoted susceptibility to pathogens. It seems that 1-MCP
could affect citrus, strawberry, and tomato fruits susceptibility
in a concentration dependent manner. At low concentrations it
enhances tolerance, but reduces it at high concentrations (Ku
et al., 1999; Dou et al., 2005; Blanco-Ulate et al., 2013). Thus,
small amounts of endogenous ethylene may be necessary to
maintain basic levels of resistance to pathogens due to ethylene
involvement in regulation of plant defense genes (Marcos et al.,
2005).

These results support the conclusion that ethylene has dual
opposing roles: as a ripening hormone it promotes susceptibility
(Burg and Burg, 1965) and as a participant in hormone-activated
defense responses ethylene provide resistance (Glazebrook, 2005;
Spoel et al., 2007). Thus, the timing of ethylene release, perception
and the levels of ethylene are likely to be crucial for the outcomes
of resistance or susceptibility (Figure 4A).

ROS Role in Ripening and Defense
Response
Accumulation of reactive oxygen species (ROS) are the result of
the balance between ROS production and antioxidant activity.
The mitochondria chloroplast and peroxisome are all potential
sources for ROS production. ROS and particularly hydrogen
peroxide (H2O2) and singlet oxygen (1O2) contribute to fruit
ripening and senescence (Brennan and Frenkel, 1977; Lacan
and Baccou, 1998; Rogiers et al., 1998; Tian et al., 2013). In
grape and tomato, ROS, lipid peroxidation, and protein oxidation
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were increased at breaker stage (Figure 4C). In many fruits,
storage is associated with an increase in ROS, which results
either from increased ROS production or from a decrease
in antioxidative makeup (Hodges, 2003). Antioxidants inhibit
fruit ripening and senescence (Lester, 2003), while, high O2 or
application of H2O2 leads to increase ROS and senescence (Tian
et al., 2013). Oxidative damage of several mitochondrial proteins,
which involved in fruit senescence would result in impairment of
mitochondrial function and lead to fruit senescence (Tian et al.,
2013).

Many post-harvest fungi can modulate host ROS production.
Fungi secrete elicitors, toxins and antioxidants in order to modify
the plant ROS production (Aver’Yanov et al., 2012; Alkan et al.,
2013a). For example, oxalate secreted by Sclerotinia generates
reducing conditions and inhibited plant oxidative burst at pH 3–
4 (Cessna et al., 2000; Williams et al., 2011). In contrast, oxalic
acid also induced plant NADPH oxidase and ROS production
that correlated with a pH increase to 5–6, that later induced host
PCD (Kim et al., 2008). Another example is ammonia that is
secreted by Colletotrichum, which activated the tomato NADPH
oxidase, this resulted in oxidative burst leading to induction of
SA mediated defense response, host cell death and enhanced
necrotrophic colonization (Alkan et al., 2009, 2012). How these
small molecules manipulate the NADPH oxidase is unknown.

Plant ROS can be toxic, e.g., in photo-oxidative stress, but are
also known to play an important role in eliciting a wide range
of defense mechanisms (Baker and Orlandi, 1995; D’Autréaux
and Toledano, 2007; Figure 4C). One of the earliest plant
cellular responses following successful pathogen recognition is
the production of ROS, also called oxidative burst (Torres et al.,
2006). ROS also play a central role in redox-dependent defense
signaling and in creating toxic environments that induce cell
death (Dickman and Fluhr, 2013). In this regard, at the cellular
juncture of pathogenesis, NPR1, the master regulator of SA-
mediated defense, is actually reduced by thioredoxin, which
removes the effect of nitrosylation (Tada et al., 2008). Once
reduced, the NPR1 oligomer is disrupted and its monomers
enter the nucleus, and activate SA-mediated defense and PCD.
It should be noted that in a manner that is not fully understood
such signaling can take place even under conditions of cellular
oxidative stress.

Reactive oxygen species levels can regulate the host cells
fate. High ROS levels in plant cells results in a spreading
cell death, which provides nutrients to necrotrophic pathogens.
Intermediate concentration of ROS usually results in restricted
PCD, and low concentration of ROS can act as a signaling
molecule, including the activation of antioxidant enzymes usually
leading to host protection against necrotrophs (Dickman and
Fluhr, 2013). Mitochondria ROS was shown to be involved in
plant PCD in both biotic and abiotic stress responses (Dickman
and Fluhr, 2013; Tian et al., 2013). A recent report revealed
another ROS, singlet oxygen, which plays a major role in plant
response to both biotic and abiotic stress (Mor et al., 2014).
Signaling of ROS is important in both the ripening process
and defense response (Figure 4C). However, the exact roles of
ROS can appear counterintuitive and there is a need to better
understand their compartmentalization.

Cuticle and Fatty Acid Biosynthesis
Necrotrophic plant pathogens such as B. cinerea and
C. gloeosporioides, at the pathogenic stage, produce cutinases and
pectinolytic enzymes to penetrate plant cuticle and epidermal
cell wall. Cuticle and cuticular wax are known to regulate
fungal cutinase gene expression, leading to the release of cutin
monomers from the plant cuticle (Woloshuk and Kolattukudy,
1986). Cutin monomers induce typical PAMP-triggered
immunity (PTI) responses including medium alkalization,
ethylene production, ROS, and upregulation of defense-related
genes (Schweizer et al., 1996; Kauss et al., 1999). Furthermore,
treatments with cutin monomers or their production in vivo
enhances resistance to both biotrophic and necrotrophic fungi
(Mengiste et al., 2012). Arabidopsis plants expressing a fungal
cutinase or mutants with a defective cuticle, such as long-chain
acyl-CoA synthetase2 which is involved in cutin biosynthesis,
are surprisingly resistant to B. cinerea (Bessire et al., 2007;
Chassot et al., 2007). This may be due to faster perception and
response to fungal elicitors, easier diffusion of defense signals
and antifungal compounds to the infection site and faster
oxidative burst (Mengiste et al., 2012). Bdg and lacs2.3 mutants
impaired in cutin synthesis are known to display a high level
of resistance to B. cinerea produced ROS even in the absence
of wounding of the leaves (L’Haridon et al., 2011). Moreover,
aba2 and aba3 mutants together with bdg and lacs2.3 mutants
presented increased permeability of the cuticle and enhanced
ROS production. In fact, ABA was reported to play an essential
role in cuticular permeability, which may influence tomato
fruit resistance to B. cinerea and may lead to the termination of
quiescence (Curvers et al., 2010).

Cuticle related mutants that alter cuticle development and
composition were shown to modify plant defenses response
and resistance (Voisin et al., 2009). Therefore, the processes
of degradation of cuticle and cell wall may have an effect on
quiescence. Thus, cell wall and cuticle can constitute valuable
targets for improvement of early sensing of pathogen and
activation of immune responses accompanied with fruit quality
traits. Due to this reason the regulatory mechanisms involved
in cuticle deposition have been investigated (Hen-Avivi et al.,
2014). The first identified cuticle – associated transcription
factor was SHINE1/WAXINDUCER1 (SHN1/WIN; Aharoni
et al., 2004; Broun et al., 2004). Recently, it was shown that
silencing a tomato ortholog (SlSHN3) in the fruit resulted in a
dramatic reduction in cuticle formation (Shi et al., 2013). It was
suggested in this study that SlSHN3 regulates not only the genes
involved in cutin metabolism but also controls the expression
of regulatory genes associated with epidermal cell patterning
including tomato genes similar to GLABRA2 and MIXTA (Shi
et al., 2013). Recent data showed that SlMIXTA-like is a major
transcriptional regulator of cutin biosynthesis, likely acting
downstream of SlSHINE3. SlMIXTA-like not only promoted
conical-type epidermal cell development in tomato fruit but also
positively regulated cuticular lipids in particular cutin monomer
biosynthesis as well as cuticle assembly (Lashbrooke et al., 2015).
Tomato fruit silenced in either SlSHN3 or SlMIXTA-like had a
significant increase susceptibility to Colletotrichum (Shi et al.,
2013; Lashbrooke et al., 2015). In another study, leaves of
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SlSHN3 over-expressing plants were shown to be more resistant
to B. cinerea than wild-type leaves, highlighting the importance
of cuticle in plant–pathogen interactions (Buxdorf et al., 2014).

The thickness and composition of the cuticle has been
shown to influence infection of grape berries by B. cinerea
(Figure 2; Commenil et al., 1997). Hexacosanoic acid, an
important component of wax, is present in higher amounts in
Touriga Nacional berries than in Trincadeira berries (Agudelo-
Romero et al., 2013) and this may be involved in tolerance of
Touriga Nacional cultivar to B. cinerea. Recently, it was reported
that Trincadeira berries infected with B. cinerea accumulate
saturated long-chain fatty acids which are major constituents of
grape waxes accompanied with up-regulation of several acyl-CoA
synthetases and wax synthases (Agudelo-Romero et al., 2015). In
this study, significant changes were observed in the contents of
glycerol and fatty acids such as oleic acid. In addition, a gene
encoding a stearyl acyl carrier protein desaturase, which catalyzes
the desaturation of stearic acid to oleic acid, was up-regulated
in infected berries. It has been shown that a reduction in oleic
acid levels results in constitutive activation of the SA-dependent
pathway and repression of the JA-dependent pathway (Kachroo
and Kachroo, 2009; Kachroo and Robin, 2013). The results in
grapes supported these data, since increased oleic acid levels were
correlated with activation of JA biosynthesis and signaling in
infected berries (Agudelo-Romero et al., 2015). Thus, changes in
lipid composition likely represent fruit response to infection.

Interestingly, transcriptome analysis of C. gloeosporioides
and tomato fruit pathosystem revealed that during appressoria
formation and before fungal penetration the tomato fruit host
recognizes the fungus and activates fatty acid biosynthesis,
elongation, and synthesis of cutin and waxes (Alkan et al., 2015).
Specifically, genes involved in synthesis of very long chain fatty
acids that are components of cutin and waxes were up-regulated
namely 3-ketoacyl CoA synthase and CYP86A cytochrome p450.
Interestingly, tomato fruit mutated in CYP86 were much more
susceptive to Colletotrichum infection (Shi et al., 2013). These
genes were also up-regulated in grape berries infected with
B. cinerea along with a decrease in expression of genes involved
in glycerolipid catabolism (Agudelo-Romero et al., 2015). Both
pathosystems also reported the induction of β-oxidation fatty
acid degradation pathway (Agudelo-Romero et al., 2015; Alkan
et al., 2015). This would provide both reducing power and
carbon components for metabolism of very long chain fatty
acids or alternatively would provide more sugars that might
be metabolized by the fungus or serve as precursors of plant
secondary metabolites involved in defense. These observations
further emphasize the critical role of fatty acids, wax and cutin
during infection. This topic deserves further attention, since
pathogen and host lipids and lipid metabolites have a critical role
in the dynamics of pathogenesis and in plants defense.

Cell Wall Remodeling and Soluble Sugar
Accumulation
Cell walls are structurally complex network of polysaccharides,
including cellulose, hemicelluloses, and pectin (Cosgrove, 2005).
They serve as a physical barrier that limits pathogen access, but

are also involved in pathogen recognition and in the deployment
of plant responses to pathogens (Vorwerk et al., 2004; Cantu et al.,
2008a,b; Hématy et al., 2009). In order to break down the cell wall
barrier pathogens use mechanical force as appressoria (Deising
et al., 2000) or release cell wall degrading enzymes (CWDEs),
which serve as a pathogenicity factors (Walton, 1994). Also
post-harvest pathogens as Botrytis (vanKan et al., 1997; Blanco-
Ulate et al., 2014) and Colletotrichum (Alkan et al., 2013b, 2015)
produces CWDEs during pathogenic colonization of tomato
fruit. The degradation of the plant cell wall matrix by pathogens
may affect the proteins embedded in the cell wall and are likely
to activate PAMP-triggered immunity (van Loon et al., 2006;
Mengiste, 2012), which often leads to callose deposition at sites of
penetration, accumulate phenolic compounds and various toxins
in the cell wall and synthesize lignin-like polymers to reinforce
the wall (Huckelhoven, 2007).

During natural fleshy fruit ripening the fruit soften as a
result of fruit activation of CWDEs as polygalacturonase (PG),
pectin methylesterase, pectate lyase, β-galactosidase, cellulase,
and expansin (Brummell et al., 1999; Paniagua et al., 2014).
Phytohormones as ethylene, ABA, SA and JA, are known
to influence the expression of CWDEs which contribute to
fruit softening (Huckelhoven, 2007). Because, fruit CWDEs are
normally activated during ripening, it was commonly assumed
that fruit softening contributes to the transition to susceptibility
to pathogens (Figure 2; Paniagua et al., 2014). In tomato,
the suppression of softening-associated CWDEs, SlPG and
SlExp1, reduced susceptibility to B. cinerea infection during
ripening, indicating that PG and Exp support both softening
(Brummell et al., 1999, 2002; Kalamaki et al., 2003; Powell
et al., 2003) and susceptibility to B. cinerea (Cantu et al.,
2008a,b). Interestingly, B. cinerea infections induce SlPG and
SlExp1 expression (GonzalezBosch et al., 1996; Flors et al., 2007),
suggesting that Botrytis induces similar softening to the softening
that occurs during fruit ripening. Endo-β-1,4-glucanase (EGase)
is another CWDE that have a role in fruit softening. Tomato
fruit EGase antisense had enhanced callose deposition and was
more resistant against Botrytis infection (Flors et al., 2007).
Plants PG inhibiting proteins (PGIPs) reduce the pathogen pectin
degradation (De Lorenzo et al., 2001). PGIPs inhibit most of the
Botrytis PGs during pear pathogenesis (Sharrock and Labavitch,
1994). An over-expression of PGIPs enhances ripe tomato fruit
tolerance to Botrytis (Powell et al., 2000). To conclude, fruit cell
wall is a complex and dynamic barrier which changes during
ripening and its interaction with fungal pathogens plays a major
role in the defense response against pathogens.

pH Change during Fruit Ripening and
Fungal Colonization
The pH change plays an important role in three different
aspects of fruit-fungal interaction: (1) the pH change during
fruit ripening, (2) fungal-dependent pH modulation of the local
infection court, and (3) the local host pH modulation during the
activation of defense responses (Figure 4D). The combined pH
changes were suggested to trigger defense related processes as
ROS and activate cell wall hydrolases in the fruit.
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The ratio between sugar and pH are determinants of the fruit
taste. During fruit ripening total soluble sugars (TSSs) increase
and organic acid usually decreases leading to increase in pH. For
instance, the pH of avocado fruit increases from 5.2 to 6.0 during
ripening (Yakoby et al., 2000). However, in tomato fruit the
apoplastic pH decreases during ripening from 6.7 to 4.4 (Almeida
and Huber, 1999).

Also fungal pathogens alter their local pH by secretion of
ammonia or organic acids to optimize the environment to each
fungus enzymatic arsenal (reviewed in Alkan et al., 2013a).
Interestingly, fruit pH greatly affects fungal pathogenicity.
Acidified environment induce ammonia secretion in alkalizing
fungi as Colletotrichum and Alternaria (Eshel et al., 2002; Alkan
et al., 2008), while alkaline environment activate organic acid
secretion in acidifying fungi as Penicillium and Botrytis (Manteau
et al., 2003; Hadas et al., 2007). The pH dependent fungal
pathogenicity factors are controlled in filamentous fungi by Pal
signaling pathway which activates PACC transcription factor
(Penalva et al., 2008). PACC activates transcription of those
pathogenicity factors at alkaline pH and the AREB transcription
factor, which represses acidic expressed pathogenicity factors at
alkaline environment (Alkan et al., 2013b; Ment et al., 2015). In
this way, fungi adjust their ambient pH in order to optimize the
activity of their enzymatic arsenal.

Changes in apoplastic pH, could lead to oxidative burst
(Gao et al., 2004). For example, exposing bean cells to
alkaline condition resulted in oxidative burst (Wojtaszek
et al., 1995). Medium alkalization activate NADPH oxidase,
probably as a result of induced K+/H+ exchange, followed by
Ca2+ influx/Cl2 efflux (Simon-Plas et al., 1997; Nurnberger
and Scheel, 2001; Zhao et al., 2005). Transient extracellular
alkalization is an essential factor in induction of defense
response and PCD (Schaller and Oecking, 1999; Clarke et al.,
2005; Hano et al., 2008). In this connection, changes in
Arabidopsis thaliana roots external pH rapidly alter plant
gene expression and modulate host responses, similarly to
elicitors (Lager et al., 2010). Similarly, tomato fruit apoplastic
alkalization by Colletotrichum or application of ammonia lead
to activation of fruit NADPH oxidase, oxidative burst and
SA mediated defense response that ended with extended cell
death (Alkan et al., 2012). P. expansum secrets gluconic acid
and acidify its ambient pH in apples; this acidification was
correlated with oxidative burst (Hadas et al., 2007). Taken
together both pathogen and fruit modulate their ambient pH
in order to optimize respectively their attack and responses
(Figure 4D).

Preformed and Inducible Antifungal
Resistance
Plants contain preformed secondary metabolites of a defensive
nature such as phenolics, sulfur compounds, saponins,
cyanogenic glycosides, and glucosinolates. Phenolic compounds
play an important role in non-host resistance to fungi. They can
either be performed occurring constitutively in healthy plants
(phytoanticipins) or synthesized from precursors in response
to pathogen attack, being more restricted to the damaged tissue

(phytoalexins). Some antibiotic phenolics are stored in plant
cells as inactive bound forms but are readily converted into
biologically active antibiotics by plant glycosidases in response
to pathogen attack. Since these compounds do not involve de
novo transcription of gene products they are also considered
phytoanticipins (Lattanzio et al., 2006). Concentrations of
preformed phytoanticipins and inducible phytoalexins were
found to decline during fruit ripening (Figure 2) and this
occurred more rapidly in susceptible cultivars than in resistant
cultivars (Prusky, 1996; Lattanzio et al., 2001; Prusky et al.,
2013).

The grape berry cultivar Trincadeira is susceptible to B. cinerea
and downy mildew. It presents lower phenolics content than
the tolerant cultivars Touriga Nacional and Aragonês (Ali
et al., 2011). The green and veraison stages of Aragonês and
Touriga Nacional showed higher levels of quercetin glucoside,
catechin and hydroxycinnamic acid derivatives such as caftaric
acid and coutaric acid than the ripe grape berry (Ali et al.,
2011; Agudelo-Romero et al., 2013). A decrease in caffeic acid
was also detected in ripe berries of all the three varieties
(Agudelo-Romero et al., 2013). This decline may be related to
increased susceptibility of ripe fruits to pathogenic fungi. In
fact, caffeic acid presents antimicrobial activity (Widmer and
Laurent, 2006). Further, constitutive secondary metabolites of the
bitter orange Citrus aurantium are the flavanone-naringin and
the polymethoxyflavone-tangeretin, which showed antifungal
activity against Penicillium digitatum (Arcas et al., 2000).

Other widely reported preformed antifungal compounds are
the family of mono-, di-, and triene compounds in avocado;
the resorcinol derivates in mango; the tannins in banana peel
(Prusky, 1996) and tomatine in tomato fruits (Itkin et al., 2011).
These compounds were shown to decline dramatically during
fruit ripening, thus enabling development of penetrating mycelia
(Verhoeff, 1974; Prusky et al., 2013).

Inducible Phenylpropanoid Metabolism
Phytoalexins are generally induced after infection. They
accumulate rapidly in response to infection and reach high
antimicrobial levels in resistant plants, while there is either
lesser or slower accumulation in susceptible plants (Lattanzio
et al., 2006). When the accumulation of phytoalexins is either
increased or decreased by manipulation of the experimental
conditions such as post-harvest stress treatments, the plant
and fruit become either more resistant or more susceptible
(Lattanzio et al., 2006). Fawe et al. (1998) reported that
silicon is involved in the increased resistance of cucumber to
powdery mildew by enhancing the antifungal activity due to the
presence of metabolites such as flavonol aglycone rhamnetin
(3,5,3′,4′-tetrahydroxy-7-O-methoxyflavone).

Pathogens often remain quiescent in unripe fruits. During
ripening the concentrations of pathogen-induced and pre-
formed antifungal phenolics decrease to subtoxic levels
(Figure 2); this chemical decline occurs more rapidly in
susceptible cultivars than in resistant ones (Lattanzio et al.,
2006). The principal phenolics in the peach fruit include
chlorogenic acid, catechin, and epicatechin. The decline in
chlorogenic acid and other endogenous phenolics during fruit
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ripening correspond to the transition to susceptibility (Bostock
et al., 1999). In immature strawberry fruits with a high content
of proanthocyanidins B. cinerea remains quiescent. When the
inhibitory activity of proanthocyanidins in fruits decreases due to
maturation, the quiescent fungus can switch to the necrotrophic
stage and progress further into the fruit tissue (Jersch et al.,
1989). In addition, inducible antifungal compounds, such as
capsicannol in pepper, scoparone in citrus, resveratrol in grapes,
and others, have been reported to be activated in unripe fruits but
not always in ripe fruits (Prusky, 1996). These compounds were
hypothesized to be quiescence modulating factors.

The resistance of Vitis sp. to B. cinerea infection has been
shown to correlate with trans-resveratrol content (Gabler et al.,
2003). Touriga Nacional is not infected by B. cinerea under
normal field conditions; this cultivar presents higher content
in trans-resveratrol than the susceptible cultivar Trincadeira
(Agudelo-Romero et al., 2013). Recently, in-field infections of
Trincadeira cultivar with B. cinerea led to profound alterations
in secondary metabolism linked to stress response together
with a significant increase in trans-resveratrol. Indeed, several
genes involved in phytoalexin biosynthesis and coding for
stilbene synthase and resveratrol synthase were up-regulated
at pre-veraison in infected grapes (Agudelo-Romero et al.,
2015). Therefore, resveratrol was considered a potential positive
metabolic marker of B. cinerea infection at this stage. Other
identified positive markers of infection were gallic acid and
3,4-dihydroxybenzoic acid which present antifungal properties
(Lattanzio et al., 2006). In fact, plant benzoic acids and their
derivatives are common and widespread mediators of plant
responses to biotic and abiotic stress (Wildermuth, 2006). In
another work with grape, flavonoid compounds were only found
in botrytized berries of botrytized bunches at harvest stage (Hong
et al., 2012).

Trincadeira, a Botrytis-susceptible variety, is able to initiate to
some extent a basal defense reprogramming of the transcriptome
and metabolome that is unable to slow down disease progression
(Agudelo-Romero et al., 2015). This can be due to the fact
that the pathogen can shut down host defenses. For example,
sesquiterpenoid biosynthesis, as measured by genes involved in
their synthesis; namely beta-amyrin synthase and (-)-germacrene
D synthase, was down-regulated at the veraison stage. Oleanolic
acid, a triterpenoid, decreased in infected grapes at pre-
veraison and veraison stages. Unconjugated triterpenoids, such as
oleanolic acid, are often found in the epicuticular waxes of plants
serving as a first defense barrier against pathogens (Heinzen et al.,
1996). This result suggested that infection renders the fruit to be
more susceptible by down-regulating defense compounds.

Recently, it was showed through a combined analysis of
the transcriptomes of C. gloeosporioides and tomato fruit
pathosystem that during the quiescent stage, defense pathways

were up-regulated including the phenypropanoid pathway for
phytoalexin and lignin precursors such as cinnamic, cumarayl,
coniferyl, caffeoyl, shikimic, quinic, and sinapyl derivatives
(Alkan et al., 2015). The authors suggested that phytoalexin
biosynthesis and lignification comprise a major ongoing fruit
defense pathway employed by the fruit in response to the
persistent presence of quiescent fungi. Such host responses
may effectively restrain the pathogen. Indeed, the number
of infection sites emerging from quiescence appears to be
below the potential primary infection sites, indicating successful
containment of the infection. In this study, genes involved
in the synthesis of sesquiterpenoids (e.g., rishitin) were also
down-regulated together with the up-regulation of key steroid
glycoalkaloid (e.g., tomatine) transcripts. Previously, α-tomatine
was shown to inhibit Colletotrichum fungal growth and
germination (Itkin et al., 2011). Hence, transcript expression
suggests the occurrence of shifts from rishitin to α -tomatine
biosynthetic pathway as an effective response to this fungus.
All of those antifungal compounds decline in ripe fruits, which
may permit emergence of fungi from quiescence (Prusky,
1996).

CONCLUSION

During ripening, fruit undergo major changes such as activation
of ethylene synthesis and other phytohormones, pH change,
cuticular changes, cell-wall loosening and increase of soluble
sugars, decline of antifungal compounds (Figure 2), which release
the fungus from its quiescent state and promote a necrotrophic
and pathogenic life style. Knowledge on the molecular and
metabolic events responsible for the onset of necrotrophic stage,
occurring both in the host and in fungi, is important key in order
to develop strategies to enhance fruit defense and decrease of
fungal virulence that ultimately will result in increased quality of
fruits. This knowledge can be considered in breeding programs,
pre and post-harvest treatments or alternatively provide a
framework for biotechnological approaches.
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Light quantity and quality modulate grapevine development and influence berry
metabolic processes. Here we studied light as an information signal for developing
and ripening grape berries. A Vitis vinifera Sauvignon Blanc field experiment was
used to identify the impacts of UVB on core metabolic processes in the berries
under both high light (HL) and low light (LL) microclimates. The primary objective was
therefore to identify UVB-specific responses on berry processes and metabolites and
distinguish them from those responses elicited by variations in light incidence. Canopy
manipulation at the bunch zone via early leaf removal, combined with UVB-excluding
acrylic sheets installed over the bunch zones resulted in four bunch microclimates:
(1) HL (control); (2) LL (control); (3) HL with UVB attenuation and (4) LL with UVB
attenuation. Metabolite profiles of three berry developmental stages showed predictable
changes to known UV-responsive compound classes in a typical UV acclimation
(versus UV damage) response. Interestingly, the berries employed carotenoids and the
associated xanthophyll cycles to acclimate to UV exposure and the berry responses
differed between HL and LL conditions, particularly in the developmental stages where
berries are still photosynthetically active. The developmental stage of the berries
was an important factor to consider in interpreting the data. The green berries
responded to the different exposure and/or UVB attenuation signals with metabolites
that indicate that the berries actively managed its metabolism in relation to the exposure
levels, displaying metabolic plasticity in the photosynthesis-related metabolites. Core
processes such as photosynthesis, photo-inhibition and acclimation were maintained
by differentially modulating metabolites under the four treatments. Ripe berries also
responded metabolically to the light quality and quantity, but mostly formed compounds
(volatiles and polyphenols) that have direct antioxidant and/or “sunscreening” abilities.
The data presented for the green berries and those for the ripe berries conform to what
is known for UVB and/or light stress in young, active leaves and older, senescing tissues
respectively and provide scope for further evaluation of the sink/source status of fruits
in relation to photosignalling and/or stress management.
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INTRODUCTION

Plants not only use solar light to drive photosynthesis and energy
production, they also use it as a source of information about
their environment. New information regarding the impact of
the different spectral components of solar light (visible, UVA
and UVB) are emerging, causing paradigm shifts with regards
to the interpretation of existing and new results, the methods
of experimentation, as well as the development of hypothesis
and models to understand the intricate modulating effects versus
the stress responses evoked by light components (Hideg et al.,
2013). In the study of UV effects, it is now established that under
ecological/field conditions, plants rarely display the classical
UV damage phenotypes that have been established. Instead, a
more complex picture is emerging showing that low ecologically
relevant doses of UV are used by plants to acclimate and to
modulate core processes to remain productive and thriving
(Hideg et al., 2013; Li et al., 2013).

UVB (280–315 nm) is an intrinsic part of solar radiation
and is no longer considered a generic abiotic stress factor,
but has been demonstrated to be a specific modulator. This
is supported by the fact that UVB radiation is required for
photomorphogenic responses (including acclimation) and is
essential in the formation of the UVB photoreceptor, UVR8.
In the absence of UVB radiation, UVR8 occurs as an inactive
dimer (homo-dimers connected by salt bridges). UVB radiation
causes a rapid accumulation of the active monomeric form
of UVR8 in the nucleus, where the protein directly binds
chromatin via histones. UVB radiation neutralizes the salt bridges
(connecting the UVR8 homodimers) resulting in the release of
the active UVR8 monomers. The UVR8 monomers subsequently
conjugate with COP1, and this UVR8-COP1 conjugate activates
the transcription of HY5. HY5, a bZIP transcription factor,
subsequently regulates numerous light-responsive genes (>100
in Arabidopsis) involved in photomorphogenesis (Favory et al.,
2009). In the absence of UVB radiation, UVR8 monomer
dimerization is catalyzed by WD40-repeat proteins RUP1 and
RUP2 (in Arabidopsis thaliana). Photomorphogenic responses
to UVB radiation in leaves include reduced leaf expansion,
increased leaf thickness, accumulation of phenolic compounds
(predominantly flavonoids) and cuticular waxes (Tilbrook et al.,
2013). These responses are comprehensively described for a
number of plant species and specifically in photosynthetic organs
(predominantly leaves), but data from fruit acclimation suggest
that fruit in the early developmental stages, when chloroplasts
are still functionally photosynthesizing, react in much the
same way as leaves (via photo-protective mechanisms with
the purpose of maintaining photosynthesis) (Blanke and Lenz,
1989).

Grapes are fleshy fruits grown in temperate areas of the
world where a large proportion of similar cultivated varieties
are produced under vastly different environmental conditions.
The different climatic zones in viticultural production areas
have been extensively characterized, particularly considering
the potential impacts of climate change on berry metabolism
and consequent quality. The responses of field-grown plants
(including grapevine) to biotic and abiotic stress are complex.

Plants are typically exposed to multiple stresses and their
responses are dynamic and overlapping and are classified as
elastic (reversible) or plastic (irreversible) responses (reviewed
in Cramer et al., 2011). Changes in the environment necessitate
the alteration of the plant’s phenotype in order to adapt
to external environmental factors. This is referred to as
phenotypic plasticity and is deemed the foremost method
employed by plants to cope with environmental changes.
Vitis vinifera has been shown to display phenotypic plasticity
under these diverse conditions, particularly evidenced in berry
transcripts and metabolites (Dal Santo et al., 2013; Young et al.,
2016).

The limited research on grapevine berries and UV exposure
in natural settings have shown that cultivated varieties are
relatively well adapted to ambient UV exposure and typically
show acclimation and not UV stress responses. Similarly, studies
on other fruits and crops have revealed that acclimation responses
to natural UVB levels involve the production of UVB absorbing
flavonoids and phenolics. It has been shown that in some
instances these compounds can act as UVB screens directly (Kolb
et al., 2003), whereas in other occasions and/or locations, the
inherent antioxidant capacity of the same compounds rather
contributes to acclimation responses (Carbonell-Bejerano et al.,
2014). The current understanding of UV effects on grapevine
organs conforms to what is known for other species, i.e.,
with regards to the regulating aspects of UV stimuli, the
phenylpropanoid pathway has been strongly linked to UV
exposure. The observation that the attenuation of UVB reduces
the accumulation of UVB absorbing compounds is not unique
to grapevine and has been shown in a number of other fruits,
including: apple (Arakawa et al., 1985; Ubi et al., 2006), tomato
(Calvenzani et al., 2010) and blackcurrant (Huyskens-Keil et al.,
2012).

Several studies have focused on UV effects on grapevine
berries (Gregan et al., 2012; Gil et al., 2013; Carbonell-
Bejerano et al., 2014), with some reports on vegetative and/or
whole plant physiological performance (Pontin et al., 2010;
Martínez-Lüscher et al., 2013). It has been demonstrated
that the flavonoid biosynthetic pathway is transcriptionally
regulated by UVB radiation in the skin of berries (Downey
et al., 2004; Carbonell-Bejerano et al., 2014). Interestingly, a
recent study on Sauvignon Blanc berries under different light
and UV regimes lends support to the notion that in grapevine
berries the biosynthesis of flavonols are increased through
the classical low fluence UVB response pathway (Tian et al.,
2015). Moreover, in the ripe berry stages putative terpenoid
biosynthetic genes encoding for linalool and eucalyptol were
upregulated in V. vinifera L. cv. Tempranillo in response to
UVB radiation (Carbonell-Bejerano et al., 2014). Although
these studies have identified possible regulatory genes and stress
pathways that could be involved in UVB stress/acclimation,
significant gaps still exist in our understanding of the
mechanisms (and biological drivers) behind the observed
responses. Additional motivation exists to clarify the effects of
UV and general solar radiation on berry (and fruits in general)
composition, since it is accepted to impact berry and wine
quality.
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The hypothesis of this study was that under field conditions
high/low photosynthetically active radiation (PAR) and high/low
UV exposures contribute in different ways to the response
of berries to solar exposure. Our primarily objective was to
distinguish between UV and PAR-specific responses on berry
metabolites. To this end we evaluated Sauvignon Blanc berries
in a high-altitude (model/highly characterized) vineyard where
an experimental system to study berry metabolism under
low and high (PAR) light exposure in the bunch zones was
validated previously (Young et al., 2016). It was reported
that specific metabolites responded to increased solar exposure
[PAR + UV = High Light (HL)] in a metabolically plastic
pattern in a likely process of antioxidant homeostasis, involving
different metabolites depending on the developmental stage of
the berries and when compared to the low light (LL) control.
This characterized HL and LL experimental system provided an
excellent opportunity to evaluate the specific responses and/or
contribution of UV exposure to the metabolic responses. UV
exclusion sheets were used to attenuate UVB light exposure
(>99% reduction) on the berries under these two light regimes.
In the first two seasons of the study, we found a strong light (PAR)
and UV effect on specific berry carotenoid pigments, prompting
a comprehensive analysis of the carotenoids and their derivatives
(norisoprenoids) in subsequent seasons. Apart from two earlier
studies by Schultz et al. (1998) (reporting total carotenoids and
zeaxanthin in Riesling) and Steel and Keller (2000) (β-carotene
and lutein in Cabernet Sauvignon), the impact of UV exposure
on the photosynthetic pigments in berries is still relatively poorly
described (compared to e.g., polyphenolics in red cultivars).
Our results extend the current understanding of UV impacts in
grapevine fruits (and fruits in general) by showing that specific
carotenoids involved in photoprotection are responsive to levels
of solar radiation (exposure), but that the UVB component
in this light signal is required for the typical photo-protective
response linked to the violaxanthin cycle under HL, as well as
the accumulation of lutein epoxide under LL conditions. The
ripe berry stages in particular displayed the accumulation of
volatile compounds, but the profiles and levels depended on
the specific level of exposure and UVB presence/absence. The
results are discussed within the context of fruit metabolism in
reaction to light as a source of information to modulate core
processes.

MATERIALS AND METHODS

Vineyard Treatment, Experimental
Design, and Berry Sampling
A model Vitis vinifera L. cv. Sauvignon Blanc vineyard established
in a commercial vineyard situated in the Elgin area of South
Africa was used for the experiment. The vines were orientated
in a north-west, south-east row direction and trained on a
vertical shoot positioned (VSP) trellis system. Spur pruning to
two buds was employed during winter and diligent canopy
management occurred throughout the growing season. No water
constraints were noted due to the high moisture content of
the deep shale soils, as was confirmed by stem water potential

measurements in the same vineyard and reported in Young et al.
(2016).

The experimental plot included three rows from which 16
panels were selected. Two controls and two treatments were
applied randomly over the 16 panels with each control/treatment
being repeated four times. Each panel consisted of four
consecutive vines and represented a single biological repeat
(Supplementary Figure S1 shows a diagram of the plot layout
as well as images of the treatments).

Canopy manipulation via basal leaf and lateral shoot removal
in the bunch zone (30–40 cm above the cordon) resulted in an
altered exposure of the grape berries to light, thereby creating
two distinctive bunch microclimates (with reference to exposure).
This was done only on the East-facing side of the canopy,
namely the side which was exposed to sunlight in the morning.
A full characterization of the leaf removal treatment was recently
reported in Young et al. (2016) that delivered a validated exposed
versus a shaded bunch microclimate. UV light manipulation
was achieved by installing UV-excluding acrylic sheets (Perspex R©

South Africa) over the bunch zone. The following four scenarios
were therefore created in the vineyard: (1) complete leaf and
lateral shoot removal in the bunch zone (30–40 cm above
the cordon) on the morning side of the canopy (East side),
generating the High Light control (HLcontrol); (2) a similar
scenario to the first with the addition of a UVB excluding
acrylic sheet installed over the bunch zone, generating the High
Light-UVB (HL-UVB) treatment; (3) no leaf or lateral shoot
removal, constituting a fully shaded situation, generating the
Low Light control (LLcontrol); (4) and a similar scenario to
the third with the addition of a UVB excluding sheet over
the bunch zone, generating the Low Light-UVB (LL-UVB)
treatment.

Leaf and lateral removal as well as the installation of the
UV-excluding sheets were carried out when the berries reached
peppercorn size according to the Eichorn and Lorenz (EL)
system (EL 29) (Eichhorn and Lorenz, 1977). Sampling of the
berries occurred at pea-sized berries (EL31), véraison (EL35),
and ripe (corresponding to the harvest date; EL38) to yield
samples that covered the full growing and ripening season.
The stages corresponded to 26, 67, and 107 DAA (days after
anthesis) in the 2011/2012 season and 25, 66, and 96 DAA
in the 2014/2015 season. Berry sampling was carried out at
each of the phenological stages on a per panel basis and
therefore comprised of four biological repeats per treatment.
Each sample consisted of 48–50 berries. Representative bunches
on the exposed side (east-facing) of the canopy were selected
from which to sample. Care was taken to select only berries
from the exposed side of the selected bunches. Samples were
frozen immediately after being picked in the field using
liquid nitrogen and then transported to the laboratory. The
seeds were removed and the remaining tissue milled in
liquid nitrogen, after which they were stored at −80◦C until
analyzed.

The trial was conducted over multiple seasons (2011/2012;
2013/2014; 2014/2015), but metabolite profiling mainly occurred
in the first and last season and will be presented in the results
section.
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Climatic Measurements
Climatic monitoring (meso-and micro-) occurred in the vineyard
to quantify the main abiotic factors which could influence
grapevine growth and development in response to the treatments.
Various loggers and sensors were placed in the vineyard to
measure climatic variables.

Temperature was measured at the mesoclimatic level via
Tinytag R© loggers (TinyTag Plus 2 – TGP-4500., Gemini Data
Loggers (UK) Ltd., Chichester, United Kingdom) installed
above the canopy. Similar loggers were placed within the
canopy to measure temperature on a microclimatic scale. Bunch
temperatures were monitored using dual channel temperature
data loggers to which two thermistor flying lead probes were
attached (TinyTag Plus 2 – TGP-4520). These probes were
positioned within selected bunches from each of the controls
and treatments. With regard to light measurements, both solar
radiation (including PAR) and UV radiation were monitored.
Solar radiation sensors (Vantage Pro2TM solar radiation sensors
Davis Instruments, Hayward, CA, USA) were also installed inside
and outside the canopy. The outer unit measured the ambient
solar radiation while the internal sensors measured the solar
radiation which penetrated the canopy and reached the bunch
zone. A solar sensor was placed in the bunch zone of each of
the four light environments to determine the degree of light
penetration in each case. UV radiation was measured using
sensors (Apogee SU-100 UV sensors. Apogee Instruments Inc.,
Logan, UT, USA) which were positioned similarly to the solar
radiation sensors; one externally to measure ambient UV and one
placed in the bunch zone of each created light environment. The
solar and UV sensors were attached to two loggers (DataTaker
DT82E data logger, Thermo Fisher Scientific Australia Pty
Ltd, Melbourne, VIC, Australia) which recorded measurements
throughout berry development.

Analysis of Major Sugars and Organic
Acid Concentrations
The major sugars and organic acids of the berries were extracted
and analyzed using HPLC as described in Eyéghé-Bickong et al.
(2012).

Analysis of Photosynthetic Pigment
Concentrations
The carotenoids and chlorophylls of the berries were extracted
and analyzed using UPLC as described in Lashbrooke
et al. (2010) and Young et al. (2016) respectively. The de-
epoxidation state (DEPS) of the xanthophylls were calculated as
(zeaxanthin+ 0.5antheraxanthin)/(violaxanthin+ zeaxanthin+
antheraxanthin) as described in Thayer and Björkman (1990).

Analysis of Volatile Aroma Compounds
All authentic standards for volatile analysis were purchased
from Sigma Aldrich (Steinheim, Germany): 6-methyl-6-heptan-
2-one, trans-2-hexanol, 2-octenal, d-anisol, trans-2-heptanal,
geralnylacetone, eucalyptol, limonene, trans-linalool-oxide, cis-
linalool-oxide, linalool, 4-terpeneol, citronellol, nerol, geraniol,
β-damascenone, α-ionone, β-ionone and pseudo-ionone,

β-damascone and α-terpineol. Tartaric acid, ascorbic acid,
sodium chloride (NaCl), sodium azide (NaN3) and methanol
were also acquired from Sigma Aldrich. For extraction of
volatiles from grape berry tissue, approximately 1 g of ground,
frozen tissue was weighed into a 20 mL GC vial and 2 mL of
tartaric acid buffer (2 g.L−1 tartrate, 2.1 g.L−1 ascorbic acid
and 0.8 mg.L−1 L−1 sodium azide; pH 3) was added to each
vial. Volatiles were extracted by head space (HS) solid phase
microextraction (SPME) using a 50/30 µm divinylbenzene/
carboxen/polydimethylsiloxane (DVB/CAR/PDMS) fiber (2 cm
gray fiber from Supelco, Bellefonte, PA, USA) (Barros et al.,
2012). Prior to use, the fiber was conditioned at 270◦C for
60 min in the GC injection port according to the manufacturer’s
specifications.

The samples were equilibrated at 60◦C for 5 min in a
heating chamber (with constant agitation at 250 rpm). After
equilibration, the SPME fiber was inserted through the vial
septa and exposed to the sample at 60◦C for 30 min with
constant agitation at 250 rpm. The bound analytes were thermally
desorbed from the fiber in the GC injection port. After
desorption, the fiber was maintained for 20 min in the injection
port for cleaning in order to prevent potential carryover between
samples.

GC analysis was carried out on an Agilent 6890N gas
chromatograph (Agilent, Palo Alto, CA, USA) system coupled
to a CTC CombiPal Analytics auto-sampler and an Agilent
5975B inert XL EI/CI MSD mass spectrometer detector through
a transfer line. Analysis was done using a Zebron 7HG-G009-
11 capillary column (30 m × 250 µm ID, 0.25 µm). Desorption
of analytes from the SPME fiber was performed in the injection
port at 250◦C by pulsed splitless mode for 1 min. The purge
flow was 30 mL.min−1 (for 2 min). The column operating head
pressure was raised from 111 kPa to obtain a pulse pressure
of 300 kPa for 1 min. Helium was used as carrier gas with a
constant flow rate of 1 mL.min−1. The oven parameters were as
follows: initial temperature of 40◦C (2 min), a linear increase to
a final temperature of 240◦C (at a rate of 10◦C.min−1), and the
temperature was held at 240◦C for a final 2 min. The total run
time was 28 min. The transfer line temperature was maintained
at 250◦C. The MS detector was operated in scan and selected ion
monitoring (SIM) modes. The scan parameters were set ranging
from 35 to 350 m/z. The dwell time for each ion in a group
was set to 100 ms. The software used was MSD ChemStation
(G1701-90057, Agilent).

For quantification, external standard calibration was done
by plotting standard curves using the ratio of the peak area of
each authentic standard relative to that of the internal standard,
versus the standard concentration (see Supplementary Table S1
for calibration parameters). Volatiles in samples were identified
according to their elution times and masses compared to those
of the respective authentic standards and quantified using the
calibration parameters. Compounds without available authentic
standard were identified by matching their mass spectrum with
the Wiley 275 mass spectral library (Wiley, New York, NY,
USA) and quantified. The resulted concentrations in µg/L were
then divided by the berry fresh weight and multiplied by the
sample volume (2 mL) to obtain the content (in ng/g FW).
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The selected ions used for the integration of peak areas of the
respective compounds of interest, their retention time on the
Zebron column, and quantifier molecules are summarized in
Supplementary Table S2.

Analysis of Polyphenolics
Total polyphenolic acids were analyzed by HPLC on an Agilent
1200 at the Oxidative Stress Research Centre, Cape Peninsula
University of Technology, Bellville, South Africa.

Statistical Analysis
The resulting datasets were evaluated statistically, and were
subjected to multivariate data analyses to integrate the different
data layers. Microsoft Excel and Statistica (version 12) were
utilized for standard statistical analysis. The responses of the
various compounds to the individual treatments were tested
for significance using a pairwise t-test. Testing was conducted
on a “per developmental stage” basis. The contrasts examined
were separated into HL and LL comparisons, thereby allowing
for the examination of the effects of UV in a HL environment
[HLcontrol (HL + ambient UV) versus HL-UVB] as well as a
LL environment [LLcontrol (LL+ ambient UV) versus LL-UVB].
Analysis of variance (ANOVA) was conducted on those pairwise
contrasts with a p-value of <0.05. Linear models were fitted to
the contrasts showing significant variation in order to visualize
the actual concentrations of the relevant compounds during berry
development. Similar testing was conducted on the climate data
to identify the main treatment effect(s).

Furthermore, a repeated measures ANOVA was conducted on
the data in order to rank the significance of each compound
in response to the three main experimental factors (i.e.,
development, light exposure and UVB radiation) individually
and in combination. A repeated measures ANOVA was used to
test for potential cause-effect relationships between the measured
compounds and the main experimental factors. The results of
the ANOVA are reported as F-values. The higher the F-value is,
the lower the p-value, and the greater the significance will be.
Fisher LSD Post Hoc tests were used to confirm which compounds
reacted statistically significantly to the specified factors (adjusted
p-value, q-value).

Multivariate data analysis was conducted using SIMCA
(version 12.0.3.0 from MKS Data Analytics and Solutions).
The data was analyzed using orthogonal partial least squares –
discriminant analysis (OPLS-DA). These models are used to
relate the data matrix (X, the measured metabolites) to a specified
qualitative vector (Y, class, e.g., developmental stage, exposure
or UV). The use of supervised OPLS-DA models assisted in the
visualization of the complex datasets which consisted of multiple
variables and helped to identify putative correlations within the
dataset. The score plots are related to the individual observations
which are grouped into similar patterns. The corresponding
loading plots are used to relate the observed patterns in the OPLS-
DA to the measured variables. Coefficient plots are displayed here
in lieu of loading plots as they give an indication of direction. The
X-variables are scaled and centered and the regression coefficients
displayed are related to these values, thereby allowing for the
comparison between coefficients. The size of the coefficient

factor gives an indication of how strongly the Y-variable (i.e.,
development, light exposure or UVB radiation) is correlated to
each of the X-variables (i.e., metabolites) (BioPAT SIMCA user
manual).

RESULTS

Characterization of the Microclimates in
the Canopy and Bunch Zones
The characterization of the vineyard was performed according
to the field-omics approach as explained in Alexandersson et al.
(2014). Detailed monitoring was performed in the vineyard and
the climatic data are summarized in Table 1, indicating that
the targeted parameters for this study, namely solar radiation
(including PAR) and UVB exposure significantly differed in the
microclimates generated for this study (Figure 1; Supplementary
Figure S2). The specifications of the acrylic sheets used stated
that they would be able to block out 99% of UV light. This was
confirmed by measuring the UV radiation behind and in front
of the sheets. Further specification of these sheets can be seen in
Figure 1A, indicating that the UV-excluding sheets would block
UVB (280–315 nm) since it attenuated wavelengths between 280
and 350 nm. When evaluating the HL and LL environments
separately, ANOVA plots furthermore showed that the HLcontrol
and HL-UVB treatment (and similarly the LLcontrol and LL-
UVB treatment) had similar solar radiation exposure levels,
confirming that the UV-excluding sheets did not change the
solar radiation further (Figure 1B). The data confirmed that
the UV-excluding-sheets effectively attenuated UVB radiation
reaching the bunch zone (Figure 1C). The leaf removal and

TABLE 1 | A characterization of all the microclimatic climatic data
collected in the 2014/2015 season on the sampling days during the
sampling window (09h00 – 11h00).

HLcontrol HL-UVB LLcontrol LL-UVB

EL-31 Canopy temperature (◦C) 24.4a 23.4a 24.3a 24.2a

Bunch temperature (◦C) 25.2a 25.4a 24.1b 23.7b

Solar radiation (W/m2) 643.8a 707.8a 86.0b 86.8b

UV (W/m2) 6.5a 0.4b 0.7c 0.0d

Humidity (%) 57.1a 48.5b 59.1c 60.7c

EL-35 Canopy temperature (◦C) 23.4a 22.8a 23.6a 23.6a

Bunch temperature (◦C) 29.9a 29.8a 23.7b 23.0b

Solar radiation (W/m2) 998.7a 855.1a 201.3b 198.0b

UV (W/m2) 8.6a 0.6b 0.8c 0.0d

Humidity (%) 48.8a 39.0b 49.4a 53.0c

EL-38 Canopy temperature (◦C) 19.0a 18.5a 19.0a 19.0a

Bunch temperature (◦C) 21.1a 22.0a 18.6b 18.7b

Solar radiation (W/m2) 168.2a 156.7a 71.7b 68b

UV (W/m2) 12.8a 0.2b 1.0c 0.0d

Humidity (%) 71.9a 62.0b 68.6c 70.0a

The table shows the mean values calculated over the sampling window
per stage for each climatic variable and each individual light environment.
Different superscripted letters indicate significant differences between variables:
p-value < 0.001 a; 0.001 < p-value < 0.01b; 0.01 < p-value < 0.05c and
insignificant d.
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FIGURE 1 | A characterization of the light microclimates created by the four treatments in the 2014/2015 season (A). The electromagnetic spectrum
showing the wavelengths blocked by the acrylic sheets used in the experiment. (B) The mean(±SD), mean maximum(±SD) and mean minimum(±SD) bunch solar
radiation values (B) and bunch UV radiation values (C) calculated for each light environment over the sampling window (9h00-11h00) and their corresponding
ANOVA plots; different letters indicate significant difference (p ≤ 0.05).

increased exposure lead to differences in the bunch temperature
between the HL and LL microclimates, but the UV-excluding
sheets did not lead to additional differences in temperature within
the HL (i.e., HLcontrol versus HL-UVB) or LL microclimates
(Figure 2; Supplementary Figure S3). The canopy temperatures
were similar between all four the experimental scenarios.

Developmental and Treatment Impacts
on Berry Metabolites
The ripening parameters showed typical developmental curves
for grapevine berries (Supplementary Figure S4) with some
variation in the total acids between seasons and samples at the
earlier time-points.
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FIGURE 2 | A characterization of the temperature data collected in each microclimate in the 2014/2015 season. The mean(±SD) mean maximum(±SD)
and mean minimum(±SD) bunch (A) and canopy (B) temperatures measured on the sampling days during the sampling window (9h00 – 11h00) with the
corresponding ANOVA plots for both high light and low light environments are shown; different letters indicate significant difference (p ≤ 0.05).

When analyzing the berry metabolites from the first season
of study using a repeated measures ANOVA (Supplementary
Table S3), developmental stage had the strongest effect on
chlorophyll, carotenoid and xanthophyll pool sizes, and the
latter two pools were also significantly affected by both the
exposure of the berries, as well as UVB attenuation. These
results prompted a more in-depth analysis in a subsequent
season on the photosynthetically related pigments, as well as
volatile compounds in reaction to UVB attenuation. All the
metabolite data measured over the two seasons in the green,
véraison and ripe berries sampled from the four microclimates

(HLcontrol, HL-UVB, LLcontrol, and LL-UVB) are provided in
Supplementary Table S4.

Orthogonal partial least squares – discriminant analysis plots
using developmental stage (Supplementary Figure S5A) or light
exposure (Supplementary Figure S5B) as Y- variables, and the
corresponding coefficient plots of compounds that contributed
most to the models, highlighted metabolites that responded to the
two factors. Separation in the samples was observed according
to developmental stage with both primary and secondary
metabolites contributing, in varying degrees, to the observed
separation. Similarly, variation in light exposure also resulted in
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a clear separation between samples, confirming the influence of a
HL and LL environment on berry metabolism (Supplementary
Figure S5B). The metabolites mainly responsible for the
separation, the xanthophylls, were similar to those previously
reported by Young et al. (2016).

To better elucidate the subtle effects of UVB attenuation,
OPLS-DA plots were created for the early and late stages of
development separately. It was clear that different metabolites
contributed to the separation in the green (Supplementary
Figure S6A) versus ripe berries (Supplementary Figure S6B).
The corresponding coefficient plots of compounds that
contributed most to the models, highlighted specific xanthophylls
and volatile aroma compounds that responded to UVB
radiation/attenuation. The results of the OPLS-DA were further
statistically validated by multifactor analysis (repeated measures
ANOVA) in order to rank the significance of each compound
in response to the three main experimental factors (i.e.,
development, light exposure and UVB radiation) individually,
and in combination (Table 2). To simplify and visualize the
data according to the main focus of the study (“What is the
impact of UVB on berry metabolites and how is it different
from exposure?”); compounds that responded to the variation
in light exposure and/or UVB-attenuation were used to
create Venn diagrams per developmental stage (Figure 3).
Fisher LSD Post Hoc tests were used to identify statistically
significant changes. Interestingly, in the pre-ripening stages,
all compounds that responded to exposure, also responded
to UVB attenuation. These compounds therefore differed in
amplitude, and not in presence or absence. In the ripening stage,
however, compounds were identified that responded only to
UVB attenuation.

Specific Xanthophylls Responded to UVB
Attenuation in Predominantly the Green
Photosynthetically Active Berry Stages
During the early stages of development, the xanthophylls
zeaxanthin and lutein epoxide were identified as being the most
responsive to UVB attenuation. Interestingly, the responses to
UVB attenuation differed between the HL and LL environments.
The attenuation of UVB in the HL environment resulted in a
statistically significant decrease in zeaxanthin (Figure 4). This in
turn resulted in a smaller xanthophyll pool size (violaxanthin,
antheraxanthin, zeaxanthin) and a consequent lowered de-
epoxidation state (DEPS ratio) in those samples (Figure 4).
Although this was particularly obvious at the green berry stage,
the lower xanthophyll pool, and consequent lower DEPS ratio,
was consistently seen throughout berry development in the HL-
UVB microclimate, but decreasing with developmental stage
progression. Furthermore, the attenuation of UVB in the LL
environment also resulted in a decreased V + A + Z pool and
a lowered DEPS ratio in the green stage (Figure 4), although the
effect was less pronounced compared to HL.

A significant difference in the levels of lutein epoxide between
the LLcontrol and LL-UVB contrasts was also confirmed, clearly
showing that UVB exposure in LL conditions is involved in the
metabolism of lutein epoxide. Since lutein levels did not change,

the Lx:L ratio was consequently significantly affected in the green
developmental stage and to a lesser degree at the harvest stage
(Figure 4).

In the Ripe Berry Stages Specific
Volatiles Responded to UVB Attenuation
UVB attenuation was shown to affect specific volatile compounds
in the ripe developmental stage (EL-38). These included
monoterpenes, carotenoid-derived norisoprenoids and certain
C6 compounds. In the HL environment, certain monoterpenes
and norisoprenoids were decreased by UVB attenuation, leading
to larger monoterpene and norisoprenoid pools in the HL
control samples (Figure 5) and confirming that UVB exposure
stimulates volatile organic compounds (VOCs) in exposed
berries. Under LL conditions, however, both the monoterpene
and norisporenoids pools were decreased relative to the HL
microclimate and UVB attenuation resulted in no further
statistically significant differences between the LLcontrol and
LL-UVB microclimates.

Interestingly, under LL conditions, different VOC profiles
as well as contents of individual volatile compounds were
observed when comparing the LLcontrol with the UVB
attenuated microclimate (LL-UVB) in ripe berry samples.
Certain straight chain aldehydes and ketones (e.g., 1-octen-3-
one, 2-heptanal and trans-2,4-heptadienal), decreased with UVB
attenuation. Conversely, a significantly higher concentration of
C6 compounds, including trans-2-hexenal and N-hexanal were
observed when UVB was attenuated in the LL environment. This
is the opposite of the scenario in HL, where the HLcontrol had
more total C6 compounds than the HL-UVB (Figure 5).

Furthermore, to control for well-known metabolite responses
to UV, samples were also analyzed for polyphenols. As expected,
total polyphenolics, and specifically the flavonol quercetin-
glucoside, was significantly reduced with UVB attenuation in
the HL microclimate, most notably in the early developmental
stages (Figure 6A), although this pattern followed through to
harvest (Figure 6B). No statistical significances were seen in the
LL microclimate (LLcontrol versus LL-UVB) in either the early
or late developmental stages.

DISCUSSION

A number of studies have shown that increased exposure
(including UV) of grape berries, leads to the increased
accumulation of polyphenolic compounds (Tardaguila et al.,
2010; Diago et al., 2012; Song et al., 2015), as well as changes
to varietal aroma compounds (Bureau et al., 2000; Zhang
et al., 2014; Song et al., 2015). The increase in phenolic
compounds, including anthocyanins, proanthocyanidins and
flavonols, have been attributed to the increased expression of
a number genes involved in their biosynthesis as a way to
adapt to HL environments (Matus et al., 2009; Azuma et al.,
2012). Carbonell-Bejerano et al. (2014) demonstrated that UV
radiation upregulated a number of genes encoding transcription
factors (e.g., MYBs and bHLH) that in turn activated flavonol
biosynthetic genes [putative lyases, chalcone synthases, flavonol
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TABLE 2 | An analysis of the photosynthetic pigments and volatile aroma compounds (2014/2015 season).

Development Exposure UVB-
attenuation

Exposure ×

Development
UVB-

attenuation ×

Development

UVB-
attenuation ×

Exposure

UVB-attenuation ×

Exposure ×

Development

Photosynthetic pigments

Total carotenoids 6969.66 108.26 0.11 143.63 2.91 1.64 3.76

Neoxanthin 5290.28 5.56 3.44 34.75 0.60 4.81 5.45

β-Carotene + Lutein 4964.43 40.05 1.75 92.44 6.79 3.21 3.94

Chlorophyll β 4874.49 4.88 2.56 29.28 9.93 1.57 1.00

β-carotene 3946.08 39.94 2.88 56.21 4.89 3.64 3.90

Total xanthophylls 3532.44 207.91 24.29 143.68 1.79 0.79 0.07

Total chlorophylls 2844.18 7.81 1.03 24.82 3.92 0.65 0.35

Lutein 2407.50 18.29 0.00 110.95 4.99 0.86 0.40

Chlorophyll a 2203.64 8.62 0.63 22.16 2.49 0.41 0.21

Lutein epoxide 2019.62 163.13 29.35 131.01 4.88 24.76 40.76

Violaxanthin 1815.88 0.85 0.48 40.42 11.49 0.03 0.89

Carotene:Chlorophyll 1156.30 3.84 0.91 3.94 0.23 0.11 3.50

β-carotene + Lutein:Total Carotenoids 733.40 98.97 3.85 60.23 2.87 4.69 1.83

Lx:L (ratio) 584.61 86.36 47.86 138.58 3.61 0.30 30.05

DEPS (ratio) 281.07 592.13 13.11 64.35 8.32 1.94 0.03

V + A + Z 161.48 250.02 22.85 72.91 7.14 17.08 4.92

Antheraxanthin 125.00 261.87 3.13 140.63 2.35 13.86 4.57

Chlorophyll a:Chlorophyll b 114.44 54.70 2.90 11.46 0.11 12.99 7.32

Zeaxanthin 33.04 195.24 19.86 44.25 7.05 13.36 4.07

Volatile compounds

β-Damascenone 1195.01 44.39 0.35 12.22 0.14 0.35 0.14

4-Terpineol 475.91 25.92 0.13 23.18 0.69 0.12 0.69

Mono-terpenes 438.47 37.45 0.05 7.69 1.37 0.03 1.28

α-terpinene 391.26 38.33 0.45 25.32 1.80 0.46 1.81

Geranylacetone 314.23 0.98 4.29 29.85 0.88 3.82 1.10

Cineol 299.63 0.03 0.39 0.03 0.39 0.39 0.39

Hotrienol 257.80 211.77 19.15 91.96 4.49 5.82 1.85

Norisoprenoids 238.93 1.49 6.26 33.02 3.97 2.79 1.03

Alcohols 234.48 207.44 15.19 89.72 4.21 3.43 2.79

Limonene 211.48 189.98 2.07 12.80 11.16 2.07 11.16

α-Terpinolene 205.19 66.92 0.08 23.89 1.22 0.05 1.23

Linalool 167.91 115.64 17.71 104.16 22.44 18.61 21.66

Sabinene 153.27 21.32 1.30 13.05 0.40 0.00 2.90

Gama-Terpinene 143.93 29.53 0.57 12.20 1.54 0.77 1.35

6-Methyl-6-heptan-2-one 84.04 0.00 10.61 71.19 14.54 0.29 14.25

α-Terpineol 62.55 104.88 6.36 23.13 3.13 6.36 3.13

1-Octen-3-one 60.04 36.70 25.00 2.26 14.63 28.84 35.30

Trans-2,4-Heptadienal 41.84 8.88 1.39 5.92 2.25 9.62 2.79

Geraniol 39.74 27.02 18.35 23.64 15.30 18.35 15.30

N-Hexanal 26.38 0.82 0.15 13.22 0.07 5.32 18.58

β-Cyclocitral 24.35 20.41 11.05 9.22 15.94 11.05 15.94

2-Octenal 23.74 90.77 20.74 15.30 8.02 11.14 26.33

Nonenal 22.77 2.68 2.73 2.99 0.46 0.74 6.33

2-Hexanal 16.86 1.07 6.97 1.71 3.05 0.65 2.22

Carbonyl compounds 14.49 0.00 1.69 0.83 1.03 0.04 4.66

Trans-2-Hexanal 12.63 0.03 2.17 0.74 0.98 0.36 3.63

Octanal 11.01 32.36 0.92 9.34 3.41 3.59 6.96

3-Hexanol 10.25 2.27 0.51 0.87 2.40 25.24 4.13

β-ionone 9.06 2.14 0.08 1.59 2.66 0.08 2.66

2-Heptanal 5.39 90.95 11.79 21.84 5.33 9.84 23.08

The repeated measures ANOVA results for the listed parameters and individual compounds are reported as F-values. Values are scaled from highest (i.e., most significant)
to lowest by color. Green indicates low F-values, while red indicates high F-values values. All insignificant values (F ≤ 3) are colored in gray. Maximum�; 50%�; minimum
�; insignificant �.
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FIGURE 3 | A Venn diagram showing the compounds which responded
to light exposure (green circle), UVB attenuation (blue circle) and both
(intercept) in the early (A), véraison (B), and late (C) developmental
stages. Compounds were selected based on significance in a repeated
measures ANOVA and Fisher LSD Post Hoc tests (adjusted p-value, q-value
≤0.05). All metabolites presented have a q-value ≤0.05. Metabolites with a
log2-fold-change of ≥0.5 are indicated by a “HL” for the high light- or “LL” for
the low light microclimate.

synthases (FLS) and flavonol glycosyltransferases] in grape
berries. FLS is a dedicated enzyme involved in flavonol
biosynthesis (e.g., quercetin) and its transcriptional response
to light has been demonstrated in Shiraz (Downey et al.,
2004).

In this study the characterization of the microclimates
confirmed exposure and UVB attenuation as the main treatment
effect in both the HL and LL environments. Marked increases

in quercetin-glucoside contributed to a higher content of total
polyphenolics in ripe berries in the HLcontrol (compared to HL-
UVB), but not in the LL microclimate (Figure 6). The study
illustrates that grapevine berries utilize polyphenolics as well as
photosynthesis-related pigments in acclimation responses. These
responses are differentially affected by UVB attenuation under
HL and LL conditions in the different berry developmental
stages. Since the carotenoid pigments are substrates for the
formation of volatile aroma compounds (norisoprenoids) as
ripening progresses, these volatile berry metabolites were also
followed.

Grapevine Berries Displayed Metabolic
Plasticity in their Response to
Attenuated UVB and the Response Was
Influenced by the Developmental Stage
of the Berries
In the green berry stage (EL-31) the xanthophylls reacted
to the variations in UVB. This modulation of xanthophylls
in the photosynthetically active green berries indicated that
within the field setting, acclimation to light stress occurred
in the early developmental stages. The data showed that the
violaxanthin- and the lutein epoxide cycles were functional
in the photosynthetically active berries in the HL and LL
microclimates. The amplitudes of the cycles were, however,
responsive to solar radiation and UVB. Although these cycles
appear to be functional in the photosynthetically active green
berries, and are typically regarded as photo-protective measures,
the major carotenoids and chlorophylls were not significantly
affected (log2-fold change ≤0.5) in either microclimate
(HL or LL). This implies that the stress perceived by the
photosynthetically active berries in the early developmental
stages was mitigated by, for e.g., photoprotective mechanisms
(e.g., non-photochemical quenching via the violaxanthin cycle)
and photosynthesis was apparently unaffected (i.e., no evidence
of photoinhibition and/or photodamage based on the core
photosynthetic pigments). In the absence of UVB radiation,
the berries required less zeaxanthin in HL microclimates, and
conversely, less lutein epoxide in LL microclimates, to cope
with the perceived stress and maintain active photosynthesis.
The attenuation of UVB, however, potentially renders the
plants more susceptible to damage as they are less acclimated
than those plants exposed to UVB, especially in the LL
microclimate. From numerous studies on photosynthetic
organisms/tissues, it is known that the xanthophylls respond to
light by way of the violaxanthin and/or lutein epoxide cycles
(Demmig-Adams and Adams, 1996; García-Plazaola et al.,
2007).

The photosynthetic efficiency of plants depends on their
ability to adapt to natural daily variations in photon flux
density. It is important that the photosynthetic plant tissues are
able to absorb solar light and transfer the resulting energy to
the relevant reaction centers under any light conditions. The
light environment within a canopy is not fixed, but fluctuates
in occurrence with the creation of gaps in the canopy or
climatic changes (e.g., cloud cover). The alterations in the
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FIGURE 4 | The violaxanthin (A) and lutein epoxide (B) cycles with the ANOVA results for their associated xanthophylls in the green developmental
stage (EL-31). Different letters indicate significant difference (p ≤ 0.05). The mean plots of the associated xanthophyll pool (V + A + Z), DEPS ratio and lutein
epoxide:lutein ratio for both high- and low light environments over all developmental stages (C).

light environment may be transitory (e.g., sunflecks), or more
permanent (e.g., leaf removal). In response to the variations
in light exposure, plants have developed several morphological,
physiological and biochemical mechanisms to optimize the
light harvesting process as well as to protect the photosystems
and maintain optimal functioning (Walters and Horton, 1994;
Demmig-Adams and Adams, 2006; Johnson et al., 2007; García-
Plazaola et al., 2007; Vogelmann and Gorton, 2014). It is evident
that berries have maintained this photoprotective ability and
respond to stress in the same way as photosynthetically active
leaves.

In the HL microclimate, UVB-exposure lead to increased
production of berry volatiles (predominantly monoterpenes
including geraniol, linalool and limonene with a log2-fold
change >1) in the later stages of berry development (from

véraison onward). Similar results were seen in Malbec berries
in that increased UVB exposure resulted in an increase in
monoterpene emissions at the pre-harvest developmental stage.
These results were interpreted to suggest that monoterpenes were
involved in protection from UVB radiation (Gil et al., 2013).
The antioxidant potential of terpenes (isoprene, monoterpenes,
sesquiterpenes and tetraterpenes such as carotenoids) is well
documented (Loreto and Velikova, 2001; Loreto et al., 2004)
and it is possible that this is one of their biological functions
in older (sink) tissues (such as ripe berries and/or senescing
tissues).

A similar result was seen in the norisoprenoids in the
HL environment with the most responsive of them being
β-cyclocitral. In a LL environment, MHO was seen to react
in a similar way in that it was significantly reduced by
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FIGURE 5 | Analysis of variance (ANOVA) plots for selected volatile compounds, including monoterpenes, norisoprenoids and C6 compounds
measured at the late developmental stage (EL-38). The results for both high light and low light environments are represented. Different letters indicate significant
difference (p ≤ 0.05).

the attenuation of UVB. Norisoprenoids are formed via the
degradation of carotenoids and the higher carotenoid content
in HLcontrol berries may have directly resulted in the increased
levels of norisoprenoids. Additionally, the derivatives of certain
carotenoids are known to perform signaling functions in
plants. Ramel et al. (2012) reported the rapid accumulation
of β-cyclocitral upon exposure of Arabidopsis plants and the
consequent reprogramming of gene expression to increase
the capacity for photooxidative stress tolerance. The results
of that study indicated that β-cyclocitral may serve as a
signaling compound in plants which leads to the activation
of oxidative stress defense mechanisms. Volatile carotenoid
derivatives may therefore serve as sensing and signaling
compounds when plants are subjected to stress as a way
to mitigate potential damage. VOCs have been shown to
increase in response to certain abiotic stresses (Possell and
Loreto, 2013). It is speculated that volatile terpenes (e.g.,
monoterpenes) play important roles in the protection of plants
from environmental stress (Loreto and Schnitzler, 2010; Carvalho
et al., 2015). Although the exact mechanism is still unclear,
the consistency of these links with stress warrants further
investigation.

The higher C6-compounds levels (e.g., n-hexanal, trans-
2-hexanal) in the HLcontrol berries (versus the HL-UVB
berries), indicates a role for UVB in the regulation and/or
metabolism of these compounds. Leaf removal is typically used

in viticulture as a canopy management strategy to reduce
the “green/vegetal” character of especially red cultivars (e.g.,
Cabernet Sauvignon). This green character is typically associated
with pyrazines (predominantly methoxypyrazines), but can
also be attributed to certain C6-compounds (e.g., hexanal)
and some monoterpenes (e.g., eucalyptol) (Allen et al., 1991;
Fariña et al., 2005; Lund et al., 2009). C6-compounds are
produced via the lipoxygenase-hydroperoxide lyase (LOX-HPL)
pathways and are developmentally regulated and known to be
released during maceration or damage. Here we show that
the UVB component of light contributes to the release of C6
compounds implicating UV in the regulation the LOX-HPL
pathway and consequently the metabolism of polyunsaturated
fatty acids (PUFAs). Interestingly, in the LL environment
in the later developmental stages, the LLcontrol berries had
significantly lower levels of the C6-compounds relative to the
LL-UVB.

Attenuation of UVB in the LL environment decreased the
levels of a number of straight chain aldehydes (e.g., 2-heptanal
and trans-2,4-heptadienal) and a ketone (1-octen-3-one). These
compounds therefore reacted similarly to the C6 compounds
in the HL environment, and again implicating UVB in the
metabolism of PUFAs. It is clear that the level of light exposure
will determine which substrates are metabolized and/or which
compounds are formed in berries, displaying considerable
plasticity in these responses.
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FIGURE 6 | The ANOVA plots for quercetin-glucoside, total flavonols and total polyphenolics measured at the early (EL-31) (A) and late
developmental stage (EL-38) (B). The results for both high light and low light environments are represented. Quercetin-glucoside is expressed in µg/g
fresh weight. The pooled compounds are expressed relative to quercetin-glucoside (µg/g fresh weight). Different letters indicate significant differences
(p ≤ 0.05).

Control Processes Over
Non-photochemical Quenching,
Photodamage and Photorepair Are
Activated as Part of the Acclimation
Responses and UVB Plays a Key Role
The increase in epoxidation state of the xanthophylls (as
determined by the DEPS ratio) in the HL berries is due to higher
zeaxanthin levels (versus violaxanthin) in the xanthophyll pool,
and is indicative of a photosynthetic system that is utilizing
non-photochemical quenching via zeaxanthin in the violaxanthin
cycle. The response in the absence of UV (HL-UVB berries)
is less than the HLcontrol, even though the incident PAR
and bunch temperature are not significantly different. UVB
exposure affects the amplitude of the violaxanthin cycle response
(DEPS ratio due to different zeaxanthin levels). UVB radiation
is known to affect the translation of psbA (D1 protein) in the
photodamage/photorepair cycle, it is likely that in the absence
of UVB (as in the HL-UVB), the photosystems recover quicker
(via photorepair of photodamage) than in the presence of UVB
radiation (as in the HLcontrol), and/or that the actual level of
saturating conditions for photosynthesis are lower in the presence
of UVB radiation and HL. These results provide a hypothesis
for subsequent studies on UV effects on fruit physiology and

metabolism and are supported by literature from a number of
fruits (Arakawa et al., 1985; Ubi et al., 2006; Calvenzani et al.,
2010; Huyskens-Keil et al., 2012).

Additionally the lutein epoxide cycle is lower in the UVB
attenuated LL treatments (LL-UVB). Lutein epoxide is formed
in shade (deep/long term shade) and functions to protect the
photosynthetic apparatus from sudden localized HL exposures
(e.g., sunflecks). Although the PAR in the LLcontrol and the
LL-UVB were similar (low but differing only in the incident
UVB), the lutein epoxide cycle is less active in the absence
of UVB (LL-UVB). It appears as if it is the UVB component
of solar radiation that is required for the formation of lutein
epoxide (and by extension the functioning of the lutein epoxide
cycle in LL microclimate). It is evident that both cycles are
required and simultaneously functional in photosynthetically
active berries (albeit to varying degrees) to potentially cope with
the continuously varying light conditions in the microclimate:
zeaxanthin in HL and lutein epoxide in LL, with UVB affecting
the absolute amounts present in photosynthetically active berries.

These responses to varying light conditions are well known
and well described in photosynthetic research on photosynthetic
organs (predominantly leaves); but the reports for the response
of fruit to UVB exposure appears to be limited to the
formation of metabolites with antioxidant or “sunscreen” activity
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FIGURE 7 | A comprehensive model summarizing the results of the study. In each light environment (HL and LL) both early and late developmental stages are
represented as well as the attenuation of UVB. The colored triangles indicate those compounds which reacted to UVB attenuation in each case, indicating the
presence of an acclimation response in the berries. Each of the compound groups perform a specific function in the berry tissue and contribute to the acclimation of
the berry via various physiological processes. These processes differ depending on the tissue type and are therefore associated with the developmental stage of the
berry.

(polyphenolics, anthocyanins, flavonols, etc.). Increased exposure
of the grape berries has been shown to result in the increase
of polyphenolics and certain aromatic compounds in the berry
tissues (Bureau et al., 2000; Tardaguila et al., 2010; Diago
et al., 2012; Gil et al., 2013; Zhang et al., 2014; Song et al.,
2015). It is tempting to speculate that the formation of these
latter compounds represent molecular fingerprints of long term
acclimation responses of early stage (i.e., photosynthetically
active) fruits attempts at protecting photosynthesis distally (by
reflecting incident radiation in predominantly the exposed skins
and/or via general antioxidants to mitigate the damage of reactive
oxygen species). The carotenoids (specifically the xanthophylls:
zeaxanthin, antheraxanthin and lutein epoxide), however, are
intrinsically linked to photosynthesis and are therefore probably
the more direct/local response to saturating light conditions
on the photosynthetic process (as on-site antioxidants or
by direct non-photochemical quenching of reactive oxygen
species). It could be that it is the failure of carotenoids and

other lipophilic antioxidants present in the photosynthetic
membranes (of green berries), to mitigate stress that trigger
the long(er) term responses involving acclimation and other
photomorphogenic responses to deal with the consequence of
continued photodamage (e.g., structural changes to the skin
composition and the accumulation of polyphenolics in the
skin).

The metabolic outcomes of these acclimation responses and
the level of stress perceived in the different microclimates
clearly impacts berry composition. It has been confirmed that
in both leaves (Joshi et al., 2013; Juvany et al., 2013) and
berries (Carbonell-Bejerano et al., 2014; Liu et al., 2015) young
photosynthetically active tissues respond differently to increased
exposure compared to older tissue (old, senescing leaves or
ripe berries). Figure 7 proposes an overview model of the
respective responses and highlights the importance of the
developmental stage (early or late) as well as the microclimate
(HL or LL) on the metabolites that are differentially produced
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and proposed to play a role in the acclimation responses. The
data presented supports the hypothesis that plants in shade are
less acclimated and consequently more susceptible (on e.g., a
clear day) than the exposed (HL) more acclimated counterparts
(typically displaying higher flavonols, higher photo-protective
xanthophylls, and/or antioxidant volatiles, depending on the
developmental stage). In the absence of UVB, less acclimation has
potentially occurred in the LL-UVB and the plants will be more
susceptible (to e.g., sunflecks) than the more acclimated HL-UVB
counterparts. Here we show that these general plant responses are
active in grapevine berries with developmental stages displaying
distinctive responses.
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FIGURE S1 | The experimental layout of the treatments within the plot (A)
and the four light environments created by leaf removal and UVB
attenuation (B).

FIGURE S2 | The mean hourly seasonal (from berry set to harvest) solar
radiation and UV radiation data (mean ± 95% confidence interval) for each
light environment measured in the 2014/2015 experimental season. The
first hour is from 00h00 to 01h00.

FIGURE S3 |The seasonal (2014/2015) bunch and canopy minimum,
maximum, and mean (±SD) temperatures for all light environments and
the corresponding kinetics showing the mean hourly bunch and canopy
temperatures (mean ± 95% confidence interval) measured in the
2014/2015 experimental season. The first hour is from 00h00 to 01h00.

FIGURE S4 | (A) The total sugars and total organic acid contents measured over
berry development and the ripening parameters determined at harvest
(2011/2012 season). (B) The ripening parameters measured for the last
experimental season (2014/2015 season).

FIGURE S5 | Orthogonal partial least squares – discriminant analysis
(OPLS-DA) models generated for all metabolic data over both
experimental seasons for developmental stage (A) and light exposure (B).
Each OPLS-DA is accompanied by a co-efficient plot of compounds which
contributed most to the respective models. These were chosen according to the
individual variable importance plots (VIP’s) and included the top compounds with a
VIP ≥ 0.5. Shapes of the sample icons denote the respective developmental
stages: EL-31 ( ), EL-35 (N) and EL-38 (�).

FIGURE S6 | Orthogonal partial least squares – discriminant analysis
models generated for all metabolic data over both experimental seasons
for the early (A) and late (B) developmental stages separately. The
attenuation of UVB was used as the y-factor in both models. Each OPLS-DA is
accompanied by a co-efficient plot of compounds which contributed most to the
respective models. These were chosen according to the individual variable
importance plots (VIP’s) and included the top compounds with a value above 0.5.
Shapes of the sample icons denote the respective exposure: High Light (�) and
Low Light ( ).

TABLE S1 |Calibration curve of volatile organic compounds used
in this study and analyzed by HS-SPME and GC single-
quadrupole-MS.

TABLE S2 | Selected ions used for the integration of the peak area of the
respective compounds of interest as well as their retention time on the
Zebron column and quantifier molecules analyzed by HS-SPME and GC
single-quadrupole-MS.

TABLE S3 | An analysis of the metabolic data from the first experimental
season (2011/2012 season). The repeated measures ANOVA results for the
listed parameters and individual compounds are reported as F-values. Values are
scaled from highest (most significant) to lowest by color. Green indicates low
F-values (significant), while red indicates high F-values values (more significant). All
insignificant values are highlighted in gray. Maximum �; 50% �; minimum �;
insignificant �.

TABLE S4 | A table listing the measured contents of all the
compounds ± SD for both experimental seasons. The log2-fold changes and
corresponding p-values between the HL control/HL-UVB and LL control)/LL-UVB
contrasts are calculated and listed for each compound at each developmental
stage. Blocks highlighted in red indicate significant difference (p ≤ 0.05).
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In modern viticulture, grafting commercial grapevine varieties on interspecific rootstocks

is a common practice required for conferring resistance to many biotic and abiotic

stresses. Nevertheless, the use of rootstocks to gain these essential traits is also known

to impact grape berry development and quality, although the underlying mechanisms

are still poorly understood. In grape berries, the onset of ripening (véraison) is regulated

by a complex network of mobile signals including hormones such as auxins, ethylene,

abscisic acid, and brassinosteroids. Recently, a new rootstock, designated M4, was

selected based on its enhanced tolerance to water stress and medium vigor. This

study investigates the effect of M4 on Cabernet Sauvignon (CS) berry development in

comparison to the commercial 1103P rootstock. Physical and biochemical parameters

showed that the ripening rate of CS berries is faster when grafted ontoM4. Amultifactorial

analysis performed on mRNA-Seq data obtained from skin and pulp of berries grown in

both graft combinations revealed that genes controlling auxin action (ARF and Aux/IAA)

represent one of main categories affected by the rootstock genotype. Considering that

the level of auxin tightly regulates the transcription of these genes, we investigated

the behavior of the main gene families involved in auxin biosynthesis and conjugation.

Molecular and biochemical analyses confirmed a link between the rate of berry

development and the modulation of auxin metabolism. Moreover, the data indicate that

this phenomenon appears to be particularly pronounced in skin tissue in comparison to

the flesh.

Keywords: fruit development, polyphenols biosynthesis, auxin conjugation, transcriptional program, grapevine
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INTRODUCTION

In Europe, Vitis vinifera varieties are grown as scion grafted
onto a rootstock. At first, grafting was adopted with the aim
of preventing devastation to European viticulture by Phylloxera.
This gradually imposed the use of rootstocks as general practice
and the development of new rootstock genotypes became an
important issue in modern viticulture (Whiting, 2004). The use
of rootstocks was proved to be beneficial in terms of adaptation to
different soil types and to biotic (e.g., soil borne pests) and abiotic
(e.g., salinity, water or oxygen deficit) factors (Marguerit et al.,
2012; Tramontini et al., 2013; Corso et al., 2015). Rootstocks can
also be used to confer other advantages affecting physiological
processes at the scion level, such as biomass accumulation,
quality yields, vine vigor, and grape berry quality (Walker et al.,
2000; Gregory et al., 2013; Berdeja et al., 2015). The beneficial
effects of rootstocks on stress resistance and vegetative growth
represent an extremely important issue in viticulture, but their
effect on grape development rates and on berry quality also
warrants investigation. Although it is widely known that the
rootstock influences grapevine reproductive performance and
berry development (Kidman et al., 2013), studies specifically
addressing the relationship between a given graft combination
and the berry ripening evolution are still lacking.

Grape berry development exhibits a double-sigmoid pattern
characterized by two phases of rapid growth separated by a lag
phase during which little or no growth occurs (Coombe and
McCarthy, 2000). Several hormones participate in the control
of grape berry development and ripening, such as auxin (IAA),
ethylene, abscisic acid (ABA), gibberellins (GAs), cytokinins
(CKs), and brassinosteroids (BRs) (Davies and Böttcher, 2009).
The early stages of berry development, from fertilization to fruit
set, are mainly driven by IAA, CKs, and GAs to promote cell
division and cell expansion. Although these hormones have a
pivotal role in berry development, they are mostly produced
by the seeds (Giribaldi et al., 2010). Thereafter, the changes
occurring from pre-véraison to full ripening are associated
with sequential increases in ethylene, brassinosteroids, and ABA
content (Kuhn et al., 2013). Exogenous applications of hormones
positively modulate many ripening-related processes such as
anthocyanin accumulation and the uptake/storage of sugars in
berries, via the re-programming of gene expression (Chervin
et al., 2008; Giribaldi et al., 2010; Böttcher et al., 2011; Ziliotto
et al., 2012). In particular, exogenous application of auxin and
its analogs at pre-véraison stage causes a shift in ripening and
a repression of several ripening-related genes (Davies et al.,
1997; Böttcher et al., 2011; Ziliotto et al., 2012). Based on these
observations it has been postulated that a decrease in IAA
content is necessary to trigger the onset of ripening (Deluc
et al., 2007; Ziliotto et al., 2012). This hypothesis has been
confirmed by the observation that berries with a slow ripening
progression have a high seed-to-berry weight ratio associated
with high auxin and low ABA content (Gouthu and Deluc,
2015). Böttcher et al. (2010) speculated that in grapevine, the
auxin decrease and maintenance of low IAA active forms may
be due to their conjugation with amino acids, mediated by the
auxin-responsive Gretchen Hagen 3 (GH3) proteins. However, to

further understanding into the role of auxin in fruit development
and ripening it is necessary to consider not only the hormone
concentration but also the downstream signaling events. Auxin
signaling is initiated through binding of the hormone to the
Transport Inhibitor Response1/Auxin Signaling F-Box protein
(TIR1/AFB) and Auxin/Indole Acetic Acid (Aux/IAA) protein
co-receptors, which results in the targeting of Aux/IAA proteins
for degradation. The degradation of Aux/IAA proteins allows
the release of Auxin Response Factors (ARF), the transcription
factors that regulate the expression of auxin-responsive genes.
The expression of Aux/IAAs and ARFs during fruit development
and ripening has been extensively studied in many species
(Pattison et al., 2014) and in particular in those bearing fleshy
fruits (Audran-Delalande et al., 2012; Zouine et al., 2014),
although to a lesser extent in grapevine (Çakir et al., 2013; Wan
et al., 2014).

Recently, it was demonstrated that grafting the same scion
on different rootstock induces extensive transcriptional re-
programming in the shoot apex and in berries, particularly
for genes involved in hormone signaling (Cookson and Ollat,
2013; Berdeja et al., 2015). This observation is in agreement
with the hypothesis for a role of rootstock in the control of
scion growth and reproductive activity by the modulation of
hormone signaling pathways (Gregory et al., 2013). In order to
clarify this aspect, we conducted a physical, biochemical, and
transcriptional analysis on berries obtained from V. vinifera cv
Cabernet Sauvignon (CS) plants grafted onto M4, a rootstock
characterized by high tolerance to stress and medium vigor
(Meggio et al., 2014), and 1103 Paulsen (1103P), a vigorous
commercial rootstock. Data indicated that the ripening rate in
berries of CS grafted onto M4 (CS/M4) was faster than those
grown on CS/1103P combination. To investigate the relationship
existing between the rootstock and the ripening rate in both the
graft combinations, we analyzed the berry transcriptome during
development and ripening by mean of mRNA-Seq analysis.
Molecular analyses indicated that grafting the same variety (CS)
on different rootstocks (1103P and M4) alters the expression of
several genes, including those belonging to the main multigenic
families involved in auxin biosynthesis, conjugation, and action
and, consequently, the auxin levels in skin and flesh. A possible
consequence of this alteration is a change in the berry ripening
rate. This phenomenon was more pronounced in the berry skin
in comparison to the flesh.

MATERIALS AND METHODS

Plant Material, Experimental Design and
Meteorological Data
Sampling was performed in 2011 and 2012 on V.vinifera
cv Cabernet Sauvignon plants grafted onto 1103P
(V. berlandieri × V. rupestris) and M4 [(V. vinifera × V.
berlandieri) × V. berlandieri × cv Resseguier n.1] rootstocks
located in Verona, Italy (Novaglie, 45◦28′42.4◦N, 11◦02′40.4◦E;
Pasqua vigneti e cantine) and grown from 2003 in open field
on a clay-calcareous soil. All vines were of the same age and
were grafted in 2002. The two graft combinations were growth
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in adjacent rows, with north–south orientation. Meteorological
data, were registered from themeteorological station of Grezzana
(45◦ 30′ 35.22′′ N, 11◦ 00′ 48.54′′ E, 156m a. s. l.) and collected
by the Regional Agency for the Environmental Protection of
Veneto (ARPAV), Italy. The dataset consisted of meteorological
time series from January 1992 to December 2012, a series of
20 years that enabled climatological study to be performed.
Meteorological data used for the purposes of the study consisted
of precipitations (mm) and air temperature (◦C) measured
at 2m.

During both the growing seasons (2011 and 2012), berries
grown on CS/1103P and CS/M4 graft combinations were
sampled at five developmental stages following the modified
Eichhorn and Lorenz (E-L) developmental scale proposed by
Coombe (1995).

The evolution of berry development and ripening on both
graft combinations was monitored by measuring the sugar
content and the skin pigmentation. Total Soluble Solids and
colorimetric analysis were determined in 100 berries collected
from 10 different plants (one bunch per plant) for each time
point and graft combination considered in the experiment. Color
analyses were carried out with a CR-10 colorimeter (Konica-
Minolta Holdings Inc., Tokyo, Japan) based on the L∗a∗b∗

space, the defining brightness (L∗, from white to black), and the
chromatic coordinates (a∗, from red to green; b∗, from yellow
to blue). Other parameters, such as hue angle (h), chroma (C),
and Color Index for red Grapes (CIRG) were also calculated
according to Carreño et al. (1995). At pre-véraison stages (E-L31,
E-L32, and E-L34) the whole berries were considered, whereas at
E-L36 and E-L38 stages, skin and pulp were sampled separately
(Figure 1A).

Samplings at E-L36 stage were performed at 72 DAFB (Days
After Full Bloom) for CS/M4 and 86 DAFB for CS/1103P when
berries showed similar sugar content and skin color, whereas
samplings at E-L31, E-L32, E-L34, and E-L38 corresponded to
similar date in the two graft combinations and precisely to 45, 59,
65, and 100 DAFB (Figure 1A). In 2012 berries were collected at
the same E-L stages considered in 2011. Two biological replicates,
sampled in 2011, were used for mRNA-Seq, while three biological
replicates, sampled in 2012, were considered for quantitative RT-
PCR (qRT-PCR). Each replicate was composed of 100 berries
sampled from 50 different bunches (two berries collected from
the median position of each cluster) according to the CIRG.

RNA-Seq and Quantitative RT-PCR
Analyses
Total RNA for transcriptome sequencing was extracted from
samples collected at E-L31, E-L36, and E-L38 using the
perchlorate method as reported by Ziliotto et al. (2012). Poly
(A) mRNA was purified from total RNA using the Dynabeads
“mRNA direct kit” (Invitrogen pn 610.12). Samples for Ligation
Sequencing were prepared according to the SOLiD Whole
transcriptome library preparation protocol (pn 4452437 Rev.
B). Reads were aligned to the reference grape genome using
PASS aligner (Campagna et al., 2009). The percentage identity
was set to 90% with one gap allowed whereas the quality
filtering parameters were set automatically by PASS. Moreover,

FIGURE 1 | (A) Schematic representation of the experimental trial. Samplings

of berries grown in both 1103P/CS and M4/CS graft combinations were

performed at 45 (E-L31), 59 (E-L32), 65 (E-L34), 72 (E-L36 M4), 86 (E-L36

1103P), and 100 (E-L38) DAFB. (B) Soluble solids content in CS/M4 (squares)

and CS/1103P (circles) throughout fruit development. (C) CIRG values of

CS/M4 (square) and CS/1103P (circle) graft combinations throughout fruit

development. Bars represent the SD of 100 berries. CS/M4 and CS/1103P

data from samples collected at the same DAFB were statistically treated using

Student’s t-test (*P < 0.05; **P < 0.01).

a minimum reads length cut-off of 50 and 30 nt was set for the
forward sequences and reverse reads, respectively. The spliced
reads were identified using the procedure described in PASS
manual (http://pass.cribi.unipd.it). Forward and reverse reads
were aligned independently on the reference genome. PASS-pair
was used from the PASS package to perform the pairing between
forward and reverse reads and to select only those sequences that
are uniquely aligned. The version 1 (V1) of grape gene prediction
(http://genomes.cribi.unipd.it/grape) was used as a reference
genome, whereas htseq-counts program (http://www-huber.
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embl.de/users/anders/HTSeq/doc/count.html) was adopted to
quantify gene transcripts abundance. Gene expression data
have been submitted to Gene Expression Omnibus (GEO)
(accession no. SRA110619) at the NCBI (https://www.ncbi.nlm.
nih.gov/geo/). Quantitative RT-PCRs (qPCR) were performed as
described in Ziliotto et al. (2012). Gene specific primers are listed
in Supplementary Table S1.

Statistical and Bioinformatics Analysis
DEseq R package (http://www.r-project.org) was used to
perform the statistical analyses for discovering differentially
expressed genes (DEGs). In order to evaluate the single
effects of the rootstock (R: 1103P and M4), tissue (T: whole
berries, skin and pulp), and phenological phase (PP: E-
L31, pre-véraison; E-L36, mid/late véraison; E-L38, ripening)
on gene expression, a multifactorial analysis was conducted
using the multi-factor designs method of DEseq (Anders
and Huber, 2010) (http://bioconductor.org/packages/release/
bioc/html/DESeq.html). This method evaluates the weight of
each factor considered in the analysis (R, T, and P) and its impact
on DEGs, according to a false discovery rate (FDR) corrected
p-value lower than 0.05.Enrichment analysis was performed
for each set of DEGs (R, T, and P) by using BiNGO tool
(Maere et al., 2005) with the built-in Fisher’s exact test function
and an FDR corrected p-value lower than 0.05. Hierarchical
clustering analysis on mRNA-Seq data was carried out using
Multi Experiment Viewer software (MeV; http://www.tm4.org;
Saeed et al., 2006). Expression values used for the analysis were
filtered based on the 5% of their median. Principal Component
Analysis (PCA) and related graphs were carried out using
“prcomp” and “scatterplot3d” R packages, respectively.

LC-ESI-MS/MS Analysis of IAA and
IAA-Asp in CS/M4 and CS/1103P Berries
The samples processed for the mRNA-Seq analysis at E-L31, E-
L36, and E-L38, together with those collected at E-L32 and E-L34,
were also used for LC-MS/MS quantification. IAA and IAA-Asp
were extracted and quantified from 100mg of tissue as described
by Müller and Munné-Bosch (2011) with some modifications.
Sample tissue was spiked with [2H5]IAA and [2H5]IAA-Asp
as internal standards and then extracted with 0.2ml methanol,
isopropanol, and glacial acetic acid (20:79:1, v/v/v) using ultra
sonication (4–7◦C). After centrifugation (14,000 × g for 15min
at 4◦C), the supernatant was collected and the pellet re-extracted
with 0.2ml of extraction solvent. Then, the supernatants were
combined, centrifuged (14,000 × g for 5min at 4◦C) and
filtered through a 0.22µm PTFE filter to be analyzed with
an UPLC/ESI-MS/MS system. The LC system consisted of an
Aquity UPLCTM System (Waters, Milford, MA USA) and
samples (5µl) were first separated on a C18 Kinetex column
(50 × 2.1mm, 1.7µm; Phenomenex, Macclesfield, UK) using
the following solvent conditions: 0–4min linear gradient from
99% of solvent A to 1%, held for 0.2min, from 1% of solvent
A to 99% in 0.2min and held for 0.6min. Gradient solvents
consisted of water and 0.05% glacial acetic acid (solvent A) and
acetronitrile with 0.05% glacial acetic acid (solvent B). MS/MS
experiments and detection were performed on an API 3000

triple quadruple mass spectrometer (PE Sciex, Concord, Ont.,
Canada) by multiple reactions monitoring (MRM) in negative
ion mode. The optimized MS/MS conditions were determined
in infusion experiments using purified IAA and IAA-Asp and
their isotopical labeled internal standards. MRM transitions were
174/130 for IAA and 179/135 for [2H5]-IAA with the collision
energy (CE) of −15 eV and collision cell exit potential (CXP)
of −15 eV. MRM transition of IAA-Asp was 289/88 and 294/89
for [2H5] IAA-Asp with CE of −36 eV and CXP of −15 eV.
IAA and IAA-Asp quantification were performed by a ten-point
calibration curve including [2H5]IAA and [2H5]IAA-Asp as
internal standards using Analyst™ software (PE Sciex, Concord,
Ont., Canada). The data were subjected to a Duncan’s multiple-
range test, performed using “agricolae” R package.

RESULTS

Biochemical and Colorimetric Analyses
Showed Different Berry Ripening Evolution
in CS/M4 and CS/1103P Graft
Combinations
Berries grown on CS/1103P and CS/M4 graft combinations were
sampled at five developmental stages following the modified
Eichhorn and Lorenz developmental scale proposed by Coombe
(1995). The criteria used for evaluating the evolution of grape
development and ripening were the measurement of sugar
content (SSC) and the CIRG values (Figure 1). Developmental
stages considered in the study were defined as follows: (a) E-
L 31: small hard green berries accumulating organic acids; (b)
E-L 32: beginning of bunch closure, berries tight at touch;
(c) E-L 34: stage immediately preceding véraison (onset of
ripening) characterized by green berries; E-L 36: sugar (15–
18◦Brix) and anthocyanins accumulation and active growth due
to cell enlargement (mid/late véraison) (Fortes et al., 2011) and
E-L 38: harvest time. Biochemical and physical measurements
performed on berries during 2011 growing season indicated
different rate of berry development (Figure 1). The pre-véraison
stages (E-L31-34) were reached almost simultaneously by berries
grown in both graft combinations, as indicated by the similar
evolution of SSC and CIRG (Figures 1B,C), while the ripening
rate was different. In fact, the SSC (17.1◦Brix ± 1.5) and CIRG
(8.2 ± 2.1) values showed by CS/M4 berries at 72 DAFB (E-
L36) were reached by CS/1103P berries at 86 DAFB. At harvest
(E-L38) berries from both graft combinations had similar SSC
values suggesting a recovery of the CS/1103P combination
respect to CS/M4. Similar results were obtained by analysing
the skin color evolution. Based on CIRG index values, the
pigmentation of berry skin in CS/1103P displayed a 14-days delay
compared to CS/M4, while at harvest (E-L38) berries from both
graft combinations reached the same CIRG value, confirming a
recovery fromCS/1103P (Figure 1C, Supplementary Figure S1).
The different evolution of berry development and ripening
in CS/1103P and CS/M4 berries was observed also in 2012
(Supplementary Figure S2), although the two growing seasons
were characterized by significant differences in temperature
excursions as described in Supplementary Data S1.
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Whole Transcriptome Analysis Revealed
that M4 and 1103P Differently Modulate the
Expression of Auxin-Related Genes in CS
Berries
In order to confirm from a molecular point of view the delay
observed in ripening rate between the two graft combinations,
we performed a comparative mRNA-Seq transcriptome profiling
on CS/M4 and CS/1103P berries collected at E-L31, E-L36,
and E-L38. Approximately 2 billion paired-end reads (75 and
35 bp length for forward and reverse reads, respectively) were
produced, with a total number of reads for each sample ranging
from 36 to 65 million and a median of 52 million reads
(Supplementary Table S2). On average, 91% of the reads passed
the quality control test (filter based on read length after trimming
the low quality bases) and were mapped to the PN40024 12X V1
grape reference genome (Jaillon et al., 2007; http://genomes.cribi.
unipd.it/grape), producing approximately 20–42 million unique
mapping reads depending on the sample considered. The rate
of read mapping on known genes was on average 87% and the
number of predicted genes covered at least by five independent
reads was approximately 63% (Supplementary Table S2). A PCA
performed on mRNA-Seq counts normalized and filtered (n >

10) confirmed that both in skin and flesh the transcriptome
of CS/1103P and CS/M4 berries collected at E-L31 and E-L38
clustered together, as well as those of berries sampled at E-L36,
although sampled at different DAFB (Figure 2).

A multifactorial statistical analysis on mRNA-Seq data was

performed to identify those genes whose expression is influenced
by the effects of three factors: the rootstock (R, M4, or

1103P); the tissue type (T, whole berry, skin, or pulp) and
the phenological phase (PP, E-L31, E-L36, or E-L38), on the

transcriptome responses. The singular (R, T, P) impact of each

component on genes expression was calculated according to
a FDR corrected p-value lower than 0.05. A complete list

of DEGs whose expression is influenced by these factors is

reported in Supplementary Table S3, while Figure 3 provides a

graphical representation of the total amount of DEGs influenced
by each single component. Amongst these, 2358 genes were

differentially expressed due to different rootstocks. Expanding

the comparison to include different tissue types revealed 4297
genes showed differential expression. The majority of DEGs

were influenced by the phenological phase, with 5743 transcripts
showing altered expression. In order to identify specificmetabolic

pathways differentially regulated by M4 and 1103P rootstocks

in CS berries, DEGs resulting from multifactorial analysis
were associated to their respective GO terms, and a GO

enrichment analysis was carried out for each dataset (Figure 3
and Supplementary Table S4). Enriched GO terms associated

with metabolic and physiological processes (i.e., photosynthesis,

carbohydrate metabolism, aromatic compound metabolism, and

phenylpropanoid metabolism) were identified amongst those
DEGs affected by either single or combined factors, whereas

GO terms related to regulatory mechanisms such as hormone
metabolism and action were overrepresented only in those DEGs

influenced by a single factor. Amongst these we considered of
particular interest were the categories related to response to

FIGURE 2 | Bidimensional PCA plot of row transcriptome data.

Cabernet Sauvignon (CS) grafted onto 1103P (CS/1103P) and M4 (CS/M4)

samples distribution according to PC1 and PC2. Two separate PCAs were

carried out for flesh (A) and skin (B) mRNA-seq data. Percent of variance is

also reported for each component on the corresponding axes.

auxin stimulus (GO: 9733), auxin mediated signaling pathway
(GO: 9734), and cellular response to auxin stimulus (GO: 71365),
not only because of the role of this hormone in grape berry
development, but also because the expression of genes belonging
to these categories was affected exclusively by the rootstock
(Figure 3 and Supplementary Table S4).

A large number of genes belonging to these auxin-related GO
categories were found to encode for Auxin/Indole-3-Acetic Acid
(Aux/IAA) and the Auxin Response (ARF) transcription factors,
representing two key families of auxin-response regulators
(Supplementary Tables S4, S5). Recently, Çakir et al. (2013) and
Wan et al. (2014) performed a genomic characterization of both
the ARF and Aux/IAA gene families in grapevine. In the current
study we proposed and used a new classification of both gene
families (together with the GH3), based on the grapevine gene
nomenclature system developed by Grimplet et al. (2014), as
illustrated in Supplementary Results S1.

Based on the notion that Aux/IAA and ARF TFs interact
with each other to finely regulate the auxin- signaling pathway,
we considered genes belonging to these families together.
Figure 4A shows the expression and hierarchical clustering of
a subgroup of Aux/IAA and ARF members, excluding those
genes scarcely represented by mRNA-Seq reads, in order to avoid

Frontiers in Plant Science | www.frontiersin.org February 2016 | Volume 7 | Article 69 | 334

http://genomes.cribi.unipd.it/grape
http://genomes.cribi.unipd.it/grape
http://www.frontiersin.org/Plant_Science
http://www.frontiersin.org
http://www.frontiersin.org/Plant_Science/archive


Corso et al. Grapevine Rootstock Modulates Berry Development

FIGURE 3 | Venn diagrams showing the relative numbers of specific

and common DEGs resulting from the multifactorial analyses,

according to an FDR corrected p-value lower than 0.05. Numbers of

DEGs influenced by each component (R, Rootstock; T, Tissue; PP,

Phenological Phase) are given in brackets. The most significant categories

resulted from GO enrichment analysis carried out on DEGs influenced by R, T,

and P, are also indicated.

misinterpretation of results due to their contribution. Based on
their expression profile, genes were divided into five clusters.
The majority of the Aux/IAA and ARF genes were found in
Cl.1 and 3. Most of the genes belonging to Cl.3 cluster, and
specifically those found in the Cl3-II subgroup, were expressed
exclusively at pre-véraison stage. This included both Aux/IAAs
(VviIAA15b, −38, and −39) and ARFs (VviARF6, −6b, 16, 24,
−25, −26, and 27) members. Although these genes showed
a similar behavior in both genotypes, the induction observed
in berries collected from CS/M4 was markedly higher than
that observed in berries collected from CS/1103P. That was
particularly true for VviIAA15b, VviARF16b. VviARF25 and
VviARF27. Only VviIAA36 and VviIAA40, although belonging to
Cl.3-I, were also expressed at E-L36, both in skin and pulp tissues.
Similar to what was observed for members belonging to cluster
Cl.3-II, the induction observed in CS/M4 berries was much
higher compared to what observed in CS/1103P. The fact that
Aux/IAA and ARF are known to physically interact to regulate
the auxin signaling pathway and that Aux/IAA and ARF genes
belonging to the Cl.3 cluster were strictly correlated in term of
expression raises some questions about the possible interactions
amongst them.

The opposite pattern was observed for members belonging to
cluster Cl.1, mainly expressed in flesh and at those developmental
stages following véraison. Genes belonging to cluster Cl.1-I were
induced exclusively in the pulp of berries at ripening phase (apart
from VviIAA15a and −44 which were induced only in the pulp
of CS/M4 berries at E-L36), whereas genes belonging to cluster
Cl.1-II were induced at E-L36 and E-L38.

Less clear was the behavior of genes belonging to clusters
Cl.2, Cl.4, and Cl.5, although the latter appeared to be composed
of genes preferentially expressed at pre-véraison and ripening
stages in pulp. Biochemical and colorimetric data showed that
the differences in the rate of berry development between the
two graft combinations were limited to the onset of ripening.
For this reason we focused our attention on those Aux/IAA and
ARF genes belonging to cluster Cl.3-II, characterized by a higher
expression at pre-véraison stages and whose differential behavior
could be associated to the different ripening rate observed in the
two graft combinations. In order to validate and expand results
obtained from the mRNA-Seq data, we performed a quantitative
RT-PCRs on VviIAA15b and VviARF25, representing those Cl.
3-II members showing the highest difference in fold change
between CS/1103P and CS/M4, at E-L31, 32, 34, 36, and 38. Both
genes were showing the highest expression in CS/M4 at the pre-
véraison stages (E-L31 and E-L32) (Supplementary Figure S3).
In 2012, the expression profile of VviARF25 and VviIAA15b was
confirmed. This result reinforces the hypothesis for a role in the
transition from the immature to mature fruit development stage.

CS/1103P and CS/M4 Berries Show a Shift
in Auxin Homeostasis during Ripening
The positive relationship between auxin level and Aux/IAA
transcription has been well documented (Zenser et al., 2001).
Based on this observation, to investigate whether the differences
observed in the expression of ARF and Aux/IAA genes in CS/M4
and CS/1103P berries were associated to differences in auxin
homeostasis, we measured the level of free and conjugated IAA
in berry samples collected in 2011. The level of free (IAA) and
conjugated (IAA-Asp) auxin is shown in Figure 5. In berry flesh,
no significant differences in IAA and IAA-Asp content were
found between the two graft combinations. In comparison, at
the skin level, their accumulation appeared to follow different
kinetics. Indeed, M4 induced a significantly higher accumulation
of free auxin at 65 (E-L34) and 72 (E-L36 M4) DABF, compared
to that detected in CS/1130P berries. Later on, the two graft
combinations showed similar level of IAA. As for IAA-Asp,
CS/M4 showed a quantity two-fold higher than 1103P at E-L34
stage. During véraison CS/1103P berries appeared to accumulate
more IAA-Asp than CS/M4 while at harvest no significant
differences were observed.

The relative mRNA-Seq expression of genes involved in auxin
biosynthesis and conjugation is graphically represented
in Figures 6A,7A, regardless whether they were or not
included amongst those DEGs obtained by the multifactorial
analysis. Considering genes involved in auxin biosynthesis,
the hierarchical clustering on mRNA-Seq data split auxin-
biosynthetic genes into two sub-groups (Figure 6A). In this
regard, considered genes can be divided into early-expressed
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FIGURE 4 | (A) Heat-map showing the expression of auxin-related VvARF and VvAux/IAA genes based mRNA-Seq data. The expression values were calculated as a

percentage related to the developmental stage showing the highest expression value (100 and 0% for yellow and blue colors, respectively) within all mRNA-seq

datasets considered (E-L31, E-L36, and E-L38). Proposed gene name (Supplementary Results S1), PN40024V1 12X identifier, and mean of normalized counts are

also reported. (B) quantitative RT-PCR analyses on two genes belonging to Cl.3-II (VviARF25 and VviIAA15b) in flesh and skin of berries sampled from both 1103P/CS

(solid bars) and M4/CS (empty bars) graft combination in 2012 growing season Results are shown as means and SE for three biological replicates. Bars indicate SE.

Different letters indicate statistically significant differences (P = 0.05) by Duncan’s new multiple range test.

(E-L31, Cl.2) in whole berries and late-expressed (E-L36
and E-L38, Cl.1) in skin. Considering their high mRNA-
Seq expression (Figure 6A), VviYUC1 (Cl. 1) and VviTAR4
(Cl. 2) were selected for qRT-PCRs (Figure 6B). Both in
2011 (Supplementary Figure S3) and 2012, (Figure 6B), the
expression profile of VviTAR-4 and VviYUC1 genes was assessed.
VviTAR-4 was found to be more highly expressed at pre-véraison
stages in CS/M4 than in CS/1103P, while VviYUC1 transcripts
were more highly accumulated at E-L36 in CS/M4 and at E-L38
in CS/1103P.

A closer relationship was observed between IAA-Asp
and GH3 transcript levels (Figures 5,7A,B). Hierarchical

cluster analysis (Figure 7A) led to the identification of three
main subgroups. Amongst them, Cl. 3 represented the most
interesting one, being characterized by the presence of genes
such as VviGH3-9, VviGH3-24, and VviGH3-22, which were
strongly expressed at pre-véraison stage in CS/M4 but not in
CS/1103P. The behavior of one of these genes (VviGH3-22) was
also confirmed by qPCR in 2011 (Supplementary Figure S3)
and 2012 (Figure 7B). Less obvious was the expression of
genes belonging to other clusters. We also considered the
expression pattern of VviGH3-21, which, based on mRNA-
Seq data (Figure 7A) appeared to be highly expressed in
skin tissue of CS/1103P at E-L38. Quantitative RT-PCR
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FIGURE 5 | Changes in levels of free IAA and IAA-Asp in flesh and skin of berries sampled from both 1103P/CS (solid bars) and M4/CS (empty bars)

graft combination in 2011. IAA and the IAA-Asp were quantified by mean of LC-MS/MS at E-L31, E-L34, E-L36 M4, E-L36 Paulsen, and E-L38 developmental

stages. Bars indicate SE of four replicates. Mean followed by the same letters are not statistically different at P = 0.05 (Duncan’s multiple-range test).

validated this observation (Supplementary Figure S3 and
Figure 7B).

The Expression Profile of
Flavonoid-Related Genes Parallels the
Levels of IAA-Asp in Grape Skin
CS/1103P and CS/M4 clearly display a differential regulation
of auxin metabolism, as showed by free and conjugated IAA
quantification (Figure 5) and molecular analyses (Figures 4,
6, 7). This different behavior could lead to a different rate
in the berry development and ripening (Figure 1) particularly
evident in the skin, as pointed out by colorimetric measurements
(Figure 1C, Supplementary Figures S1, S2B). In fact, skin color
evolution and CIRG index indicated a delay in CS/1103P skin
pigmentation and accumulation of flavonoids in comparison
to what was observed in CS/M4 berries. The change in
skin pigmentation was paralleled by changes in the transcript
accumulation of flavonoid biosynthesis (phenylalanine ammonia
lyase, VviPAL3-like; chalcone synthase 3, VviCHS3; flavanol
synthase 1, VviFLS1; leucoanthocyanidin reductase 1 and 2,
VviLAR1 and VviLAR2), flavone- and flavonol- (VviUFGT)
related genes (Supplementary Figure S4). In particular, the
expression of VviPAL3-like, VviCHS3, VviLAR2, and VviUFGT

occurred earlier (E-L36 M4) and was higher in CS/M4 berries

than in CS/1103P ones. To associate changes in IAA-asp
concentration, CIRG value and GH3 and flavonol-related gene

expression to the evolution of skin pigmentation in CS/M4 and

CS/1103P berries during ripening, a PCA analysis was carried
out on samples collected at pre-véraison (E-L31 and E-L34

corresponding to 45 DAFB and 65 DAFB), during véraison (E-
L36, 72 DAFB for M4 and 86 DAFB for 1103P), and ripening
(E-L38, 100 DAFB; Figure 8). The first two PCA components

explained the 77% of the variance, contributing with similar

weights (PC1 = 45% and PC2 = 32%). Examination of the
scores and loadings plots for PC1 vs. PC2 showed that the

distribution of samples was based on the fruit developmental
stages. Samples collected at the pre-véraison stage were clearly

separated from those collected during véraison and ripening

phases. The PCA analysis also revealed that the early pre-véraison
stage (45 DAFB) was strictly associated to the accumulation of

VviGH3-22 transcripts, whereas the induction of other genes,
such as VviLAR2, VviGH3-23, and VviGH3-17, marked the late

pre-véraison stage (68 DAFB) in both graft combinations. At 72
DAFB, by the time CS/M4 berries almost completed the change

of skin color (accompanied by the induction of VviCHS3 and
VviUFGT transcription), CS/1103P was still in pre-véraison stage
and reached mid/late véraison (marked by the accumulation of

Frontiers in Plant Science | www.frontiersin.org February 2016 | Volume 7 | Article 69 | 337

http://www.frontiersin.org/Plant_Science
http://www.frontiersin.org
http://www.frontiersin.org/Plant_Science/archive


Corso et al. Grapevine Rootstock Modulates Berry Development

FIGURE 6 | (A) Heat-map showing the expression of auxin-biosynthetic genes based mRNA-Seq data. The expression values were calculated as a percentage

related to the developmental stage showing the highest expression value (100 and 0% for yellow and blue colors, respectively) within all mRNA-seq datasets

considered (E-L31, E-L36, and E-L38). Proposed gene name (Supplementary Results S1), PN40024V1 12X identifier, and mean of normalized counts are also

reported. (B) Quantitative RT-PCR analyses on VviTAR4 and VviYUC1 in flesh and skin of berries sampled from both 1103P/CS (solid bars) and M4/CS (empty bars)

graft combination in 2012 growing season. Results are shown as means and SE for three biological replicates. Bars indicate SE. Different letters indicate statistically

significant differences (P = 0.05) by Duncan’s new multiple range test.

IAA-asp and flavonoids) at 86 DAFB. However, despite the delay
displayed in ripening rate, CS/1103P berry collected at 100 DAFB
clustered, on the basis of skin parameters, with those of CS/M4
suggesting their recovery of ripening progression. (Figure 7B).

DISCUSSION

The present study evaluated the effect of two grapevine
rootstocks, the commonly used and vigorous 1103 P
(V. berlandieri×V. rupestris) and the experimental genotypeM4
[(V. vinifera × V. berlandieri) × V. berlandieri cv. Resseguier n.
1], on V. vinifera cv. Cabernet Sauvignon berry development and
ripening. TheM4 genotype, developed by the DISAA department
(University of Milan) was selected for its high tolerance to water
deficit and salt exposure and was classified as a medium-vigorous
rootstock (Meggio et al., 2014; Corso et al., 2015). The aim of the
present study was to shed light on the impact of rootstocks on
the scion berry development from a physiological and molecular
point of view.

In our study we showed that the rate of berries ripening in CS
plants grafted onto M4 is faster (in terms of sugar accumulation
and change of skin color) than that observed in the CS/1103P
combination (Figure 1). These results are in agreement and
partially explained by previous studies showing that the use of
the high vigor rootstock 1103P is associated to an extension
of the vegetative cycle and a delay in ripening (Koundouras
et al., 2008; Gambetta et al., 2012). Biochemical (Figure 1B)
and colorimetric data (Figure 1C, Supplementary Figure S1)
were also supported by molecular ones (Figure 2). Multifactorial

analyses conducted on mRNA-Seq data obtained from CS/1103P
and CS/M4 berries at pre-véraison (E-L31), mid-late véraison
(E-L36) and ripening (E-L38) indicated that the differential
expression of 2358 genes (DEGs) is mainly affected by
the rootstock (Figure 3; Supplementary Table S3). Enrichment
analyses (Figure 3; Supplementary Table S4) evidenced that,
amongst DEGs whose expression is influenced by the rootstock
factor (R), many are associated to auxin-related functional
categories. Amongst these categories the most prominent
regarded genes involved in the auxin signal transduction. Auxin
signal transduction is mediated by Aux/IAA and ARF genes
(Pierre-Jerome et al., 2013), which appeared both differently
modulated in the two graft combinations (Figure 4). In
particular, those Aux/IAA and ARF genes more expressed at pre-
véraison stage showed a higher accumulation of their transcripts
in CS/M4 (Figure 5). Amongst these was VviARF25, very similar
to the response repressor AtARF4 (Supplementary Results S1),
which was recently demonstrated to interact with almost all
Aux/IAAs and to show broad co-expression relationships with
Aux/IAA genes (Piya et al., 2014). However, Kepinski (2007)
suggested that specific pairs of AUX/IAAs and ARFs function
depending on the tissue and developmental stage considered.
In our study VviARF25 was co-expressed with VvIAA15b, −38,
and −39 (Figure 5). Thus, they products could interact forming

putative pairs able to control the expression of auxin-inducible
genes at the pre-véraison stage. This result suggests that the

rootstock-dependent modulation of auxin action could be
involved in the control of berry development rate, similarly to

what already hypothesized by Cookson and Ollat (2013) for
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FIGURE 7 | (A) Heat-map showing the expression of VviGH3 genes based mRNA-Seq data. The expression values were calculated as a percentage related to the

developmental stage showing the highest expression value (100 and 0% for yellow and blue colors, respectively) within all mRNA-seq datasets considered (E-L31,

E-L36, and E-L38). Proposed gene name (Supplementary Results S1), PN40024V1 12X identifier, and mean of normalized counts are also reported. (B)

Quantitative RT-PCR analyses on VviGH3-9 and VviGH3-22 in flesh and skin of berries sampled from both 1103P/CS (solid bars) and M4/CS (empty bars) graft

combination in 2012 growing season. Results are shown as means and SE for three biological replicates. Bars indicate SE. Different letters indicate statistically

significant differences (P = 0.05) by Duncan’s new multiple range test.

what concerns the shoot development. At this regard, it was
observed that many genes belonging to the functional categories
IAA/auxin were both up- and down-regulated in shoot apical
meristems of CS grafted on two different rootstocks, respectively
Riparia Gloire de Montpellier and 1103P.

Together with genes involved in auxin action, CS berries
grafted on 1103P and M4 rootstocks also showed different
patterns of induction for genes involved in auxin biosynthesis
and conjugation. Regarding auxin biosynthetic genes, VviTARs
and VviYUCCAs were expressed at pre-véraison stages and
during véraison, as previously observed by Böttcher et al. (2013).
Although showing expression patterns only partially overlapping
in the two growing season (Figure 6) considered, it’s clear
that the two rootstocks determined a different modulation of
their transcript levels. Expression of auxin biosynthetic genes
is partially overlapped with the differential IAA accumulation
observed between CS/M4 and CS/1103P. This is particularly
true for skin tissue, where M4 induces a significantly higher
accumulation of auxin at 65 (E-L34) and 72 (E-L36 M4) DABF,
compared to CS/110P (Figure 5). It is worth to note that
difference in ripening rate between the two graft combinations
parallels IAA-Asp accumulation in the skin and was coupled
to an earlier and higher expression of genes involved in auxin
biosynthesis (e.g., TAR4; Figure 6B) and action (i.e., VviARF6a,
VviARF6c, VivARF16a, and VviARF34, Figure 4A) in CS/M4
berries. Together with auxin biosynthesis, the conjugation

process represented an important auxin homeostatic mechanism
at pre-véraison stage. At this regard, of particular interest
was the behavior of genes involved in auxin conjugation
(VvGH3s), especially for those ones showing a peak of
expression in pre-véraison phase (E-L31). Amongst these,
VviGH3-22 (VIT_07s0129g200660) was specifically expressed
in pre-véraison stage in both graft combination (Figure 7)
and at very low levels in all other developmental stages. This
gene corresponds to GH3-2 in the nomenclature proposed
by Böttcher et al. (2011) (Supplementary Results S2), which
described a similar behavior in CS and claimed it to be the
most responsible gene for auxin homeostasis in pre-véraison.
Both mRNA-Seq and qPCR analyses pointed out that VviGH3-
22 transcript is differentially accumulated between the two
graft combinations, being much more expressed in CS/M4 than
CS/1103P. This observation is in agreement with the higher
ability of CS/M4 berries to conjugate IAA at pre-véraison stages
(E-L34, Figure 5). Considering that the IAA-Asp conjugate
might also represent a ripening signal in grapes (Böttcher et al.,
2013), the early accumulation observed in CS/M4 at E-L34
(Figure 5) could be associated to the earlier onset of ripening
in this graft combination. This shift in IAA-Asp accumulation
was maintained along the whole ripening although was evident
only at the skin level, where a higher accumulation of IAA-
Asp was observed in CS/1103P. The different kinetic of IAA-
Asp accumulation at these late stages could be associated to
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FIGURE 8 | CS/M4 and CS/1103P samples distribution according to a

PCA analysis carried out on VvGH3s and flavonoid-related qRT-PCR

data, and colorimetric parameters (CIRG index). Percent of variance for

each component on the corresponding axes and effect of considered

parameters on samples distribution (red arrows) are also showed

the expression pattern of another GH3 gene, namely VviGH3-
21. This gene, corresponding to GH3-8 described in Böttcher
et al. (2011), encodes for a deduced protein representing an out
layer respect to the other GH3 members identified in grapevine
and up to now its expression has not been investigated. In the
present study VviGH3-21 was found to be mainly expressed in
the skin (Figure 7B) and at later stages compared to other GH3
members. This observation could be associated to the later IAA
conjugation observed in the skin and would be consistent with
a delay in the ripening programme progression of skin respect
to pulp as previously reported (Castellarin et al., 2011; Lijavetzky
et al., 2012). The high expression of VviGH3-21 in late ripening
phases of CS/1103P berries compared to what observed in CS/M4
ones could be the result of the rootstock ability to modulate the
transcriptome of grape berry. Recently, it was reported that the
rootstock is able modulate the expression of a number of genes in
the scion (Cookson and Ollat, 2013; Berdeja et al., 2015; Kumari
et al., 2015). In particular, Berdeja et al., (2015) reported that, in
berries of Pinot noir plants undergoing water stress condition,
the transcript level of genes involved in jasmonate metabolism
changes based on the rootstock utilized (Kober 125 AA or Ritcher
110). However, our results pointed out that skin colorimetric
parameters of ripe berries (E-L 38) are similar between the
two graft combinations suggesting an acceleration of ripening
induced by 1103P rootstock at last stages of maturation. This
result, although obtained in different graft combinations, could
be associated to the observations reported by Gouthu et al.
(2014) which showed that in a cluster, during the last phase of
fruit developmental cycle, the ripening rate of under-ripe berries
is higher than that measured in the ripest berries to reach a

synchronized development. This result indicated that, although
starting with different timings, the ripening transcriptional
programme has to be completed in a genetically defined temporal
window independently by exogenous factors affecting the early
phases of berry ripening initiation. Similarly, our results pointed
out that rootstock is able to modulate the ripening rate but, later
on, the genetic control of berry ripening is the main driving force
leading to the achievement of full maturity. This result reinforces
the assumption that the plasticity of ripening-related genes
is mainly modulated by the developmental phase and almost
unaffected by external stimuli (e.g., environmental conditions;
Dal Santo et al., 2013). Nevertheless, the ripening initiation signal
is not only linked to hormone dynamic but also to the status
of sugar content, which in turn depends on the competition
between the different sinks (Ho, 1988; Bobeica et al., 2015).
In the sense using rootstocks characterized by different vigor
could determine temporal variation in the duration of ripening
programme influencing the relations between fruit and shoot
sinks (favoring the shoot development in the case of vigorous
rootstock) and, as consequence, the sugar uptake toward them.

CONCLUSIONS

Data presented here suggest that the regulation of auxin level is
differently affected in the two scion /rootstock combinations and
this is positively correlated with a different rate of grape berry
development and ripening. The identification of links between
signals controlling berry ripening and rootstock would be of
great importance for a better understanding of the influence
of rootstock on the scion performance. It has been postulated
the ability of rootstock to induce high auxin levels in scion
buds as the factor inducing the positive effect of vigorous peach
rootstocks on scion branching (Sorce et al., 2006). Nowadays
it is becoming evident that throughout the graft union occur
a dynamic exchange of mobile signals [transcription factors,
mRNAs, regulatory micro RNAs (miRNAs), small interfering
RNAs (siRNAs), peptides, and proteins] between scion and
rootstock (Haroldsen et al., 2012). Among mobile signals, small
non-coding RNAs could play an important role in the regulation
of complex processes as fruit development and ripening because
of their ability to regulate gene expression in a much more
tuneable manner (Vazquez et al., 2010). In this context, there are
many evidences that the use of small RNAs, aside from pathogen
resistance, down–regulation, and/or epigenetic modification of
transcripts and genetic networks, could influence scion-specific
characteristics, such as flowering time and fruit production or
quality (Haroldsen et al., 2012). In addition to hormones (data
presented here) investigations on the role of small RNAs, as well
as, those of other signal molecules could help to better clarify the
impact of rootstock on berry scion development and ripening.
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Supplementary Data S1 | Meteorological data originate from the Regional

Agency for the Environmental Protection of Veneto (ARPAV), Italy.

Climatological data of decadal temperatures, rainfall, and temperature excursions

for 2011–2012 compared to the period 1992–2012 are reported.

Supplementary Figure S1 | Colorimetric results of CS/1103P and CS/M4

berry. Analyses were carried out at four time points corresponding to 45, 72, 86,

and 100 DAFB.

Supplementary Figure S2 | Samplings of berries grown in both 1103P/CS

and M4/CS graft combinations were performed at different stages of

berry development and ripening. Growing season: 2012. (A) Soluble solids

content in CS/M4 (squares) and CS/1103P (circles) throughout fruit development.

(B) CIRG values of CS/M4 (square) and CS/1103P (circle) graft combinations

throughout fruit development. Bars represent the SD of 100 berries. CS/M4 and

CS/1103P data from samples collected at the same DAFB were statistically

treated using Student’s t-test (∗P < 0.05; ∗∗P < 0.01).

Supplementary Figure S3 | Quantitative RT-PCR analyses on the following

VviYUC1, VviTAR4, Vvi ARF25, VviIAA15b, VviGH3-21, and VviGH3-22

performed in flesh and skin of berries sampled from both 1103P/CS (solid

bars) and M4/CS (empty bars) graft combination in 2011 growing season.

Results are shown as means and SE for two biological replicates. Bars indicate

SE. Different letters indicate statistically significant differences (P = 0.05) by

Duncan’s new multiple range test.

Supplementary Figure S4 | Quantitative RT-PCR analyses on the following

flavonoid-related genes: VviPAL3-like (VIT_13s0019g04460, A), VviCHS3

(VIT_05s0136g00260, B), VviLAR2 (VIT_17s0000g04150, C), VviFLS1

(VIT_18s0001g03430, D), and VviUFGT (VIT_16s0039g02230, E). Transcript

levels in CS/1103P (black) and CS/M4 (white) berries are shown as means of

normalized expression ±SD.

Supplementary Results S1 | Nomenclature of genes belonging to the

grapevine ARF, Aux/IAA, and GH3 multigenic families.

Supplementary Table S1 | Primers used for qPCR analyses. V1 12X

identifier (V1 12X ID), gene name, forward (FW sequence) and reverse (RV

sequence) sequences are reported.

Supplementary Table S2 | (A) Sequencing and alignment statistics. Sample

name (Sample), replicate, paired-end Tag, total number of produced reads (Total),

filtered reads after trimming (Filtered), good-quality reads (# Good), aligned and

percentage of aligned reads (% Aligned), number of alignment (# alignment) are

reported. (B) Summary of read number after pairing (F3 + F5). Sample name

(Sample), library name (LibName), number of unique reads after pairing (Single),

percentage of sequences that aligned on a gene (% ReadsOnGene), number of

gene with at least five reads (# of genes) and percentage of genes with at least five

reads (% of genes).

Supplementary Table S3 | List of DEGs influenced by Rootstock (R),

Tissue (T), and Phenological Phase (PP) components. Numbers of DEG are

given in brackets. PN40024V1 12X annotation (V1 12X ID) and functional

annotation (Funct. annot.) of DEGs are reported. Statistical analysis were carried

out according to an FDR adjusted p-value lower than 0.05.

Supplementary Table S4 | Over-enriched GO terms of genes differentially

expressed influenced by rootstock (R), tissue (T), and phenological

phase (P) factors. For each term, the GO identifier (GO-ID), the complete

Gene Ontology term (Description), the p-value and the FDR-corrected P-value

(corr p-value) of the Fisher’s exact test, the numbers of sequences in the test

set (x) are provided.

Supplementary Table S5 | Expression values (mean normalized mRNA-seq

counts) of all 56 auxin-related genes. Gene family, V1 12X annotation, gene

name are reported. Graft combination (CS/1103P and CS/M4), considered tissue

(whole berry, skin, and pulp) and phenological phase (E-L31, E-L36, and E-L38)

are also indicated.
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Drought, elevated air temperature, and high evaporative demand are increasingly

frequent during summer in grape growing areas like the Mediterranean basin, limiting

grapevine productivity and berry quality. The foliar exogenous application of kaolin, a

radiation-reflecting inert mineral, has proven effective in mitigating the negative impacts

of these abiotic stresses in grapevine and other fruit crops, however, little is known about

its influence on the composition of the grape berry and on key molecular mechanisms

and metabolic pathways notably important for grape berry quality parameters. Here,

we performed a thorough molecular and biochemical analysis to assess how foliar

application of kaolin influences major secondary metabolism pathways associated

with berry quality-traits, leading to biosynthesis of phenolics and anthocyanins, with a

focus on the phenylpropanoid, flavonoid (both flavonol- and anthocyanin-biosynthetic)

and stilbenoid pathways. In grape berries from different ripening stages, targeted

transcriptional analysis by qPCR revealed that several genes involved in these

pathways—VvPAL1, VvC4H1, VvSTSs, VvCHS1, VvFLS1, VvDFR, and VvUFGT—were

more expressed in response to the foliar kaolin treatment, particularly in the latter

maturation phases. In agreement, enzymatic activities of phenylalanine ammonia lyase

(PAL), flavonol synthase (FLS), and UDP-glucose:flavonoid 3-O-glucosyltransferase

(UFGT) were about two-fold higher in mature or fully mature berries from kaolin-treated

plants, suggesting regulation also at a transcriptional level. The expression of the

glutathione S-transferase VvGST4, and of the tonoplast anthocyanin transporters

VvMATE1 and VvABCC1 were also all significantly increased at véraison and in mature

berries, thus, when anthocyanins start to accumulate in the vacuole, in agreement with

previously observed higher total concentrations of phenolics and anthocyanins in berries

from kaolin-treated plants, especially at full maturity stage. Metabolomic analysis by

reverse phase LC-QTOF-MS confirmed several kaolin-induced modifications including a

significant increase in the quantities of several secondary metabolites including flavonoids

and anthocyanins in the latter ripening stages, probably resulting from the general

stimulation of the phenylpropanoid and flavonoid pathways.

Keywords: grape berry, phenylpropanoids, flavonoids, secondary metabolites, metabolic changes, fruit quality,

kaolin, stress mitigation
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INTRODUCTION

Grapevine (Vitis vinifera L.) is a perennial woody plant with
a great impact in the global economy, abundantly cultivated
in areas with Mediterranean climates and spreading across
temperate to semi-dry areas. Abiotic conditions, such as soil
and atmospheric humidity, intense drought, and temperatures,
have high impact on grape yield and wine quality (Chaves et al.,
2010; Lovisolo et al., 2010). In Mediterranean areas, extended
summer droughts and higher temperatures are increasingly
expected (Fraga et al., 2012; Hannah et al., 2013) and climate
change is undoubtedly having a negative impact in viticulture,
including changes in grape-growing geographical area, therefore
the development and application of stress mitigation strategies
and of more sustainable agricultural practices is of utmost
importance for grape production and winemaking industry.

In this context, the application of exogenous compounds

that could maintain or even improve plant productivity or fruit
quality under such environmental stresses are beginning to be
experimented but, despite promising results yielded in some
crops (Hose et al., 2000; Li et al., 2004; Seckin et al., 2009; Du
et al., 2013; Zhou et al., 2014), in grapevine these strategies have
so far been less explored. Kaolin, Al2Si2O5(OH)4, is an inert clay
mineral that reflects potentially damaging ultraviolet and infrared
radiation and transmits photosynthetically active radiation,
resulting in leaf temperature decrease and photosynthetic
efficiency increase (Glenn and Puterka, 2005). Its exogenous
application in leaves resulted in positive responses to abiotic
stresses in apple, pomegranate and even olive tree (Glenn et al.,
2001; Melgarejo et al., 2004; Khaleghi et al., 2015). In grapevines
kaolin particle film induced cooler canopy temperatures, lower
rates of stomatal conductance under non-limiting soil moisture
conditions, protection of photosystem II structure and function
in leaves exposed to heat and high solar radiation, and altered
total soluble solids content and total anthocyanin amounts
(Shellie and Glenn, 2008; Glenn et al., 2010; Ou et al., 2010;
Song et al., 2012; Shellie, 2015; Dinis et al., 2016a,b). We recently
observed that lower ROS quantities, increased hydroxyl radical
scavenging and production of antioxidant compounds, including
phenolics, apparently contributing to the protective effect of
kaolin in grapevine (Dinis et al., 2016a), but little is known
regarding the molecular mechanisms underlying these changes.

Secondary metabolites are indeed extremely important for
fruit quality-traits and wine production, namely phenolics, since
they contribute to color, flavor, aroma, texture, astringency, and
stabilization of wine, and also exhibit antioxidant properties
(reviewed by Teixeira et al., 2013). Phenolic compounds are
divided in two major groups, nonflavonoid phenolics, and
flavonoids (reviewed by Teixeira et al., 2013). Non-flavonoid
phenolics comprise hydroxybenzoic acids, hydroxycinnamic
acids, volatile phenolics and stilbenes, while flavonoids are
C6-C3-C6 polyphenolic compounds and divided into flavonols,
flavan-3-ols (catechins/epicatechins, proanthocyanidins, or
condensed tannins) and anthocyanins (Kennedy et al., 2000;
Verries et al., 2008). Grapevine anthocyanins are anthocyanidins
glycosylated or acylglycosylated at the 3′ position of the B ring,
thus, flavonoid-3-O-monoglycosides, and are responsible for

the pigmentation of colored grape berries, from red through
blue, hence for wine color (Castellarin et al., 2012). Two
major secondary metabolic biochemical pathways underlie the
synthesis of a wide range of important phenolic and flavonoid
compounds, including anthocyanins: the phenylpropanoid
pathway, with the enzyme phenylalanine ammonia lyase (PAL)
playing a major role, and the flavonoid pathway, with several
important enzymes involved in the formation of the different
classes of flavonoids, discussed further ahead. Anthocyanins are
stored in the vacuole after being transported across the tonoplast
by primary or secondary transporters such as ATP-binding
cassette (ABC) transporters (Francisco et al., 2013), as is the
case of VvABCC1, dependent on the presence of reduced
glutathione (GSH); or multidrug and toxic extrusion (MATE, or
anthoMATE) transporters like MATE1 (or AM1) that use the
H+ gradient to transport mostly acylated anthocyanins (Gomez
et al., 2009, 2011), respectively. Glutathione S-transferases
(GSTs), with VvGST4 as a paradigmatic case, are very important
in anthocyanin stabilization and transport to the vacuole via
a non-covalent (ligandin) activity, and a correlation between
anthocyanin accumulation and VvGST expression profile during
berry ripening has already been established (Conn et al., 2008).

Environmental conditions have a strong influence on the
secondary metabolism of grape berry cells (Teixeira et al.,
2013), that is reflected in grape berry quality. High temperatures
decreases anthocyanin biosynthesis and content (Spayd et al.,
2002; Mori et al., 2007; Azuma et al., 2012; Carbonell-Bejerano
et al., 2013). Genes encoding enzymes involved in flavonoid
biosynthesis, as well as regulatory genes and UFGT enzymatic
activity are differently affected by heat stress depending on the
cultivar and whether these high temperatures are diurnal or
nocturnal (Mori et al., 2005, 2007). Exposure to light, however,
appears to promote a increase in phenolic, mostly flavonols, and,
in many cases but not all, anthocyanin synthesis and content
(Spayd et al., 2002; Fujita et al., 2006; Czemmel et al., 2009;
Matus et al., 2009; Azuma et al., 2012), but these responses
have recently been proposed to be more complex (reviewed by
Pillet et al., 2015). Mild water deficit can enhance anthocyanin
and stilbenoid synthesis (Mattivi et al., 2006; Castellarin et al.,
2007b; Deluc et al., 2011), however flavonol content is either
unaltered or decreased (Deluc et al., 2009; Zarrouk et al., 2012). In
fact, fruits from grapevines under severe water deficit stress can
have lower synthesis and accumulation of phenolics, including
anthocyanins, as often this stress is associated with superimposed
very high temperatures in the vineyard edaphoclimate.

This work consisted of a thorough molecular and biochemical
analysis with the objective of assessing the influence of a foliar
application of kaolin on grape berry secondary metabolism.
Transcriptional analyses by qPCR, as well as biochemical analyses
including enzyme activity measurements, were performed on
key metabolic pathways/molecular mechanisms involved in the
biosynthesis of phenolics and anthocyanins, with a focus on
phenylpropanoid, flavonoid (both flavonol- and anthocyanin-
biosynthetic) and stilbenoid pathways. Metabolomic analysis
by reverse phase LC-QTOF-MS was also performed to unveil
kaolin-induced modifications on several important secondary
metabolites in the latter ripening stages.
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MATERIALS AND METHODS

Grapevine Field Conditions and Sampling
Whole grape berry samples were collected from field-grown
“Touriga Nacional” cultivar grapevines (Vitis vinifera L.) grafted
onto 110-R from the commercial vineyard “Quinta do Vallado,”
in the Douro Demarcated Region (Denomination of Origin
Douro/Porto), located at Peso da Régua, Portugal (41◦09′44.5′′N
07◦45′58.2′′W). The climate is typically Mediterranean-like, with
a warm-temperate climate and dry and hot summers, with higher
precipitation during winter but very low during the summer
(Kottek et al., 2006). Vines were managed without irrigation and
grown using standard cultural practices as applied by commercial
farmers. Vineyard rows were located on a steep hill with an
N-S orientation. Monthly maximum temperature (Tmax) and
precipitation values (April to October) were reported in Dinis
et al. (2016a).

Three vineyard rows, with 20 plants each, were sprayed in

17th July 2014, at the late green-phase and right before véraison,
with 5% (w/v) Kaolin (Surround WP; Engelhard Corp., Iselin,
NJ), according to previous work done by our team (Dinis et al.,
2016a). A second application in the same day was done to
ensure Kaolin adhesion uniformity. Other three vineyard lines,
with 20 plants each, were maintained as control, i.e., without

Kaolin application. All rows are located side-by-side (ensuring
the same edaphoclimatic conditions) on a steep hill with an N-S
orientation. The vines were 7 years-old, were trained to unilateral
cordon and the spurs were pruned to two nodes each with 10–12
nodes per vine.

Grape berry samples treated with kaolin and without
treatment, i.e., control, were randomly collected from different
positions in the clusters of different plants from different rows

in the vine at four ripening stages: on 23th July (late green
phase), 21st August (véraison, ca. half of the berries per cluster
colored), 3rd September (mature), and on 12th September (full

mature); and immediately frozen in liquid nitrogen. In all
ripening stages, sampling was performed in sunny and relatively
hot days, so with relatively similar environmental conditions in
all sampling dates. In the sampling procedure, 50–60 berries
(about 5 per cluster) were collected always at the same time

of the day, at 6.30 p.m. Phenological parameters of control vs.
kaolin-treated fully-mature berries, respectively, were as follows:
average berry weight—1.89 vs. 1.88 g, pH—3.98 vs. 3.94; total
sugars—198.6 vs. 203.6 g/L. No apparent differences in skin
to pulp ratio were noticed between control and kaolin-treated
berries. The average water contents of control vs. kaolin-treated
berries were as follows: 93.1 vs. 94.1% at green stage, 80.9
vs. 80.7% at veraison, 77.0 vs. 75.9% at mature stage, 74.5 vs.
74.4% at full maturation. For véraison sampling, a representative
mix of colored and non-colored berries was obtained. This
precaution procedure was adopted both in the cluster and for
different clusters of the plant, with half of colored and half
of non-colored berries collected from each condition and used
for each experiment. The véraison rate was apparently similar
between conditions with no apparent phonological displacement.

No difference on véraison proportion between treatments was
observable.

All berries selected for sampling were totally clean
and without any trace or residue of kaolin. Berries were
deseeded and ground to a fine powder under liquid nitrogen
refrigeration and stored in −80◦C. For RNA extraction,
metabolite extraction and enzymatic activity assays, 6–8
randomly collected berries were used for grinding and sample
homogenization.

Metabolomic Analysis by Reverse Phase
LC-QTOF-MS
Reverse phase LC-QTOF-MS analysis was used to analyze
how foliar kaolin application influenced grape berry secondary
metabolome. Secondary metabolites were extracted from
lyophilized powdered grape berry samples with 50% ethanol.
After concentration in vacuum for ethanol removal, the
extract was re-suspended with water. The aqueous solution
was subsequently extracted with light petroleum and ethyl
acetate, respectively. Samples were then evaporated under
reduced pressure. Metabolite profiling analyses were performed
with a liquid chromatography coupled to quadrupole time
of flight-MS (LC-QTOF/MS) System (Agilent Technologies
1290 LC, 6540 MS, Agilent Technologies, Santa Clara, CA,
USA) using reverse phase (RP) combined with positive ion
ESI mode. A Zorbax Eclipse XDBC18 column (100 × 2.1 mm,
1.8 µm; Agilent Technologies) was used at 45◦C and flow rate
0.6 mL/min with solvent A—water with 0.1% formic acid, and
solvent B—acetonitrile with 0.1% formic acid. The gradient
initiated from 25 to 95% B in 35 min, and returned to starting
conditions in 1 min, with there-equilibration with 25% B for 9
min. For data acquisition, the TOF mass range was set from 50
to 1000 m/z. During the analysis two reference masses: 121.0509
m/z (C5H4N4) and 922.0098 m/z (C18H18O6N3P3F24) were
continuously measured for constant mass correction and thus
obtain the accurate mass. The capillary voltage was 3000 V with
a scan rate of 1.0 scan per second. The nebulizer gas flow rate
was 10.5 L/min.

Metabolite data were normalized using the dry (lyophilized)
weight (DW) of the samples. For all experimental conditions,
three independent and randomized runs were performed in all
metabolomic analysis.

RNA Extraction
A total of 200 mg of grape berry tissue (without seeds) previously
grounded in liquid nitrogen was used for total RNA extraction
following the protocol by Reid et al. (2006) in combination
with purification with RNeasy Plant Mini Kit (Qiagen). After
treatment with DNase I (Qiagen), cDNA was synthesized from
1 µg of total RNA using Omniscript Reverse Transcription Kit of
Qiagen.

Transcriptional Analysis by Real-Time
qPCR
The expression of several target genes (Supplementary Table 1) in
berries at different developmental stages from control and kaolin
treated vines was analyzed by real-time qPCR. For that purpose,
cDNA was synthesized from 1 µg of total RNA using Omniscript
Reverse Transcription Kit (Qiagen). Real-time PCR analysis was
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FIGURE 1 | Effect of kaolin application on the quantities of important secondary metabolites of grape berries. Relative amounts of (A) quercetin; (B) rutin;

(C) catechin/epichatechin; (D) procyanidin B2, and (E) peonidin 3-galactoside (log2 transformation of kaolin/control fold variation), obtained by reverse phase

LC-QTOF-MS, in grape berry tissues collected in four different maturation stages (green, véraison, mature, and full mature) from vines subjected to kaolin treatment

and without application (control).

performed with QuantiTect SYBR Green PCR Kit (Qiagen) using
1 µL cDNA (diluted 1:10 in ultra-pure distilled water) in a
final reaction volume of 10 µL per well. As reference genes,
VvACT1 (actin), and VvGAPDH (glyceraldehyde-3-phosphate
dehydrogenase) were selected, as these genes were proven to
be very stable and ideal for qPCR normalization purposes in
grapevine (Reid et al., 2006). Gene specific primer pairs used
for each target or reference gene are listed on Supplementary

Table 1 (Downey et al., 2003; Bogs et al., 2006; Conn et al.,
2008; Gomez et al., 2009; Boubakri et al., 2013; Conde et al.,
2015). Primers specifically designed for this work were obtained
with the aid of QuantPrime (Arvidsson et al., 2008). Melting
curve analysis was performed for specific gene amplification
confirmation. The expression values were normalized by the
average of the expression of the reference genes as described
by Pfaffl (2001). For all experimental conditions tested, two
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FIGURE 2 | Effect of kaolin application on L-phenylalanine quantities in

grape berries. Relative amounts of L-phenylalanine (log2 transformation of

kaolin/control fold variation) obtained by reverse phase LC-QTOF-MS, in grape

berry tissues collected in four different maturation stages (green, véraison,

mature, and full mature) from vines subjected to kaolin treatment and without

application (control).

independent biological runs with mathematical triplicates were
performed.

Protein Extraction
Total protein extraction from grape berry powder was
performed as described by Stoop and Pharr (1993) with
several modifications. Sample powder was thoroughly mixed
with extraction buffer in an approximately 1:1 (v/v) powder:
buffer ratio. Protein extraction buffer contained 50 mMTris-HCl
pH 8.9, 5 mMMgCl2, 1 mM EDTA, 1 mM phenylmethylsulfonyl
fluoride (PMSF), 5 mM dithiothreitol (DTT), and 0.1% (v/v)
Triton X-100. The homogenates were thoroughly mixed and
centrifuged at 18000xg for 20 min and the supernatants were
maintained on ice and used for all enzymatic assays. Total
protein concentrations of the extracts were determined by
the method of Bradford (Bradford, 1976) using bovine serum
albumin as a standard.

Phenylalanine Ammonia Lyase (PAL)
Enzymatic Assay
PAL biochemical activity was determined in crude enzymatic
extracts following the trans-cinnamic acid production at 41◦C,
in a total volume of 2 mL. The reaction mixture contained
0.2 mL of enzyme extract, 3.6 mM NaCl, and 25 mM L-
phenylalanine (a saturating concentration that ensured that the
reaction occurred at the Vmax) as substrate in 50 mM Tris-HCl
pH 8.9. The rate of conversion of L-phenylalanine to cinnamic
acid was monitored continuously in the spectrophotometer
at 290 nm. Reactions were initiated by the addition of
L-phenylalanine.

Flavonol Synthase (FLS) Enzymatic Assay
FLS biochemical activity determination was performed as
described by Li et al. (2012) with some modifications. Enzyme
extraction was performed as described above, but for FLS

activity measurements the extracts were additionally purified
with Amicon Ultra 4 Centrifugal Filters (Merck Millipore). FLS
activity was determined following quercetin production at 37◦C
during 1 h in a total volume of 1 mL. The reactions were
performed at pH 5.0 with 111 mM sodium acetate, 83 µM 2-
oxoglutaric acid, 42µM ferrous sulfate, 120µL of enzyme extract
and started with 400 µM dihydroquercetin, the substrate, at a
saturating concentration that ensured Vmax, and the production
of quercetin was followed at 365 nm (ε = 13.2 mM−1 cm−1).

UDP-Glucose:Flavonoid
3-O-Glucosyltransferase (UFGT) Enzymatic
Assay
The biochemical activity of UFGT was determined as described
by Mori et al. (2005), with some adaptations. The assay mixture
contained 100 mM sodium phosphate buffer pH 8.0, 1 mMUDP-
glucose and 100 µL enzyme extract, in a final volume of 500
µL. The reaction was initiated with 1 mM quercetin as substrate
(saturating concentration). The reaction mixture was incubated
under gentle shaking for 30 min and the production of quercetin
3-glucoside was followed at 350 nm during 30 min (ε = 21877
M−1 cm−1).

Quantification of Total Phenolics and
Anthocyanins
The concentration of total phenolics and anthocyanins was
performed as described in our previous work (Dinis et al., 2016a).
Briefly, the concentration of total phenolics was quantified by
the Folin-Ciocalteu colorimetric method in berries from all
experimental conditions. Total phenolics were extracted in 1.5
mL of pure methanol from 100mg of berry grounded tissue.
The homogenates were vigorously shaken for 15 min and
subsequently centrifuged at 18000xg for 20 min. Twenty µL of
each supernatant were added to 1.58 mL of deionized water and
100 µL of Folin reagent, vigorously shaken and incubated for 5
min in the dark before adding 300 µL of 2M sodium carbonate.
After 2 h of incubation in the dark, the absorbance of the samples
was measured at 765 nm. Total phenolic concentrations were
determined using a gallic acid calibration curve and represented
as gallic acid equivalents (GAE). Anthocyanins were extracted
from 150mg of grape berry grounded tissue with 1 mL of
100% acetone. The suspension was vigorously shaken for 30
min. The homogenates were centrifuged for 20 min at 18000xg
and the supernatants were collected. Anthocyanin extracts were
diluted 1:10 in 25 mM potassium chloride solution pH 1.0 and
absorbance was measured at 520 nm and 700 nm, using 25 mM
potassium chloride solution pH 1.0 as blank. Total anthocyanin
quantification was calculated in relation to cyanidin-3-glucoside
equivalents, calculated by equation 1, per DW:

[

Total anthocyanins
] (

mg/L
)

=

(A520−A700)×MW×DF×1000
ε×1 (1)

where MW is the molecular weight of cyanidin-3-glucoside
(449.2 g mol−1), DF is the dilution factor and ε is the
molar extinction coefficient of cyanidin-3-glucoside (26900 M−1

cm−1).
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FIGURE 3 | Stimulatory effect of kaolin on the phenylpropanoid pathway. (A) Transcript levels of grapevine phenylalanine ammonia lyase 1 (VvPAL1) and

cinnamate-4-hydroxylase 1 (VvC4H1) (C) in grape berries. (B) Phenylalanine ammonia lyase (PAL) total enzymatic activity, determined as Vmax in berries collected in

the full mature stage (12th September) from vines treated with kaolin and without application (control). The assay was performed in triplicate. Values are the mean ±

SEM of three independent experiments. Asterisks indicate statistical significance (Student’s t-test; *P < 0.05). Gene expression analyses were performed by real-time

qPCR in grape berry tissues collected in four different maturation stages (green, véraison, mature, and full mature) from vines subjected to kaolin treatment and

without application (control). VvPAL1 and VvC4H1 relative expression levels were obtained after normalization with the expression of the reference genes VvACT1 and

VvGAPDH. Two independent PCR runs with triplicates were performed for each tested mRNA. Values are the mean ± SEM. Asterisks indicate statistical significance

(Student’s t-test; *P < 0.05; ***P < 0.001).

Statistical Analysis
The results were statistically analyzed by Student’s t-test using
Prism vs. 5 (GraphPad Software, Inc.). For each condition,
statistical differences between mean values are marked with
asterisks (∗P < 0.05; ∗∗P < 0.01; ∗∗∗P < 0.001).

RESULTS

Effect of Exogenous Kaolin Application on
Grape Berry Secondary Metabolites
In a very recent study (Dinis et al., 2016a) we observed that a
foliar treatment of cv. Touriga Nacional with kaolin significantly
increased the total amount of phenolic compounds in mature
and fully mature berries, and of anthocyanins in fully-mature
berries only. Results obtained in the present work confirmed
those observations, and demonstrated a significant increase of
total phenolics in roughly 30% in the late-green phase, and
unchanged concentrations in véraison (Supplementary Figure
1). In agreement, the quantities of quercetin (flavonol), rutin

(flavonol glucoside), catechin/epicatechin (monomeric flavan-
3-ol), procyanidin B2 (proanthocyanidin), and peonidin 3-
galactoside (anthocyanin), which were identified by reverse phase
LC-QTOF-MS, were all substantially increased in berries from
grapevines treated with kaolin (Figure 1).

Noticeably, LC-QTOF-MS analysis also showed that mature
and fully mature berries from vines treated with kaolin had
a significantly lower quantity of L-phenylalanine, the first
metabolite to be converted (into trans-cinnamic acid) in the
phenylpropanoid pathway, than berries from the control vines
(Figure 2).

Transcriptional and Biochemical Activity
Differences in the Phenylpropanoid
Pathway
In our previous report (Dinis et al., 2016a) we showed that
the transcript levels of a phenylalanine ammonia lyase gene
(VvPAL1), that encodes an enzyme catalyzing the first step in
the phenylpropanoid pathway in which trans-cinnamic acid
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is produced, increased in the final maturation stages by 33%
in berries from kaolin-treated plants. Here, we observed that
VvPAL1 transcripts also appeared to be slightly more abundant in
berries from kaolin treated plants at the late-green and véraison
stages (Figure 3A), in a trend that continued until the final
maturation phase.

As the highest VvPAL1 expression level occurred at the final
ripening stage, here we determined the total PAL biochemical
activity in crude extracts from fully mature berries. In agreement
with the increase in VvPAL1 transcript abundance, results
showed a two-fold higher PAL specific activity in berries
from vines subjected to kaolin treatment than in control
berries (Figure 3B). As shown in Figure 3C, the steady-state
transcript abundance of VvC4H1, which codes for a cinnamate-
4-hydroxylase (C4H) that catalyzes the second reaction in the
phenylpropanoid pathway, were also increased in berries from
kaolin-treated plants, by 100% and approximately 20% at the
mature and full mature stages, respectively.

Transcriptional Changes in Stilbene
Biosynthetic Pathway
To evaluate how the stilbenoid pathway was influenced by foliar
kaolin application, transcriptional analysis of stilbene synthase
1 (VvSTS1), that encodes the first enzyme of this pathway, was
performed. However, with the primer pair used for amplification,
we actually amplified several STS family genes, which can provide
a broader sense of the changes in this metabolic pathway.
Stilbene synthase (STS) is responsible for the condensation of
4-coumaroyl-CoA with 3 molecules of malonyl-CoA producing
resveratrol. The real-time qPCR analysis revealed that VvSTS
transcript levels increase up to 1000-fold from mature to full
mature stages, but kaolin application appeared to stimulate
VvSTS transcription only in the mature stage (Figure 4).

Transcriptional and Biochemical Activity
Changes in the Flavonoid
Pathway—Biosynthesis of Flavonols,
Flavanols, and Anthocyanins
Transcriptional changes in several important intermediates in
the flavonoid pathway were also analyzed. This pathway is
initiated by the action of chalcone synthase (CHS). As shown in
Figure 5A, the expression of a paradigmatic chalcone synthase
gene, VvCHS1, which is the better characterized chalcone
synthase isoform in grapevine, was not constant during the
season and was variably affected by kaolin. The highest steady-
state transcript abundance quantity of VvCHS1 was observed
at the late-green stage, when the stimulatory effect of kaolin
was more evident (five-fold increase over the control). However,
kaolin application also stimulated VvCHS1 transcription at the
mature and full mature stage in a very subtle way, as we had
reported before (Dinis et al., 2016a).

Flavonol Biosynthesis
Flavonol synthase (FLS) is the first enzyme of the flavonol
biosynthetic branch of the flavonoid pathway. Gene expression
analysis by qPCR revealed that VvFLS1 was mostly expressed at

FIGURE 4 | Effect of kaolin application in the transcript levels of

grapevine stilbene synthase 1 (VvSTS1) in mature and full mature

grape berries. Gene expression analysis was performed by real-time qPCR in

grape berry tissues collected from vines subjected to kaolin treatment and

without application (control). VvSTS1 relative expression levels were obtained

after normalization with the expression of the reference genes VvACT1 and

VvGAPDH. Two independent PCR runs with triplicates were performed for

each tested mRNA. Values are the mean ± SEM. Asterisks indicate statistical

significance (Student’s t-test; *P < 0.05.

the véraison and mature stages (Figure 5B), and then the steady-
state transcript levels decreased abruptly at full mature stage. The
stimulatory effect of kaolin application onVvFLS1 expression was
more evident in late green berries and at the mature stage, when a
three-fold increase over the control was observed. Concordantly,
in berries from kaolin-treated vines, the biochemical activity of
FLS was also three-fold higher than in berries from untreated
plants (Figure 5C)

Flavanol and Anthocyanin Biosynthesis
Dihydroflavonols are secondary metabolites that can enter in
either anthocyanin or flavan-3-ol biosynthetic pathways. By
catalyzing the reduction of dihydroflavonols to flavan-3,4-diols,
the enzyme dihydroflavonol reductase (DFR) is responsible
for the first committed step in the pathway leading to the
synthesis of flavan-3-ols (or flavanol) compounds, a group
that comprises catechin, epicatechin, epigallocatechin, other
tannins and proanthocyanidins; and also in the pathway that
culminates with the synthesis of anthocyanins. We observed that,
in all developmental stages, VvDFR1 expression was significantly
higher in berries from vines treated with kaolin (Figure 6A),
with increases by almost six-fold and two-fold, for instance,
in the mature and full mature stages. The enzyme UDP-
glucose:flavonol 3-O-glucosyl transferase (UFGT) catalyzes the
final step of anthocyanin biosynthesis. The transcript levels
of VvUFGT were noticeably higher in kaolin-treated than in
control berries, particularly in the green (two-fold) and the
mature (80%) stages, but also slightly, yet not statistically
significant, in fully mature berries (Figure 6B). In agreement
with the transcript abundance of the gene VvUFGT1, the
UFGT specific activity was significantly enhanced by little
more than two-fold, in mature berries from kaolin-treated
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FIGURE 5 | Stimulatory effect of kaolin on chalcone synthase and flavonol synthase. (A) Transcript levels of chalcone synthase 1 (VvCHS1) and flavonol

synthase 1 (VvFLS1) (B) in grape berries. Gene expression analyses were performed by real-time qPCR in grape berry tissues collected in four different maturation

stages (green, véraison, mature, and full mature) from vines subjected to kaolin treatment and without application (control). VvCHS1 and VvFLS1 relative expression

levels were obtained after normalization with the expression of the reference genes VvACT1 and VvGAPDH. Two independent PCR runs with triplicates were

performed for each tested mRNA. Values are the mean ± SEM. Asterisks indicate statistical significance (Student’s t-test; *P < 0.05; ***P < 0.001). (C) Flavonol

synthase (FLS) total biochemical activity, determined as Vmax in berries collected in the mature stage (3rd September) from vines treated with kaolin and without

application (control). The assay was performed in triplicate. Values are the mean ± SEM of three independent experiments. Asterisks indicate statistical significance

(Student’s t-test; **P < 0.01).

plants, while no differences were observed in full-mature berries
(Figure 6C).

The gene VvMYB5b encodes a protein belonging to the R2R3-
MYB family of transcription factors that has been unequivocally
characterized as a regulator of the flavonoid pathway and as
having a great role in anthocyanin- and proanthocyanidin-
derived compounds accumulation (Deluc et al., 2008). Moreover,
it is predominantly expressed during grape berry ripening,
making it an ideal candidate to evaluate MYB-related regulation
of anthocyanin biosynthetic pathway in the present work. As
denoted in Figure 7, VvMYB5b appeared to be slightly up-
regulated at the full mature stage, when kaolin application
seemed to increase its expression, however the differences were
not statistically significant between treatments.

Transcriptional Changes in Anthocyanin
S-conjugation and Vacuolar Transport
Transcriptional changes in genes involved in anthocyanin S-
conjugation and in vacuolar transport for intracellular storage

were also evaluated. The expression of the gene VvGST4, coding
for glutathione S-transferase 4, was higher in berries under
kaolin treatment in all development stages except in the full
mature, with the three-fold increase in mature berries being
most noticeable (Figure 8A). This enzyme is key in stabilizing
anthocyanins by conjugating them with the reduced form of
glutathione (GSH), a biochemical step that is required for the
majority of anthocyanin vacuolar transport (Conn et al., 2008).

Gene expression of the tonoplast anthocyanin transporter
VvMATE1 was also strongly enhanced (by three-fold) in mature
berries from kaolin-treated vines, and approximately two-fold
higher than the control in the green stage (Figure 8B). On the
other hand, the expression of another tonoplast anthocyanin
transporter, VvABCC1, this one shown to strictly transport S-
conjugated anthocyanins only, was very strongly upregulated
in kaolin-treated berries at véraison by approximately 26-fold
(Figure 8C). Interestingly, at themature stage, the ripening phase
when VvMATE1 expression was very strongly upregulated in
response to kaolin, VvABCC1 transcript levels were higher in
berries from untreated plants.
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FIGURE 6 | Stimulatory effect of kaolin on key intervenients of anthocyanin biosynthesis. (A) Transcript levels of dihydroflavonol reductase (VvDFR) and

UDP-glucose:flavonol 3-O-glucosyl transferase (VvUFGT ) (B) in grape berries. Gene expression analyses were performed by real-time qPCR in grape berry tissues

collected in four different maturation stages (green, véraison, mature, and full mature) from vines subjected to kaolin treatment and without application (control). VvDFR

and VvUFGT relative expression levels were obtained after normalization with the expression of the reference genes VvACT1 and VvGAPDH. Two independent PCR

runs with triplicates were performed for each tested mRNA. Values are the mean ± SEM. Asterisks indicate statistical significance (Student’s t-test; *P < 0.05;

**P < 0.01). (C) UDP-glucose:flavonol 3-O-glucosyl transferase (UFGT) total biochemical activity, determined as Vmax in berries collected in the mature (3rd

September) and full mature (12th September) stages from vines treated with kaolin and without application (control). The assay was performed in triplicate. Values are

the mean ± SEM of three independent experiments. Asterisks indicate statistical significance (Student’s t-test; *P < 0.05).

DISCUSSION

This work, as well as a previous one (Dinis et al., 2016a)

reinforce that the treatment of grapevine leaves with the inert
clay mineral kaolin increases, in the mature grape berry, the
quantities of phenolic compounds, including total phenolics and
anthocyanins. This fact should have major implications in fruit
and wine quality, while protecting plant against abiotic stress.
Here, an analysis focused on secondary metabolism by reverse
phase LC-QTOF-MS confirmed that the production in the grape

berry of different classes of phenolic compounds—including
flavonols, flavonol glucosides, flavan-3-ols, proanthocyanidins
and anthocyanins, was indeed generally stimulated by foliar
kaolin treatment of Touriga Nacional grapes. Furthermore,
we showed here that the higher phenolic/anthocyanin content
in response to kaolin is clearly due to a global stimulation
of phenylpropanoid, flavonoid—flavonol and anthocyanin—
pathways at the gene expression and/or protein activity (enzyme
activity) levels. Indeed, a concerted and general increased in

the expression of many genes involved in these pathways, along
with a significant increase in measured enzymatic activities were
observed in the latter ripening stages.

Both VvPAL1 and VvC4H1 had higher expression in mature
and fully mature berries from kaolin-treated vines, confirming
that kaolin enhances this particular pathway that is fundamental
for the following synthesis of stilbenes and flavonoids. The
observed higher PAL enzymatic activity in fully mature berries
from kaolin-treated vines also corroborates this assumption, and
suggests that in this case the increased transcription levels of one
PAL isoform (VvPAL1) do indeed provide strong evidence of a
final increased biochemical activity. This increased biochemical
activity of PAL, that is the result from the joint activity of
all isoenzymes, may account for the observed lower levels of
L-phenylalanine content in berries from kaolin-treated vines.
Dai et al. (2014) demonstrated that increased L-phenylalanine
amounts, the main precursor of phenolic biosynthesis, were not
correlated with anthocyanin improvement. Here, we were able
to observe the same, as lower L-phenylalanine contents were
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FIGURE 7 | Effect of kaolin application in the transcript levels of

grapevine R2R3-MYB transcription factor family member MybB5b

(VvMybB5b) in grape berries. Gene expression analysis was performed by

real-time qPCR in grape berry tissues collected in four different maturation

stages (green, véraison, mature, and full mature) from vines subjected to kaolin

treatment and without application (control). VvMybB5b relative expression

levels were obtained after normalization with the expression of the reference

genes VvACT1 and VvGAPDH. Two independent PCR runs with triplicates

were performed for each tested mRNA. Values are the mean ± SEM.

paralleled by an increase in total phenolics in kaolin-treated
berries, and in PAL activity, thus, L-phenylalanine consumption.

The flavonols quercetin and rutin (a glycosylated quercetin-
derivative) were successfully identified in the metabolomic
analysis by LC-QTOF-MS and both were more abundant
in berries from kaolin-treated vines especially at the latter
ripening stages. This is in agreement with the enhanced flavonol
biosynthetic pathway observed in berries from kaolin-treated
vines, in particular at the mature stage. At that point, VvFLS1
expression level was significantly higher in berries from kaolin-
treated vines, which correlated very well with a significantly
higher FLS activity, in the same proportion. Together with
the correlation of PAL activity and VvPAL1 transcripts, this
shows that, in the secondary metabolic pathways we assessed,
increased expression levels of a gene can be predictive/indicative
of increased final enzymatic activity resulting from all possible
isoforms, attesting our prospective qPCR analysis as a robust
approach to assess the influence of kaolin on molecular
mechanisms/biochemical pathways related with berry quality.

The four-fold increase in VvCHS1 expression in green berries
from kaolin-treated plants, the stage in which its expression was
the highest, also suggests that an enhancement of this metabolic
step that begins the flavonoids pathway could have played a role
in the higher phenolics concentration observed in this phase.

Anthocyanins are responsible for berry color being, thus, an
important quality trait of both fruit and red wine production. At
the mature stage, berries are actively synthesizing anthocyanins
in a process that stagnates in the very final ripening stage
when the berries are ready for harvest. Fully mature berries
from kaolin-treated vines had significantly more anthocyanins,
in a process that appeared to be initiated in the mature phase.
This difference could be explained by higher expression of

genes involved in anthocyanin biosynthesis and accumulation
in the latter ripening stages of berries from kaolin-treated
vines. VvUFGT, that glycosylates anthocyanidins/flavonols into
anthocyanins using UDP-glucose as co-substrate, was indeed
more expressed in mature berries from kaolin-treated vines,
with a very good correlation with increased total UFGT higher
enzymatic activity, just like the case of PAL and FLS, suggesting
the increase in the transcription and activity of UFGT was key
for increased anthocyanin concentrations. Like in the case of
PAL, the enzymatic activity of UFGT is the clear-cut result from
the joint action of all UFGT isoenzymes. Upstream, VvDFR
expression was also enhanced in berries from kaolin-treated
vines at the latter ripening stages, suggesting a whole stimulation
of the anthocyanin synthesis pathway. Catechins/epicatechins,
procyanidin B2, a proanthocyanidin, and the anthocyanin
peonidin-3-galactoside were all also present in higher amounts
in mature and fully mature berries from kaolin treated vines.
This is in perfect agreement with the overall stimulation
of phenylpropanoid and flavonoid pathways by foliar kaolin
application. Moreover, anthocyanin stabilization and transport
into the vacuole was also increased in berries during the major
color change phases (véraison and mature) from kaolin-treated
vines as demonstrated by increased VvGST4, VvMATE1, and
VvABCC1 transcripts.

Anthocyanin accumulation in the grape berry is known
to be impaired by high temperatures (Spayd et al., 2002;
Yamane et al., 2006; Mori et al., 2005, 2007), which suggests
that the fact that foliar kaolin application leads to lower
canopy temperatures might also contribute for the higher
anthocyanin concentration in berries from kaolin-treated plants.
Low anthocyanin accumulation at high temperatures has been
reported to result from down-regulation of genes involved in
anthocyanin biosynthesis (Mori et al., 2005, 2007; Carbonell-
Bejerano et al., 2013).

Mild water deficit has been observed to increase total
anthocyanins and stilbenoids (Deluc et al., 2009, 2011; Castellarin
et al., 2007a,b, 2012), and to up-regulate genes involved
in the phenylpropoanoid biosynthetic pathway (Deluc et al.,
2009; Castellarin et al., 2007a,b, 2012). However, severe water
deficit causes the opposite and results in lower anthocyanin
synthesis and contents. Our results suggest that foliar kaolin
application somehow had a stimulatory effect in phenolic and
anthocyanin synthesis capacity, and a possible reduction of a
severe water deficit stress to a milder form of stress induced
by foliar kaolin application should not be ruled out. The
recognized capacity of kaolin particle film in reducing part
of the radiation that reaches plant tissues, thereby reducing
canopy temperature and alleviating heat stress and sunburn,
while stimulating photosynthesis (Dinis et al., 2016b), might
also contribute for higher phenolic/anthocyanin concentrations
in berries from kaolin-treated plants observed in this study,
but a possible direct influence of silicon (Si) should not be
ruled out, despite the reported inert nature of kaolin, and
future studies to address this matter could provide valuable
new insights, following previous reports showing that plants
actively respond to Si supplementation, administrated in roots
in forms other than kaolin, including the accumulation of
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FIGURE 8 | Stimulatory effect of kaolin on the transcription of genes involved in anthocyanin S-conjugation and vacuolar transport capacity. (A)

Transcript levels of glutathione S-transferase 4 (VvGST4) and of anthocyanin tonoplast transporters MATE1 (VvMATE1) (B) and ABCC1 (C) in grape berries. Gene

expression analyses were performed by real-time qPCR in grape berry tissues collected in four different maturation stages (green, véraison, mature, and full mature)

from vines subjected to kaolin treatment and without application (control). VvGST4, VvMATE1, and VvABCC1 relative expression levels were obtained after

normalization with the expression of the reference genes VvACT1 and VvGAPDH. Two independent PCR runs with triplicates were performed for each tested mRNA.

Values are the mean ± SEM. Asterisks indicate statistical significance (Student’s t-test; *P < 0.05; **P < 0.01).

phenolics in rice (Zhang et al., 2013) and banana (Fortunato
et al., 2014). It is also important to note that kaolin is known for
increasing photosynthetic capacity in leaves, therefore increasing
the synthesis of photoassimilates like sucrose. Interestingly,
gene expression of several sugar transporters with a role in
phloem unloading and/or post-phloem loading was increased in
mature leaves and, most importantly, in mature and fully-mature
berries (not shown) which might indicate an increased sugar
transport capacity at the berry level as well as its accumulation
or availability for feeding other metabolic pathways. In fact,
several studies have shown a relationship between sugar and
anthocyanin content (Pirie and Mullins, 1977; Hunter et al.,
1991; Larronde et al., 1998; Dai et al., 2014), which suggests that
sugar is important for the synthesis of secondary metabolites.
Thus, is plausible that kaolin-induced higher sugar transport
and availability in the berry might also contribute to the
stimulation of these secondary pathways. A somewhat interesting
observation appears to be the very few changes generally
observed at véraison. Abscisic acid concentration increases to
reach its peak at this developmental phase of the berry and is
responsible for the beginning of berry coloring and ripening

phase initiation (Castellarin et al., 2016), events that are markedly
noticed by anthocyanin and other flavonoids accumulation. A
possible explanation for the the fact that kaolin had no apparent
effect at veraison might very well be the large concentrations
of ABA comparing to the other phases, so that the regulation
exerted by this hormone heavily controls the expression of
the molecular mechanisms behind flavonoid and anthocyanin
synthesis and superimposes any possiblemodification induced by
the foliar kaolin treatment.

It is also important to note that, despite the absence of a factual
skin:pulp ratio measurement in this study, no apparent changes
in that regard were observed when collecting and processing
the berry samples. So, despite not possible to completely rule
out the influence of a slightly modified skin:pulp ratio by foliar
application of kaolin, it appears not to be a contributor to the
observed stimulated phenylpropanoid- and flavonoid-associated
molecular mechanisms. In addition, no apparent changes were
observed in berry softening, and alterations of brix, berry
size and weight, and total acidity were negligible. However,
a small contribution of possible indirect kaolin-induced skin
thickening and/or phenology displacement, even though not
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FIGURE 9 | Foliar kaolin application induced a general stimulation of phenylpropanoid and flavonoid pathways in grape berry cells. Molecular

mechanisms studied in the present work are identified by the upper pointing green arrows that highlight increases of transcripts, biochemical activity or both we

observed at any given point during berry ripening in response to kaolin application. CHS, chalcone synthase; CHI, chalcone isomerase; F3H, flavanone 3-hydroxylase;

DFR, dihydroflavonol 4-reductase; ANS, anthocyanidin synthase; LDOX, leucoanthocyanin dioxygenase; LAR, leucoanthocyanidin reductase; ANR, anthocyanidin

reductase; UFGT, UDPglucose:flavonoid 3-O-glucosyltransferase; FLS, flavonol synthase; GST4, glutathione S-transferase 4; MATE, anthocyanin multidrug and toxic

extrusion transporters; ABCC1, ATP-binding cassette transporter; v, vacuole; cw, cell wall.

apparent in the current work, should not be completely ruled
out, and should be carefully evaluated in future studies to confirm
whether or not they are partially responsible for our observations
on phenylpropanoid and flavonoid pathways. Additionally,
thoroughly determined ripening indicators throughout berry
development such as pH value or titratable acidity and total

sugar content in a statistically significant manner is equally
important to confirm that no phenology displacement occurs as
consequence of foliar kaolin application.

In the present work, we showed that grape berries from

kaolin-treated vines demonstrated generally enhanced
phenolic-biosynthetic molecular mechanisms (Figure 9)
that ultimately resulted in higher concentration of phenolics,

including anthocyanins. These metabolic pathways are tightly
associated with berry quality, and better grape berry quality
translates into better wine quality, so, into added value to the
winemaking industry, as these compounds are responsible for
wine organoleptic properties, like color, flavor, astringency,
and bitterness. The conjugation of kaolin application with
other mitigation strategies based on viticultural practices or
the application of other protective compounds with similar
characteristics could also be potentially explored in the future.

In sum, exogenous kaolin application in grapevine leaves
shows great potential as summer stress mitigation strategy
because it positively impacts berry quality as a result of many
molecular and biochemical changes in key secondary metabolic
pathways such as phenylpropanoid and flavonoid pathways.
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Grapevine (Vitis vinifera L.) is considered one of the most environmentally sensitive crops

and is characterized by broad phenotypic plasticity, offering important advantages such

as the large range of different wines that can be produced from the same cultivar,

and the adaptation of existing cultivars to diverse growing regions. The uniqueness

of berry quality traits reflects complex interactions between the grapevine plant and

the combination of natural factors and human cultural practices which leads to the

expression of wine typicity. Despite the scientific and commercial importance of genotype

interactions with growing conditions, few studies have characterized the genes and

metabolites directly involved in this phenomenon. Here, we used two large-scale

analytical approaches to explore the metabolomic and transcriptomic basis of the broad

phenotypic plasticity of Garganega, a white berry variety grown at four sites characterized

by different pedoclimatic conditions (altitudes, soil texture, and composition). These

conditions determine berry ripening dynamics in terms of sugar accumulation and

the abundance of phenolic compounds. Multivariate analysis unraveled a highly

plastic metabolomic response to different environments, especially the accumulation of

hydroxycinnamic and hydroxybenzoic acids and flavonols. Principal component analysis

(PCA) revealed that the four sites strongly affected the berry transcriptome allowing

the identification of environmentally-modulated genes and the plasticity of commonly-

modulated transcripts at different sites. Many genes that control transcription, translation,

transport, and carbohydrate metabolism showed different expression depending on the

environmental conditions, indicating a key role in the observed transcriptomic plasticity

of Garganega berries. Interestingly, genes representing the phenylpropanoid/flavonoid

pathway showed plastic responses to the environment mirroring the accumulation of the

corresponding metabolites. The comparison of Garganega and Corvina berries showed

that themetabolism of phenolic compounds is more plastic in ripening Garganega berries

under different pedoclimatic conditions.

Keywords: grapevine, berry ripening, plasticity, transcriptomics, metabolomics, phenolic compounds

INTRODUCTION

The quality traits of grapevine (Vitis vinifera L) berries for wine production reflect the outcome of
complex interactions between the plant and its environment. In viticulture, the latter is defined as
terroir, and it represents a combination of natural factors, such as climate, altitude, exposure, the
geological characteristics of the soil, and the microbial community, together with human cultural
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and production practices, which influence the expression of
the berry traits and wine quality (White et al., 2009). The
combination of a vine and a terroir is unique and is the basis
of the term typicity, which describes the specific qualitative
properties of wines (van Leeuwen et al., 2004). Typicity not
only refers to geographically referenced wines but also includes
collective taste memory, which has matured for a long time
(Vaudour, 2002).

Grapevine is considered one of the most environmentally
sensitive crops (Hannah et al., 2013) and it is characterized by
broad phenotypic plasticity, i.e., the capacity of a single genotype
to express different phenotypes under different environmental
conditions (Bradshaw, 1965; Sultan, 2000). Phenotypic plasticity
generates variability among berries, clusters, and vines within
a vineyard (Dai et al., 2011) and it is often considered a
disadvantage in viticulture because it can cause uneven maturity
and large inter-seasonal variability (Clingeleffer, 2010). However,
genetic variability and plasticity also offer important benefits,
such as the large range of different wines that can be produced
from the same cultivar, and the adaptation of existing cultivars
to specific growing regions (Dai et al., 2011). These phenotypic
variations can be attributed to the effect of the environment on
the expression of genes influencing plastic traits, mainly through
transcriptomic and epigenomic reprograming (Shaw et al., 2014).

Despite the scientific and commercial importance of
genotype interactions with growing conditions, few studies have
characterized the genes and metabolites directly involved in
such phenotypic plasticity. Previously, we reported that ≥5%
of the transcriptome of the red berry cultivar Corvina was
differentially modulated during berry ripening when comparing
plants trained with different systems and rootstocks at sites
with diverse pedoclimatic conditions representing a well-known
viticultural area in the north of Italy (Dal Santo et al., 2013a).
This suggests that the interaction between genotype (grapevine
cultivar) and its growing conditions has a profound impact on
berry gene expression, possibly affecting ripening and therefore
wine quality traits. More recently, Anesi et al. (2015) identified
different vine-growers on the basis of the unique metabolic
profile of Corvina berries, and Young et al. (2015) described the
plasticity of berry carotenoid metabolism in the white variety
Sauvignon Blanc under different types of light exposure. These
studies revealed few examples of a clear relationship between
the plasticity of the berry metabolome and transcriptome, and
highlighted the complexity of studying grapevine plasticity in
open-field grown plants over multiple growing seasons. Under
these conditions, the vines are simultaneously challenged by
different external stimuli and are subjected to seasonal waves
so that the assignment of a plastic change to a given viticultural
practice and/or environmental factor can only be achieved using
tailored statistical analysis.

Garganega is a white berry variety mainly cultivated in the
Soave production area, which extends into the hills to the east
of the Verona province, Italy (Calò et al., 2002). The soil of
this production region has both volcanic and alluvial origins,
and wines from Garganega berries cultivated in this area are
characterized by complexity and longevity with a typical mineral
tang. The typicity of Soave wines thus reflects the unique

interaction between the Garganega genotype and environmental
factors such as the soil origin and composition, and the climatic
conditions.

Here, we investigated metabolomic and transcriptomic
plasticity during the ripening of Garganega berries representing
a single clone cultivated at four sites characterized by different
pedoclimatic conditions. To reduce the complexity as far as
possible, we selected vineyards trained with similar agricultural
practices, but different soil origins and altitudes. We found
that the phenotype of the Garganega berries was highly plastic
in different environments, indeed more plastic than ripening
Corvina berries, particularly concerning the accumulation of
phenolic compounds.

MATERIALS AND METHODS

Vineyard Features and Environmental
Parameters
Vitis vinifera cv. Garganega, clone 4, provided by Vivai Coperativi
di Rauscedo (VCR) samples were collected from four vineyards
during the 2013 growing season at the same time of day (∼10.30
a.m.). The parral training system rowswere north-south oriented,
and SO4 was used as the rootstock. For all vineyards, the
planting density was 3000–4000 vines/ha, with vines 10–15 years
old. The vineyards were located in different areas of the Soave
production region featuring diverse growing conditions, such as
altitude and soil composition (Table 1). Meteorological data were
kindly provided by the Cantina di Soave (Soave, Verona, Italy).
Temperature and monthly precipitation (mm) measurements,
and the number of rainy days, were obtained from recording
stations using the Green Planet Platform (3a S.r.l., Torino, Italy)
in the four vineyard sites studied in this project (Colognola
ai Colli, Sarmazza di Monteforte d’Alpone, Soave and Ronca’;
Supplementary Figure 1). Average daily temperatures were used
to define the heat summation per month. Standard soil texture
and chemical analysis was conducted by Enocentro Di Vassanelli
C. & C. S.r.l. (Verona, Italy).

Sample Collection
Garganega berries were collected biweekly at four ripening stages,
starting from veraison (the onset of ripening) and finishing
at harvest (August 22nd, September 4th, September 17th, and
September 30th 2013). For three vineyards (AP, VP, VH2),
berries were harvested at the so-called “perfect ripening” stage,
corresponding to a total soluble solids (TSS) content of 18.5◦

Brix and pH 3.3. This was never achieved by the VH1 berries.
The ◦Brix of the berry juice was determined using a digital
DBR35 refractometer (Giorgio Bormac S.r.l., Carpi, Italy). A
single biological replicate was created by pooling about 30 berries
collected from clusters of different vines, along one central
vineyard row of an average of 70 vines. As the ripening variability
within one single cluster is very large, we payed attention on
collecting berries also from different position in the clusters.
We repeated the same procedure for the other two biological
replicates, but each time we collected berries from different
clusters of different vines within the same row. This strategy
allowed the collection of three biological replicates that represent

Frontiers in Plant Science | www.frontiersin.org July 2016 | Volume 7 | Article 970 | 359

http://www.frontiersin.org/Plant_Science
http://www.frontiersin.org
http://www.frontiersin.org/Plant_Science/archive


Dal Santo et al. Garganega Plasticity during Berry Ripening

TABLE 1 | Description of collection sites.

Vineyard Location in the soave

area

Vineyard site Altitude

(m a.s.l.)a
Type of soil

(% sand, clay, silt)

CaCO3

(% w/w)b
Vineyard

training

system

Rows facing

direction

Vines/

hectare

Vineyard

Age (y)c
Rootstockd

AP Colognola ai Colli 45◦26′12.90′′N,

11◦10′30.10′′E

84 32.5, 19.9, 47.6 total 22.8

active 16.8

Parral North-south 3000 10–15 SO4

VP Sarmazza (Monteforte

d’Alpone)

45◦26′5.27′′N,

11◦19′2.18′′E

32 5.7, 7.5, 86.8 total 3.8

active 2.1

Parral North-south 4000 10–15 SO4

VH1 Ronca’ 45◦30′9.99′′N,

11◦17′1.92′′E

437 31.4, 10.0, 58.6 total 3.0

active 4.7

Parral North-south 3000 10–15 SO4

VH2 Soave 45◦25′28.86′′N,

11◦12′27.32′′E

277 32.4, 4.6, 62.9 total 2.1

active 3.8

Parral North-south 3500 10–15 SO4

aMeters above sea level.
bDry matter.
C Years. dSO, Selection Oppenheim.

almost the entire variability of the vineyard. The same sampling
collection procedure was applied at each sampling time point
for each of the four vineyards, thus the experiment entailed the
collection and analysis of 48 berry samples (four vineyards, four
stages, three replicates). We removed the seeds from the berries
of each biological replicates and the obtained pericarps were
powdered with an automatic mill grinder (IKA R©-Werke GmbH
& Co. KG, Germany). The obtained frozen powder was used for
both transcriptomic and metabolomic analyses.

RNA Extraction and Microarray Analysis
Total RNA was extracted from ∼200mg frozen berry powder
using the SpectrumTM Plant Total RNA kit (Sigma-Aldrich,
St. Louis, Missouri, USA) as previously described (Fasoli
et al., 2012). A NimbleGen microarray 090818_Vitus_exp_HX12
chip (Roche, NimbleGen Inc., Madison, Wisconsin, USA) was
hybridized with 5µg total RNA per sample according to
the manufacturer’s instructions. The chip contained probes
matching 29,549 predicted grapevine genes (http://ddlab.sci.
univr.it/FunctionalGenomics/) representing∼98.6% of the genes
predicted in the V1 annotation of the 12x grapevine genome
(http://srs.ebi.ac.uk/), as well as 19,091 random probes used as
negative controls. Arrays that meet the recommended quality
metrics exhibit a background (averaged fluorescence intensity
level of empty cells and random probes) of 450–500. Therefore,
a fluorescence intensity value of 500 was used as the threshold
to define gene expression, and averaged values across the
entire dataset lower than 500 were considered to represent
minimal/absent expression and were excluded from our analysis.

Reverse Transcription (RT) and Real Time
qPCR
One microgram of extracted RNA was treated with 2 unit (U)
of Turbo DNase (TURBO DNA-free kit—Ambion) according
to the instructions provided with the commercial kit. DNase-
treated RNA was then used for cDNA synthesis using the
SuperScript III Reverse Transcriptase kit (Invitrogen) following
the producer’s indications. In order to assess if the cDNA had
been properly produced, an amplification with primers designed
on the 3′ UTR of an Ubiquitin coding gene (VIT_16s0098g01190;

UbiFor 5′-TCTGAGGCTTCGTGGTGGTA-3′ and UbiRev 5′-
AGGCGTGCATAACATTTGCG-3′) was performed.

Real Time qPCR was performed using GoTaq R© Green Master
Mix kit (Promega) to amplify a specific region of target genes
(C4H, trans-cinnamate 4-monooxygenase, VvC4H-F: 5′-AA
AGGGTGGGCAGTTCAGTT-3′ and VvC4H-R: 5′-GGGG
GGTGAAAGGAAGATAT-3′; MYB14, transcription factor
MYB14, VvMYB14-F: 5′-TCTGAGGCCGGATATCAAAC-3′

and VvMYB14-R: 5′-GGGACGCATCAAGAGAGTGT-3′; ANR,
anthocyanidin reductase, VvANR-F: 5′-CAATACCAGTGTTC
CTGAGC-3′ and VvANR-R: 5′-AAACTGAACCCCTCTTTCA
C-3′; LAR1, leucoanthocyanidin reductase 1, VvLAR1-F: 5′-CA
CATGCATGCGATTAGTCC-3′ and VvLAR1-R: 5′-ACGAAT
TTCACCCATGTTAC-3′). Reaction mix was composed of 1x
GoTaq R© Green Master Mix, 200 nM of each primer and 20 ng of
cDNA in a final volume of 25µl. The reaction was carried out on
a StepOnePlusTM Real Time PCR System (Applied Biosystems)
using the following cycling conditions: 95◦C hold for 2min
followed by 40 cycles at 95◦C for 15 s, 55◦C for 30 s, 60◦ for 30 s,
and 95◦C for 15 s. Non-specific PCR products were identified by
the dissociation curves. Amplification efficiency was calculated
from raw data using LingRegPCR software (Ramakers et al.,
2003). The mean normalized expression (MNE)-value was
calculated for each sample referred to the ubiquitin expression
according to the Simon equation (Simon, 2003). Standard error
(SE)-values were calculated according to Pfaffl et al. (2002).

Statistical Analysis of the Transcriptome
Dataset
Principal component analysis (PCA) was applied to the entire
transcriptome dataset using SIMCA P+ v13 (Umetrics, San José,
California, USA). Loadings of the first and second principal
components were ordered, and genes within the first and last
percentiles were extracted to investigate their expression profiles
over time in the different vineyards. Multiclass significance
analysis of microarrays (SAM) was carried out using TMeV
v4.8 (http://www.tm4.org/) with a false discovery rate (FDR) of
0.01%, to extract genes that were significantly modulated during
ripening in all four vineyards. The differentially expressed genes
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were then filtered by applying a fold-change thresholds of ≥2 or
≤ −2. To identify shared and specific transcriptomic ripening
programs in the four vineyards, the selected differentially
expressed genes (FDR 0.01%, |FC| ≥2) were represented in a
Venn diagram (Venny v2.0, http://bioinfogp.cnb.csic.es/tools/
venny/). The differentially expressed genes were screened by
calculating the coefficients of variation (CV) at the four
developmental stages in each vineyard, and then the standard
deviation (SD) among the four calculated CVs. This allowed
to rank the shared genes by a quantitative measure of the
intra-vineyard and inter-vineyard variability of expression during
ripening. Transcripts scoring the highest standard deviations (the
top 50 genes) were defined as the most plastic genes under our
experimental conditions.

Functional Category Assignments and GO
Enrichment Analysis
All grapevine transcripts were annotated against the V1 version
of the 12x draft annotation of the grapevine genome. Gene
Ontology annotations were assigned using the BiNGO v2.3
plug-in tool in Cytoscape v2.6 (http://www.cytoscape.org/)
with PlantGOslim categories. Overrepresented PlantGOslim
categories were identified using a hypergeometric test with a
significance threshold of 0.05, after Benjamini and Hochberg
correction with a FDR of 0.01 (Klipper-Aurbach et al., 1995).

Visualization of Grapevine Transcriptome
Data
Information from the Nimblegen microarray platform was
integrated using MapMan software (Thimm et al., 2004) as
described for the Array Ready Oligo Set Vitis vinifera (grape),
the AROS V1.0 Oligo Set (Operon, Qiagen, Hilden, Germany),
and the Gene-Chip R© Vitis vinifera Genome Array (Affymetrix
Inc., Santa Clara, California, USA; Rotter et al., 2009). Mapping
information and the annotation of the carotenoid biosynthesis
and catabolic pathways were modified based on Young et al.
(2012).

Extraction, Analysis, and Identification of
Non-Volatile Metabolites
For each sample, 300mg of frozen berry powder was extracted
in three volumes of cold methanol acidified with 0.1% formic
acid. After mixing, the samples were sonicated for 15min
at 4◦C and then centrifuged at 16,000 × g for 10min at
4◦C. The supernatants were analyzed by reversed-phase high-
performance liquid chromatography (RP-HPLC) coupled to
electrospray ionization mass spectrometry (RP-HPLC-ESI-MS)
or a diode array detector (RP-HPLC-DAD) after dilution (1:2 or
2:3, respectively) in LC-MS-grade water and passage through a
0.2-µm filter.

RP-HPLC analysis was carried out using a Beckman Coulter
(Brea, California, USA) Gold 127 HPLC System equipped with
a C18 guard column (7.5 × 2.1mm, 5µm particle size) and
an Alltech (Nicholasville, Kentucky, USA) RP C18 column
(150 × 2.1mm, 3µm particle size). Two solvents were used:
0.5% formic acid and 5% acetonitrile in water (solvent A) and

acetonitrile (solvent B). The gradient was set as follows: 0–10% B
in 2min, 10–20% B in 10min, 20–25% B in 2min, 25–70% B in
7min, isocratic for 5min, 70–90% B in 1min, isocratic for 4min,
90–0% B in 1min, and 20min equilibration. For each sample,
20µL was injected at a flow rate of 0.2mL min−1. The HPLC
instrument was coupled on-line with an Esquire 6000 ion trap
mass spectrometer equipped with an ESI source (Bruker Daltonik
GmbH, Bremen, Germany). MS data were collected using the
Esquire Control v5.2 software, and processed using the Esquire
Data Analysis v3.2 software (both provided by Bruker Daltonik
GmbH). The instrument was set to induce positive and negative
ionization in alternating mode. Mass spectra were recorded in
the range 50–3000m/z with a target mass of 400m/z. MS/MS
and MS3 mass spectra were recorded in positive and negative
ionization modes in the range 50–3000m/z with a fragmentation
amplitude of 1V. Nitrogen was used as the nebulizing gas (50
psi, 350◦C) and drying gas (10 L min−1). Helium was used as
the collision gas. The vacuum pressure was 1.4 × 10−8 bar.
Additional parameters: capillary source 4500V; end plate offset
–500V; skimmer: 40V; cap exit 121V.

RP-HPLC-DAD analysis was carried out using a Beckman
Coulter Gold 126 Solvent Module and Gold 168 Diode Array
Detector. HPLC was carried out as above, with a larger injection
volume of 100µL. The wavelength range was 190–600 nm. Data
were collected and analyzed using 32 Karat v7.0 (Beckman
Coulter). Specific wavelengths were considered to represent the
following classes of compounds: 280 nm (flavan-3-ols and their
oligomers), 320 nm (hydroxycinnamic acid derivatives), and
350 nm (flavonols).

Metabolites were identified by comparing their retention
times, m/z-values and MSn fragmentation patterns with those
of commercial standards in our in-house library. UV/vis
spectra recorded by RP-HPLC-DAD were also used to support
the LC-MS identification. Fragmentation patterns collected in
online databases such as MassBank (http://www.massbank.jp) or
reported in the literature were also considered, especially when
no authentic standard compounds were available. Neutral losses
of 132, 146, and 162 Da were considered diagnostic of the loss of
pentose, deoxyhexose, and hexose sugar, respectively.

LC-MS Data Processing and Statistical
Analysis
LC-MS chromatograms were converted to netCDf files for
peak alignment and area extraction using MZmine (http://
mzmine.sourceforge.net/). The resulting matrix was analyzed
using SIMCA v.13.0 (Umetrix AB, Umea, Sweden). Pareto scaling
was applied to all analytical methods. Unsupervised PCA was
used to identify the major clusters defined by the samples prior
to supervised partial least squares discriminant analysis (PLS-
DA) and orthogonal partial least squares discriminant analysis
(OPLS-DA and O2PLS-DA) setting the classes according to
the ripening stage for each vineyard location. PLS-DA models
were validated using a permutation test (200 permutations) and
the corresponding OPLS-DA/O2PLS-DA models were cross-
validated by analysis of variance (ANOVA) with a threshold of
p < 0.01.
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Accession Numbers
Grape berry microarray expression data are available in the Gene
Expression Omnibus under the series entry GSE75565 (http://
www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE75565). The
datasets supporting the Garganega metabolome analysis are
included in this article and its supplementary files. The Corvina
metabolomics data are available in the Metabolights database
under the series entry MTBLS39.

RESULTS

Pedoclimatic Conditions Influence the
Garganega Berry Ripening Process
Vitis vinifera cv. Garganega clone four berries were harvested
from four different vineyards surrounding the Soave area, one of
the most important wine productionmacro-areas in the province
of Verona, Italy (Figure 1A). The vineyards were selected to
maximize differences in environmental conditions (altitude and
soil type) while minimizing differences in agricultural practices
(training system, orientation of the rows, planting layout,
vineyard age, and rootstock type;Table 1). The selected vineyards
were characterized by a hill (VH1 and VH2) or plain (AP and
VP) altitudinal position, and by an alluvial (AP) or volcanic
(VP, VH1, and VH2) soil type (Table 1 and Figures 1A,B). The
alluvial area (AP) featured almost twice the proportion of clay
particles in the soil compared to the volcanic sites, among which
the plain site (VP) was characterized by a silty soil with the lowest
percentage of sand. VH1 and VH2 had similar soil textures,
despite being located at different altitudes. The calcium carbonate
component (total and active) was much lower in the VP, VH1,
and VH2 vineyard sites than in the more calcareous alluvial AP
site (Table 1). This is typical for “ando soils,” which developed on
volcanic ash. Meteorological parameters were recorded, and the
daily temperature data showed that more heat accumulated (heat
summation per month) in the hillside areas in July, August, and
September, but overall the heat summation was similar across all
four vineyards (Supplementary Figure 1). Rainfall data showed
greater variability among the areas albeit with no significant
differences in terms of mm of rain per year, however VH2
was a more rainy area during the growing period (April 1st to
October 31st in the Northern Hemisphere). Berry samples were
harvested from all vineyards on the same day and three biological
replicates were taken at each of the four developmental stages
(Figure 1B). The TSS content was verified by measuring ◦Brix
values (Figure 1C). Although the sampling date was aligned to
the first developmental stage, the dynamics of TSS accumulation
were unique to each vineyard. Interestingly, the two hillside
vineyards showed the most divergent behavior: VH2 showed a
steady increase in the TSS content whereas VH1 scored lowest
for the accumulation of TSS.

Unraveling the Metabolome of Garganega
Ripening Berry
Untargeted RP-HPLC-ESI-MS analysis was used to characterize
the Garganega berry metabolome at each of the four vineyards
(AP, VP, VH1, VH2) at four ripening stages, focusing on

moderately polar metabolites such as phenolic compounds.
Data processing revealed 267 signals in negative ionization
mode (Figure 2). The comparison of the fragmentation patterns
with an in-house library of authentic standards and literature
data led to the putative identification of 64 metabolites mainly
representing the flavan-3-ols and their oligomers, phenolic
acids, flavonol, and dihydroflavonol glycosides (Figure 2,
Supplementary File 1). The major flavan-3-ol monomers were
catechin (the most abundant) followed by epicatechin and two
epigallocatechin isomers, whereas different types of oligomers
were detected, including dimeric and trimeric procyanidins
and prodelphinidins. Two galloylated derivatives were also
identified as epicatechin gallate and procyanidin dimer gallate,
and one compound was tentatively identified as a glycosilated
procyanidin dimer (Maldini et al., 2009).

Another large group of metabolites corresponded to the
hydroxycinnamic acids. Within this group, caffeoyltartaric acid
was the most abundant, followed by coumaric and ferulic acid
glycosides and tartaric acid esters (coutaric and fertaric acid).
Minor signals were also assigned to the hexose esters of three
benzoic acids (syringic, vanillic, and gallic acid).

Among the flavonols, the glycosides of quercetin, kaempferol,
isorhamnetin, andmyricetin were detected, as well as those of the
dihydroflavonols, dihydroquercertin, and dihydrokaempferol.
Other minor compounds were putatively identified, including
two isomers of resveratrol glucoside, the phenylethanoid
hydroxytyrosol glucoside, and an N-conjugated glycoside of
tryptophan.

The Four Vineyards Show Different Trends
in the Accumulation of Specific
Metabolites during Ripening
The accumulation of metabolites among the four vineyards
during ripening was initially compared by inspecting the entire
data matrix by unsupervised multivariate PCA. Two partially
overlapping clusters were observed for the VP and AP samples,
whereas the VH1 and VH2 samples formed two independent
clusters (Figure 3A). This clustering suggested that the two plain
vineyards (AP, VP) shared similarmetabolomes during the earlier
stages of ripening, with differences emerging only during the
last stage. In contrast, the two hillside vineyards (VH1, VH2)
were characterized by distinct metabolomes from the earlier
stages. These trends were confirmed by the comparison of
phenolic compounds in the samples, revealing that the plain and
hillside vineyards were characterized by different metabolomes
throughout the ripening process (Figure 3B). These findings
suggested that the Garganega berry metabolome is modulated
during ripening according to the location of the vineyards.

In order to find metabolites that characterized the various
groups of samples, we applied a supervised O2PLS-DA approach
(Figure 4). The plain vineyards were analyzed together due
to their similar behavior in the PCA, and this revealed
an enrichment of metabolites (especially hydroxycinnamates)
during ripening, with the dihydroflavonols and flavonols
becoming particularly characteristic of the AP vineyard at
stage 4 (Figures 4A,B). The hillside vineyard VH1 showed the
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FIGURE 1 | Overview of the Garganega berry samples used for transcriptome and metabolome analysis. (A) Sampling locations near Verona, Italy. Four

different vineyards were chosen from the Soave wine production macro-area. AP (Alluvial Plain, yellow box); VP (Volcanic Plain, brown box); VH1 (Volcanic Hill 1,

brown box); VH2 (Volcanic Hill 2, brown box). (B) Images of biweekly samples showing Garganega grape cluster maturation in four vineyards. (C) Grape berry ripening

as shown by sugar accumulation from veraison through to harvest (four stages) in the four vineyards. TSS = total soluble solids.

opposite trend, with many metabolites (particularly flavan-3-
ols and their oligomers and phenolic acids) decreasing at the
end of ripening. Dihydroflavonols and flavonols peaked during
the third ripening stage and decreased toward the end of
ripening, which is generally indicative of poor ripening and
suggests that an unknown event inhibited the ripening process
(Figures 4C,D). Flavan-3-ols and their oligomers characterized
the first two ripening stages in the hillside vineyard VH2, but the
dihydroflavonols and flavonols peaked during the third stage as
described above (Figures 4E,F).

The Garganega Transcriptome Dataset
Also Reveals Differences between
Vineyards
Following microarray hybridization, the pericarp transcriptome
dataset of the ripening Garganega berries was inspected by

PCA, confirming the consistency of the biological replicates
(Figure 5A). PC1 explained 27.6% of the total variability and was
attributed to differences in the ripening stage among the samples.
Despite the small difference in PC1 at the first sampling point,
the dynamics of ripening differed among the vineyards at the
level of the transcriptome (Figure 5A). In particular, VH1 was
characterized by a clear interruption of the ripening process,
whereas VH2 reached a more advanced ripening stage. These

differences corresponded to the increase in ◦Brix values in the

VH1 and VH2 vineyards (Figure 1C) and strongly suggested that

VH1 never reached the “full ripening” stage.
Differences among the vineyards were highlighted by

visualizing the average trend of the first and last percentiles of the

PC1 loadings (Figure 5B). As expected, the averaged trends of
genes representing the first percentile increased during ripening,

whereas those of genes representing the last percentile decreased.
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FIGURE 2 | (A) Base peak chromatogram of a Garganega methanolic extract recorded in negative ionization mode during RP-HPLC-ESI-MS analysis. The peaks

numbers correspond to the metabolites identified in the Supplementary File 1 (column A) (B) Bidimensional RP-HPLC-DAD chromatogram recorded within the

wavelength range 190–600 nm. F3O (flavan-3-ols and oligomers), HCA (hydroxycinnamic acid derivatives), DH (dihydroflavonol glycosides), FV (flavonol glycosides).

The upper bar refers to the percentage of solvent B within the mobile phase.

In both cases, it was possible to rank the final ripening level
reached in each vineyard on the basis of the averaged gene
expression level at the final time point (VH2>AP>VP>VH1).
Interestingly, there was a larger difference in the expression level
of the last percentile of the PC1 loadings compared to the first
percentile of the PC1 loadings at the first time point (Figure 5B).
This could explain the slight difference among samples at the first
time point revealed by PC1 (Figure 5A), suggesting that the onset
of ripening was predominantly defined by the downregulation
rather than the upregulation of genes. We found that 55 genes
among the positively-correlating PC1 loadings (26.96%) are
already described as putative master regulators of ripening in
five red berry varieties (Palumbo et al., 2014). In contrast, many
photosynthesis-related genes were found among the negatively-
correlating PC1 loadings, confirming that the suppression of
photosynthesis is one of the main events driving the berry toward
maturation (Fasoli et al., 2012; Supplementary File 2).

PC2 explained 16.5% of the total variability (Figure 5A) and
mainly describes differences between vineyards. Such differences
were already evident at the first time point, and showed that
VH2 and VP were the two most distant conditions. Interestingly,
these two vineyards followed opposite trends along PC2 during
ripening, resulting in well-separated final stages. In contrast,
only minor variations along PC2 were observed for the AP
and VH1 vineyards during ripening (Figure 5A). These findings
are well-supported by the averaged trends of the first and last
percentiles of the PC2 loadings (Figure 5C). Major changes and

opposing trends in gene expression were observed for VP and
VH2, whereas AP and VH1 showed different averaged levels of
gene expression but little change during ripening. Interestingly,
the PC2 first percentile loadings were expressed at a higher
level overall than the last percentile loadings, suggesting the
first percentile made the major contribution to the variability
described by PC2.

The functional categories of the PC2 first percentile genes
indicated that Carbohydrate metabolism, DNA, and RNA
metabolic processes (transport, surveillance, and degradation)
and Transport were key processes (Supplementary File 2). Only
a few genes related to Secondary metabolism were found,
including three encoding cinnamyl alcohol dehydrogenases
(CADs). In contrast, the PC2 negative loadings were rich in
Transcription factors, Pentatricopeptide repeat (PPR) proteins,
and proteins related to Cellular homeostasis (Supplementary
File 2).

Differences in Gene Expression Reflect
Different Characteristics of the Four
Vineyards
The plasticity of the ripening Garganega berry transcriptome
in the four different vineyards was investigated by multiclass
statistical analysis of microarrays (SAM) within each group of
vineyard samples. A total of 12,931 transcripts were significantly
modulated (Supplementary File 3) and, of these, 6272 scored
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FIGURE 3 | (A) PCA score scatter plot representing the dataset of metabolites detected by RP-HPLC-ESI-MS analysis. (B) Relative comparison of the levels of

phenolic compounds detected in the Garganega samples by RP-HPLC-ESI-MS at the four ripening stages.

a fold change (|FC|) ≥2 in at least one condition. This
revealed that vineyard VH2 featured the highest number
of modulated genes (4782) and vineyard VH1 the lowest
number (1224). In vineyards AP and VP, the number of
differentially modulated genes with a |FC| ≥2 was 1808
and 1441, respectively (Supplementary File 3 and Figure 6A).
Interestingly, all four vineyards were characterized by a
higher number of downregulated genes than upregulated genes
(Figure 6A), confirming that berry ripening predominantly
involves gene suppression rather than activation (Palumbo et al.,
2014).

The significantly modulated genes were either specific or
common among the four different vineyards (Supplementary

File 3 and Figure 6B). The VH2 vineyard featured the greatest
number of specifically modulated genes, i.e., 56.48% of the
VH2 modulated genes and 43.04% of all the modulated
genes (Figure 6B). These genes were particularly enriched
in functional categories related to stress, such as Death,
Cell death, and Response to stress, as well as the categories
Protein modification and Cell communication (Supplementary
Figure 2). The 2701 genes specifically modulated in vineyard
VH2 also included those encoding a large number of R
proteins, other disease resistance proteins, and heat shock
proteins, as well as 25 glutathione-S-transferases (GSTs), 16
CADs, and many terpene synthases (TPSs) involved in the
production of distinct volatile compounds. Up to 90 genes
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FIGURE 4 | O2PLS-DA score plots and correlation loading plots for the metabolites detected by RP-HPLC-ESI-MS analysis. (A,B): AP and VP samples;

(C,D): VH1 samples; (E,F): VH2 samples. Sample clusters and groups of metabolites are depicted in different colors as shown in the legend.

encoding PRR-containing proteins were also found in this
class (Supplementary File 3). PRR-containing proteins are
thought to be involved in RNA metabolism (Barkan and
Small, 2014) and show a high level of plasticity in Corvina
berries (Dal Santo et al., 2013a). Many transporters, including
13 ABC transporters (Çakır and Kilickaya, 2013) and signal
transduction-related transcripts, were found among the VH2-
specific modulated genes. Interestingly, genes encoding nine
histone proteins, a histone acetyltransferase (HAC1), and
three histone-lysine N-methyltransferases were specifically
modulated in the VH2 vineyard during berry ripening,

suggesting that histone modifications could play an important
role in the plasticity of the Garganega berry transcriptome.
Some of the VH2-specific transcripts also represented
enzymes involved in carotenoid metabolism, i.e., VvAAO3,
VvLECY1, VvLBCY1, VvZEP2, and VvBCH1 (Young et al.,
2012).

The transcriptional plasticity of carotenoid-related genes in
ripening Garganega berries was investigated in more detail by
screening the 12,931 modulated transcripts (Supplementary File
3) and visualizing the genes involved in carotenoid synthesis
and catabolism (Young et al., 2012) using the MapMan heat
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FIGURE 5 | Global gene expression trends in Garganega berries cultivated at four locations during ripening. (A) Variables and scores scatterplot of the

PCA model (R2X = 0.748, Q2cum = 0.582) applied to the entire dataset. The expression profiles of genes positively (left) and negatively (right) correlated to the first

(B) and second (C) principal components were selected within the first (positive) and the last (negative) percentile of each of the component loadings.

map representation (Supplementary Figure 3). Many genes in
the carotenoid pathway were significantly modulated in one or
more of the vineyards: VH2 featured 22 such genes, the highest
number, VP and AP (both located on plains) featured eight and
seven, respectively, and VH1 featured five. Genes representing all
branches of the pathway were expressed in VH2, including the

common pathway to lycopene, the lutein branch, the β-carotene
branch, abscisic acid (ABA) biosynthesis and degradation, and
the cleavage of mature carotenoids to form apocarotenoids and
strigolactone (Supplementary Figure 3). Only one carotenoid-
related gene was significantly expressed in all four vineyards
during berry ripening, i.e., VvNCED3 representing the most
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FIGURE 6 | Grapevine transcripts showing modulation and plasticity during Garganega berry maturation within the four vineyards. (A) Number of genes

significantly upregulated or downregulated during ripening. (B) Shared and specific gene expression modulation. (C) Heat maps of the 468 core genes represented by

the coefficient of variation among the four ripening stages (left) and of the top 50 most plastic transcriptional profiles using the average expression value of three

biological replicates (right).

important enzyme in the ABA biosynthesis pathway (Sun et al.,
2010).

VH1 featured the lowest number of specifically modulated
genes, i.e., 11.85% of the VH1 modulated genes and 2.31%

of all the modulated genes (Figure 6B). Interestingly,
GO analysis revealed the enrichment of the categories
Secondary metabolic processes and Biosynthetic processes
(Supplementary Figure 2). In particular, 15 stilbene synthases
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(which synthesize resveratrol) and other genes representing the
phenylpropanoid/flavonoid pathway were found among the
VH1-specific genes (Supplementary File 3).

VP featured 735 specifically-modulated genes, i.e., 30.13%
of the VP modulated genes and 11.72% of all the modulated
genes (Figure 6B). GO analysis revealed the enrichment of the
categories Death, Cell death, Lipid metabolic processes, and Cell
communication (Supplementary Figure 2). Indeed, many genes
involved in fatty acid biosynthesis, as well as those encoding
R proteins, disease resistance proteins, and transporters, were
found among the VP-specific modulated genes (Supplementary
File 3).

Finally, AP featured 279 specifically-modulated genes, i.e.,
15.43% of the AP modulated genes and 4.44% of all the
modulated genes (Figure 3B). No significant GO category
enrichment was revealed by BINGO analysis.

The Commonly Modulated Portion of the
Transcriptome Contains Plastic Transcripts
A core of 468 genes (7.46% of all modulated genes as shown
in Figure 6B) was found to represent the shared portion of
the transcriptome, which was modulated in ripening Garganega
berries regardless of the vineyard (Supplementary File 3).
Interestingly, 65 core genes were also defined as switch genes,
which are proposed to drive berries of five Italian red varieties
from vegetative growth into the ripening phase (Palumbo
et al., 2014). BINGO analysis revealed significant enrichment
of the categories Photosynthesis, Generation of precursor
metabolites and energy, and Carbohydrate metabolic processes
(Supplementary Figure 2). Indeed, five genes representing the
photosystem light harvesting complexes were found among the
shared transcripts as well as many genes involved in specific
carbohydrate metabolic processes, such as galactose, starch, and
sucrose metabolism. The acidic vacuolar invertase VvGIN1 and
the sugar symporter VvSUC2 were found among the common
core genes (Supplementary File 3), and their expression increased
simultaneously with post-veraison sugar accumulation (Davies
and Robinson, 1996; Davies et al., 1999; Afoufa-Bastien et al.,
2010).

After veraison, auxin levels decline sharply (Davies et al.,
1997). Accordingly, many of the commonly modulated genes
we identified are involved in auxin biosynthesis, transport,
and signaling (Supplementary File 3), and others are related
to cytokinins, ethylene, brassinosteroids, and salicylic acid.
Furthermore, 39 of the genes were annotated as transcription
factors, three of which have already been described as putative
master regulators of berry ripening: LBD18, Myb TKI1, and
VvNAC11 (Palumbo et al., 2014). Finally, 52 transporters were
significantly modulated in all four vineyards, indicating that
intracellular transport plays a crucial role during the ripening of
Garganega berries (Supplementary File 3).

We next analyzed the expression profiles of all 468 shared
core genes to evaluate their transcriptional plasticity during
berry development in the four vineyards. The heat map in
Figure 6C (left panel) clearly shows that vineyard VH2 displayed
the highest variability among the four developmental stages,

followed by vineyards AP and VP, whereas the dynamic range
of gene expression in vineyard VH1 was more attenuated. We
next focused on the top 50 genes scored by SD (Figure 6C,
right panel). Most of these genes were downregulated, whereas
only five were upregulated in ripening berries. The latter
encoded ERF/AP2 transcription factor 47 (VvERF047), the
maternal-effect embryo arrest protein 55, an indole-3-acetate β-
glucosyltransferase, and two unknown proteins. The patterns of
downregulation showed that the ripening process was delayed
in vineyard VH1, was similar in the two vineyards located on
plains (AP and VP) and was accelerated in VH2, confirming
the ◦Brix trends (Figure 1C). For example, the expression of the
photosystem light harvesting complex LHCII and the vacuolar
invertase VvGIN1 declined sharply after veraison in VH2 but
declined gently from veraison to harvest in the other three
vineyards. Many genes in the Cell wall metabolism category
were found among the most plastic common genes expressed
as described above, including a β-galactosidase, an endo-1,4-
β-glucanase, a pectinesterase, a pectate lyase, the CSLC05 type
cellulose synthase, and two expansins. Notably, the two expansin
genes (VvEXPA5 and VvEXPA11) have already been reported as
markers of the veraison phenological phase (Dal Santo et al.,
2013b) confirming that berry ripening was more advanced in
VH2 than the other vineyards.

A Comparison between Garganega and
Corvina Transcriptome Plasticity
In a previous study we evaluated the berry transcriptome
plasticity of the red berry variety Corvina clone 48, through three
consecutive growth years cultivated in 11 different vineyards in
the Verona area (Dal Santo et al., 2013a). In order to compare
the plasticity within red and white berry transcriptome during
ripening, we chose four out of the 11 vineyards, basing our
decision on the location (i.e., Soave andValpolicella wine growing
regions) and on the berry ripening stage (Supplementary File
4). This Corvina 36-sample reduced dataset (four vineyards,
three developmental stages, three biological replicates) was then
processed using the same statistical procedure described above
for the Garganega berry transcriptome. We found that 2894
Corvina genes were significantly modulated (Supplementary
Figure 4 and Supplementary File 5), representing 46.14% of
all modulated genes in Garganega berries. This suggested that
the white variety transcriptome could be modified to a greater
extent by the ripening process and/or by the growing conditions
compared to the red variety transcriptome.

We next compared the developmentally-regulated portion
of each transcriptome focusing on the environmentally-
sensitive genes, i.e., those genes expressed in one of the
four selected vineyards. In the Corvina cultivar we identified
2021 genes representing 69.83% of all modulated Corvina
genes whereas in the Garganega cultivar we identified 3860
genes representing 61.51% of all modulated Garganega genes
(Supplementary Figure 4). Therefore, despite the significant
difference in the total number of modulated genes during
ripening, the vineyard-specific portion of the transcriptome
was approximately the same size in the red and white berry

Frontiers in Plant Science | www.frontiersin.org July 2016 | Volume 7 | Article 970 | 369

http://www.frontiersin.org/Plant_Science
http://www.frontiersin.org
http://www.frontiersin.org/Plant_Science/archive


Dal Santo et al. Garganega Plasticity during Berry Ripening

varieties. Specifically, the Garganega and Corvina varieties shared
409 genes (Supplementary File 6), which were particularly
enriched in the GO categories Carbohydrate metabolic processes,
Secondary metabolic processes, Lipid metabolic processes, and
Photosynthesis (Supplementary Figure 5). These categories
are therefore likely to be the most strongly influenced by
the environment and may encompass the largest number of
environmentally-sensitive genes.

The Phenylpropanoid Pathway is More
Plastic in the White Berry Variety
The relative transcriptomic and metabolomic plasticity of
Garganega and Corvina berries during ripening was determined
by comparing gene expression and metabolite accumulation in
the context of the phenylpropanoid/flavonoid pathway. The gene
expression and phenolic profiles for each variety at veraison
(stage 1), mid-maturity (stage 2), and in fully-ripe berries
(stage 3; Supplementary File 4) are represented in Figures 7A,B,
respectively.

Several differences between the varieties and locations
were highlighted by this analysis. Some of the transcriptional
trends changes were also confirmed by semi-quantitative Real
Time RT-PCR analysis (Supplementary Figure 6). Garganega
vineyard VH1 was characterized by a slight decline in
the levels of hydroxycinnamic and hydroxybenzoic acids
and the corresponding gene expression levels, whereas these
compounds accumulated in the other three vineyards and the
corresponding genes were induced. In particular, the caffeate
3-O-methyltransferase COMT2 (VIT_18s0072g00920) increased
in vineyard AP, and the trans-cinnamate 4-monooxygenase
VvC4H (VIT_06s0004g08150), which catalyzes the biosynthesis
of p-coumarate from cinnamate, remained strongly expressed in
vineyards VP and VH2 during ripening. The Garganega berries
accumulated different amounts of these metabolites in different
vineyards, mirroring the expression profiles of the corresponding
genes. In contrast, a similar small decline in hydroxycinnamic
and hydroxybenzoic acid levels was associated with Corvina
berry ripening in all four vineyards, consistent with the overall
downregulation of genes involved in the synthesis of these
compounds. The hydroxycinnamic and hydroxybenzoic acid
profiles differed substantially between the two varieties, and were
more plastic in the white variety.

There was no substantial difference in resveratrol/stilbene
accumulation in Garganega berries, even though stilbene
synthases were upregulated in vineyard VH2, and the
transcription factor VvMYB14 (VIT_07s0005g03340), which
regulates the stilbene synthase gene family (Holl et al., 2013), was
upregulated in vineyards VP and VH2. Stilbene accumulation
correlated well with gene expression in Corvina berries,
especially in the CC and PSP vineyards where the averaged
expression level of stilbene synthase genes increased toward the
final ripening stage.

The flavonol and dihydroflavonol content remained stable
during the maturation of Garganega berries in vineyard
VH1, whereas in the other vineyards a general increase in
these compounds was observed. Flavonol synthase genes were

upregulated during berry ripening in the VH2 vineyard and,
to a lesser extent, in vineyards AP and VP. In contrast,
flavonols and dihydroflavonols accumulated in a similar manner
in the four Corvina vineyards. This may reflect the slight
but consistent increase in the averaged expression level of
flavonol synthase and flavonoid glucosyltransferase genes during
ripening.

The flavan-3-ols and their oligomers declined marginally
in both cultivars and in the different vineyards, especially
VH1 which featured the strongest reduction among the
Garganega vineyards. This correlated with the pronounced
decline in the expression of VvANR (anthocyanidin reductase,
VIT_00s0361g00040) in Corvina berries, and VvLAR2
(leucoanthocyanidin reductase 2, VIT_17s0000g04150) in
Garganega berries, but did not correlate with the expression of
VvLAR1 (leucoanthocyanidin reductase 1, VIT_01s0011g02960),
which remained high at the third ripening stage in the
Corvina vineyard PM and the Garganega vineyards VP and
VH1. Interestingly, the expression profiles of the two MYB
transcription factors regulating this branch of the flavonoid
pathway differed in the two varieties, i.e., VvMYBPA1 was
expressed more strongly in Garganega berries, whereas
VvMYBPA2 was expressed more strongly in Corvina berries.

DISCUSSION

We used two large-scale analytical approaches to explore
metabolomic and transcriptomic changes during the ripening
of Garganega berries, a V. vinifera white berry variety. In order
to understand the molecular basis of the environmental impact
on berry ripening, four vineyards were selected to maximize
differences in environmental conditions and to minimize
differences due to agricultural practices such as the training
system, orientation of the rows, planting layout, vineyard age, and
rootstock.

The four selected growing sites belong to the same production

area and were chosen to ensure diverse environmental
parameters such as soil origin, texture, and composition.
The soils in three of the vineyards were characterized by a
low percentage of sand and a low concentration of calcium
carbonate, as expected given their volcanic origin, and the fourth
was alluvial in origin with a high proportion of clay. Vineyards at
different altitudes were chosen to maximize the environmental
variability. However, despite the distance of 400m between the
lowest (32m above sea level) and highest (437m above sea level)
vineyards, the meteorological parameters recorded at the four
sites revealed little difference in heat unit accumulation and
rainfall during the 2013 growing season. Even so, the number of
rainy days during the pre-blooming period (i.e., pre-flowering
period) was greater at the VH2 site and there was a higher
temperature during July, August, and September. This may
have contributed to the specific ripening behavior we observed.
Indeed, the pedoclimatic conditions and other uncontrolled
variables strongly influenced the ripening dynamics at each site
in terms of sugar accumulation and the synthesis of phenolic
compounds. The most divergent ripening dynamics were
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FIGURE 7 | Comparison of Corvina and Garganega transcriptomic and metabolomic changes in the general phenylpropanoid pathway during berry

ripening. The third and fourth Garganega ripening stages were averaged for gene expression and the levels of phenolic compounds to facilitate alignment with the

three available Corvina ripening stages and their corresponding ◦Brix values (Supplementary File 4) (A) Simplified representation of the general phenylpropanoid

pathway in grapevine visualizing genes specifically modulated during ripening in four Corvina and four Garganega vineyards. The expression of these genes putatively

leads to the biosynthesis of hydroxycinnamic and hydroxybenzoic acids, flavonols/dihydroflavonols, flavan-3-ols/proanthocyanidins, and resveratrol/stilbenes. Gene

expression is represented as the log2 of the raw expression value normalized by row median for each cultivar separately. (B) Relative comparison of the levels of the

phenolic compounds detected in the Garganega and Corvina berries by RP-HPLC-ESI-MS at veraison (stage 1), mid-maturity (stage2), and in ripe berries (stage 3).

characterized by an early decline in sugar accumulation (VH1)
and a consistent high sugar accumulation rate (VH2).

The phenolic fraction of the Garganega berry metabolome
was investigated by HPLC-MS. The phenolic composition of

Garganega berries was found to be similar to that reported for
another white berry cultivar, Albariño blanco (Di Lecce et al.,
2014). One particularly relevant feature was the presence of
a compound putatively identified as a myricetin derivative, a
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flavonol that is normally absent from V. vinifera white grapes
(Flamini, 2013). The quantitation of berry metabolites during
ripening showed that the levels of the various classes of phenolic
compounds, especially hydroxycinnamic acids and flavonols,
were highly variable at veraison in the different vineyards,
and that they changed in different and unpredictable ways
during the subsequent stages. In the plain vineyards, the relative
levels of hydroxycinnamic acid increased rapidly from stage 1
(veraison) to stage 4 (maturity), whereas the relative levels of
flavonols increased in three of the four vineyards. Overall these
results suggest that the phenolic fraction in Garganega berries is
highly responsive to the pedoclimatic conditions encompassed by
our study.

The investigation of transcriptomic data by PCA revealed
that the four growing sites strongly affected the dynamics
of the ripening berry transcriptome. The distribution of
samples based on the first two components showed that
PC1 describes the changes associated with berry development,
as seen in previous transcriptome surveys (Lijavetzky et al.,
2012; Pastore et al., 2013). This evidence is supported by
the presence of many “switch” genes, representing putative
master regulators of the shift from immature to mature
growth (Palumbo et al., 2014), among the positive loadings of
PC1, i.e., those upregulated during ripening. Furthermore, the
presence of several photosynthesis genes among the negative
loadings of PC1, i.e., those downregulated during ripening,
reflected the progressive shutdown of photosynthesis associated
with berry ripening, and further supports the directional
distribution of samples on PC1 during the transcriptome changes
underlying general berry development. This interpretation
suggests that, despite the minor differences in PC1-values
among samples collected at veraison, the ripening process was
distinct in the four vineyards, with the greatest differences
observed between high-altitude sites. Indeed, VH1 berries
accumulated the lowest levels of TSS at harvest and yielded
the lowest PC1-values, whereas VH2 berries, the richest
in sugars, achieved the highest PC1-values at harvest. The
distribution of samples along PC2 highlighted different and
sometimes divergent behaviors accounting for the highly
plastic responses of Garganega berries to the pedoclimatic
conditions at the four growing sites. Interestingly, by focusing
on the first and last percentiles of the PC2 loadings, we
found that such plastic responses included the differential
expression of genes mainly belonging to the same functional
categories already assigned to plastic genes modulated in
Corvina berries, e.g., DNA/RNA metabolic processes, Transport,
Carbohydrate metabolism, Cellular processes, and Homeostasis
(Dal Santo et al., 2013a). The large number of genes in the
DNA/RNA metabolic process and transcriptional regulation
categories in both cultivars strongly supports a key role for
transcriptional and translational control in the transcriptomic
plasticity of ripening berries (Dal Santo et al., 2013a).
PC2 also contained several genes involved in carbohydrate
metabolism, in particular genes encoding enzymes required
for anaerobic metabolism (e.g., pyruvate decarboxylase, alcohol
dehydrogenase, and aldehyde dehydrogenase), and those related
to glycolysis and malic acid metabolism (e.g., pyruvate kinase,

phosphoenolpyruvate carboxylase, malate dehydrogenase, and
malic enzyme).

Although we did not observe a clear relationship between the
genes and enzymes responsible for malate metabolism, the direct
influence of environmental conditions onmalate metabolismwas
extensively characterized in early studies (Lakso and Kliewer,
1975, 1978) and also more recent studies (Sweetman et al., 2009,
2014) of berries ripening under diverse temperature regimes. The
differential expression of genes involved in malate metabolism in
Garganega berries grown at different sites may therefore reflect
the distinct light and temperature conditions at each location.

Our investigation allowed to explore plasticity by identifying
genes specifically modulated in each of the four vineyards.
This revealed that VH2, characterized by accelerated ripening,
featured the largest number of specifically modulated genes,
especially several abiotic and biotic stress response genes whose
expression was often associated with the berry maturation
process (Tornielli et al., 2012) Secondary metabolism responded
strongly to the environment particularly at the two high-altitude
vineyards. Genes representing terpenoid, lignin, and carotenoid
metabolism, as well as genes encoding GSTs, were all specifically
modulated in vineyard VH2, whereas stilbene metabolism was
most strongly affected in vineyard VH1.

The plasticity of phenylpropanoidmetabolism is a well-known
feature of grape berries and this confers many of the wine quality
traits that represent specific terroirs (Teixeira et al., 2013). A
strong correlation between phenylpropanoid accumulation and
the expression of corresponding genes has recently been reported
in Corvina berries (Dal Santo et al., 2013a; Anesi et al., 2015).
The analysis of Sauvignon Blanc berries has likewise shown that
carotenoid metabolism is highly responsive to the microclimate
(Young et al., 2015). The analysis of carotenoid-related genes in
Garganega berries revealed highly divergent expression profiles
in the four vineyards, supporting the plastic behavior of this
class of compounds which function to protect the photosynthetic
membranes, promote the synthesis of ABA and strigolactone, and
to generate volatile flavor/aroma compounds (Young et al., 2012).

The relative plasticity of Garganega berries at different sites
was compared to the previously reported transcriptomic and
metabolomic plasticity of Corvina berries (Dal Santo et al., 2013a;
Anesi et al., 2015). We compared the number of differentially
expressed genes detected when Corvina berries were ripened
under four different environmental conditions and identified
the environmentally sensitive portion of the developmentally
regulated transcriptome. This revealed that the proportion of
specifically modulated genes is similar in Corvina and Garganega
berries, and many plastic genes are shared between the two
varieties. We then focused on genes and metabolites involved
in the phenylpropanoid/flavonoid pathway. The Garganega
berries revealed vineyard-related trends in the accumulation or
depletion of metabolites, whereas Corvina samples from all four
sites showed highly similar metabolic trends during ripening,
with a slight decline in the level of hydroxycinnamic acids
and an increase in the levels of anthocyanins, flavonols, and
stilbenes. The unique behavior of the Garganega cultivar, which
increased (AP, VP), reduced (VH1), or maintained (VH2) the
total level of phenolic compounds during ripening, together
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with the greater metabolomic diversity at veraison compared
to Corvina berries, strongly suggests that Garganega is much
more plastic than Corvina in terms of the accumulation of
phenolic compounds during ripening in different environments.
Metabolic differences between the two varieties were also
strongly supported by the consistency of the expression
profiles of phenylpropanoid/flavonoid related genes during berry
maturation.

In conclusion, this study provides an overview of the
transcriptomic and metabolomic responses to different growing
sites in Garganega, a white grapevine variety cultivated in the
eastern hills of the Verona province. The typicity of Garganega
wines depends on the unique effect of the growing area and
climatic conditions on the grapevine genotype. This variety is
therefore an excellentmodel to dissect themolecularmechanisms
underlying terroir-dependent quality traits in wines and to
improve the interpretation of phenotypic plasticity in grapevine.
The sensitivity of phenylpropanoid/flavonoid metabolism to
the Garganega growing site supports previous data based
on the analysis of red cultivars highlighting the important
role of phenolic plasticity in the investigation of plasticity in
general. In this context, our results could help to define how
different varieties interact with the environment to promote the
accumulation of phenolic compounds, and thus help with the
development of strategies to cope environmental changes or to
enhance the phenolic composition of wines.
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Roostocks/Scion/Nitrogen
Interactions Affect Secondary
Metabolism in the Grape Berry
Aude Habran 1, Mauro Commisso 2, Pierre Helwi 1, Ghislaine Hilbert 1, Stefano Negri 2,

Nathalie Ollat 1, Eric Gomès 1, Cornelis van Leeuwen 1, Flavia Guzzo 2* and Serge Delrot 1*

1UMR 1287, EGFV, Bordeaux Sciences Agro, Institt National de la Recherche Agronomique, Université de Bordeaux,

Villenave d’Ornon, France, 2 Biotechnology Department, University of Verona, Verona, Italy

The present work investigates the interactions between soil content, rootstock, and

scion by focusing on the effects of roostocks and nitrogen supply on grape berry

content. Scions of Cabernet Sauvignon (CS) and Pinot Noir (PN) varieties were grafted

either on Riparia Gloire de Montpellier (RGM) or 110 Richter (110R) rootstock. The

4 rooststock/scion combinations were fertilized with 3 different levels of nitrogen

after fruit set. Both in 2013 and 2014, N supply increased N uptake by the plants,

and N content both in vegetative and reproductory organs. Rootstock, variety and

year affected berry weight at harvest, while nitrogen did not affect significantly this

parameter. Grafting on RGM consistently increased berry weight compared to 110R.

PN consistently produced bigger berries than CS. CS berries were heavier in 2014

than in 2013, but the year effect was less marked for PN berries. The berries were

collected between veraison and maturity, separated in skin and pulp, and their content

was analyzed by conventional analytical procedures and untargeted metabolomics.

For anthocyanins, the relative quantitation was fairly comparable with both LC-MS

determination and HPLC-DAD, which is a fully quantitative technique. The data show

complex responses of the metabolite content (sugars, organic acids, amino acids,

anthocyanins, flavonols, flavan-3-ols/procyanidins, stilbenes, hydroxycinnamic, and

hydroxybenzoic acids) that depend on the rootstock, the scion, the vintage, the nitrogen

level, the berry compartment. This opens a wide range of possibilities to adjust the

content of these compounds through the choice of the roostock, variety and nitrogen

fertilization.

Keywords: grapevine, berry, rootstock, nitrogen, metabolomics

Abbreviations: CS, Cabernet Sauvignon; DW, dry weight; ESI, electrospray ionization source; HPLC, High Pressure Liquid

Chromatography; N, nitrogen; PN, Pinot Noir; LC-DAD, Liquid chromatography-diode array detector); LC-MS, Liquid

chromatography-mass spectrometry; PCA, Principal Component Analysis; OPLS-DA, supervised Orthogonal Partial Least

Square Discriminant Analysis; O2PLS-DA, Orthogonal Bidirectional Partial Least Square Discriminant Analysis; RGM,

rootstock Riparia Gloire de Montpellier; 110 R, rootstock Richter.
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INTRODUCTION

Since the early Twentieth-Century, most vineyards over the
world (with the exceptions of Argentina, Australia, Chile, China)
are grafted onto a rootstock of either a single American Vitis
species or hybrids between V. berlandieri, V. riparia, V. rupestris
(Whiting, 2004; Ollat et al., 2015). In addition to phylloxera,
rootstocks contribute to the control of other soil-borne pests.
They may also allow to withstand climate or adverse soil
conditions such as drought, or high salt or lime content (Galet
and Smith, 1998;Whiting et al., 2005), and to cope with problems
of mineral nutrition (Keller et al., 2001; Lecourt et al., 2015).
The rootstocks indirectly modify whole plant development by
affecting the vigor of the scion (Tandonnet et al., 2010), biomass
accumulation and distribution (Paranychianakis et al., 2004;
Smart et al., 2006; Koundouras et al., 2008; Alsina et al., 2011),
yield (Main et al., 2002; Jones et al., 2009), and phenology
(Pongracz, 1983; Whiting et al., 2005). They are directly involved
in water and ion uptake from the soil and their translocation
to the upper part of the plant. It is therefore important to
understand the interactions between soil content, rootstocks and
scions.

Among the nutrients present in the soil solution, nitrogen
is the most important for the control of vigor, yield, and
berry quality. Increasing constraints are put on the use of
nitrogen fertilization in order to avoid the pollution of ground
water table. Even though grapevine requests smaller amounts of
nitrogen than most other crops (30 kg/ha vs. 100–200 kg/ha),
the ban of nitrogen fertilization on slopes steeper than 15%
and its limitation in other conditions may be a problem in
viticulture. This is particularly the case when intercropping is
used, because the cover crop generally competes with the vines
for nitrogen (Celette et al., 2009). Furthermore, the price of
nitrogen fertilizers will increase due to the energy cost of their
chemical synthesis.

In grapevine, assimilation of nitrogen may occur in the
roots, trunk, stem, leaves and berries (Wermelinger et al., 1991).
Therefore, various forms of nitrogen (nitrate, ammonium, amino
acids, small peptides, proteins) may be found in these organs.
Nitrogen is principally stored under the form of arginine (Nassar
and Kliewer, 1966; Kliewer et al., 1967) and may be remobilized
from the trunk and the roots toward the leaves, the stems and the
fruits. This remobilization which occurs between bud burst and
ripening depends on the reserves made during the previous year.

Premium wines are often obtained with grapevines that
are grown on poor and superficial soils, and sometimes on
slopes (Delas, 2000). Mild water deficit and moderate nitrogen
availability direct berry metabolism toward the synthesis of
phenolic and aromatic compounds. Excess nitrogen results in
high vigor and increased Botrytis cinerea infection, which is
detrimental to wine quality (Choné et al., 2001). Hence, the
grape grower has to manage nitrogen supply in such a way that
vegetative and reproductive growth is sufficient while nitrogen
deficiency is avoided.

The present work investigates the interactions between soil
content, rootstock and scion by focusing on the effects of
roostocks and nitrogen supply on berry content for two scion

varieties. Although some work has addressed the effects of
nitrogen supply and rootstock effect on berry composition and
wine quality, their combined action has only recently started to
be investigated (Lecourt et al., 2015). In particular, non-targeted
metabolite profiling has not yet been used to investigate these
relationships in detail.

MATERIALS AND METHODS

Plant Material
Grapevines [V. vinifera cv. Cabernet-Sauvignon (CS) clone
169, and Pinot noir (PN) clone 777] grafted on either RGM
clone 1 or 110R clone 152 rootstocks were used. The two
varieties were chosen because of their contrasting profiles in
secondary metabolites. RGM and 110R are rootstocks conferring,
respectively, low and high vigor to the scion (Tandonnet et al.,
2010). 128 plants corresponding to the four rootstock/scion
combinations (110R/ CS; 110R/PN; RGM/CS; RGM/PN) were
grafted in 2011. 32 plants/combination were planted in 10 L
plastic pots containing loam, perlite and sand (4:3:3, v:v:v) and
cultivated outside for the experiment. Vines were pruned with
2 spurs of 2 buds (4 buds per vine). Water and nutrients were
supplied 3 times per day (1.2 L/day/plant) by drip irrigation with
complete nutrient solutions. In 2013 and 2014, from budbreak
to fruit set, all plants were supplied with a solution containing
1.4 mM nitrogen. After fruit set, 3 different concentrations of
nitrogen were used for the fertirrigation: 0.8 mM N, 1.4 mM
N, and 3.6 mM N (denominated N–, N0 and N+, respectively).
Based on previous work (Hilbert et al., 2003; Lecourt et al., 2015),
N–, N0 and N+ are considered as limited, mean and excessive
nitrogen levels. Nitrogen was supplied as potassium nitrate,
ammonium phosphate, calcium nitrate, ammonium sulfate and
sequestrene. Except for nitrogen, all solution had the same non-
limiting concentrations of other mineral elements. Leaf area was
determined as described by Mabrouk et al. (1997). Ten plants per
combination and per treatment were randomly distributed in the
experiment.

Samples Collection
Three groups of three plants of each combination
(rootstock/scion) were constituted to obtain three biological
replicates. Berries were sampled during the 2013 and 2014
growing season at three time points, veraison (V), mid-maturity
(MM, 30 days after mid-veraison), and maturity (M, 48 days after
mid-veraison). Each biological replicate comprised twenty five
berries randomly sampled at different anatomical and exposure
positions of the clusters. All clusters were equally exposed to
light. Berries were immediately frozen in liquid nitrogen and
stored at −80◦C. For the analysis, the skins were separated from
the pulp and the seeds, frozen at −80◦C and freeze-dried. The
dried skins and pulp were powdered.

Plant Nitrogen (N) Status and Berry
Nitrogen Content
The leaf blades and the petiole total nitrogen content were
determined according to the Dumas method with an elemental
auto-analyzer (Flash EA 1112 series, Thermo Fisher Scientific,
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Courtaboeuf, France). In parallel, berry nitrogen content was
assessed by Yeast Available Nitrogen (YAN) in grape juice at
harvest. One hundred berries from each replicate were sampled
and pressed. The juice was analyzed with a Fourier Transform
Infra-Red spectrometer (FTIR, WineScan FOSS R©, FRANCE,
92000 Nanterre).

Analysis of Primary Metabolites
Sugar and Organic Acid Analysis
An aliquot of 80mg dry powder of samples (pulp and skin) was
extracted, and sugar and organic acids were analyzed according
to Bobeica et al. (2015).

Amino Acid Content
Amino acid concentration in berries was analyzed according
to Pereira et al. (2006) with modifications. After derivatization
with AccQTag Ultra derivatization reagent (Waters, Milford,
MA, USA), amino acids were analyzed using an UltiMate 3000
UHPLC system equipped with FLD-3000 Fluorescence Detector
(Thermo Electron SAS, Waltham, MA USA). Separation was
performed on a AccQ•Tag Ultra column, 2,1× 100 mm, 1, 7 µm
(Waters, Milford,MA, USA) at 37◦Cwith elution at 0.5mlmin−1

according to the following gradient (v/v): 0 min 93% A 4.2% B
2.8%C, 6.5 min 95%A 8.4% B 5.6%C, 9min 78%A 13.2% B 8.8%
C, 11 min 71% A 17.4%B 11.6% C linear for 2 min, 14 min 60% B
40% C linear for 1 min, 15 min 93% A 4.2% B 2.8% C (eluent A,
sodium acetate buffer, 140 mM at pH 5.7; eluent B, acetonitrile;
eluent C, water). Chromatograms corresponding to excitation at
250 nm and emission at 395 nm were recorded. The compounds
were quantified by their peak area with Chromeleon software,
version 7.1 (Thermo Electron SAS, Waltham, MA, USA) using
external standards. Chemical standards were purchased from
Sigma (St Louis, MO, USA). Twenty amino acids were identified
and quantified as described by Pereira et al. (2006). The results
were expressed in nmoles/g DW.

Untargeted Metabolomic Analyses
Powdered skins were extracted with forty volumes of ice cold
methanol containing 10% of water and 0.1% formic acid;
powdered pulps were extracted with ten volumes of ice cold
methanol containing 10% of water. Extracts were sonicated at 40
kHz for 20min in an ultrasonic bath (Falc Instruments, Bergamo,
Italy) at room temperature, centrifuged for 15 min at 16,000 g
at 4◦C and finally stored at −20◦C or immediately diluted for
LC-MS (Liquid chromatography-mass spectrometry) and LC-
DAD (Liquid chromatography-diode array detector) analyses. In
detail, skin and pulp extracts were diluted 1:2 with water LC-MS
grade for LC-MS, and respectively, 1:4 and 2:3 for LC-DAD.
Finally, the solutions were filtered through 0.2 µm pore filters
prior the injection.

The chromatographic analyses were carried out with two
Beckman Coulter Gold 127 HPLC system (Beckman Coulter,
Fullerton, CA) equipped with a C18 guard column (7.5 × 2.1
mm) and an analytical Alltima HP C18 column (150 × 2.1mm,
particule size 3 µm; Alltech Associates Inc, Derfield, IL), linked
with either a Bruker Esquire 6000 mass spectrometer or a System
Gold 168 Diode Array Detector (Beckman Coulter). The HPLC

system was also on-line with a Beckman Coulter System Gold
508 autosampler in which samples were maintained at 4◦C. Two
solvents were used: 5% (v/v) acetonitrile, 0.5% (v/v) formic acid
in water (solvent A) and 100% acetonitrile (solvent B). A solvent
gradient was established from 0 to 10% B in 2 min, from 10 to
20% B in 10 min, from 20 to 25% B in 2 min, from 25 to 70% B in
7 min, isocratic flow for 5 min and from 70 to 90% in 1 min, and
finally from 90 to 0% in 1min. Then, the columnwas equilibrated
for 20 min in 100% of solvent A. The injection volume was 20 µL
for all samples.

The Bruker ion trap Esquire 6000 mass spectrometer
was equipped with electrospray ionization source (ESI). The
analyses were performed both in positive and negative modes,
setting the scan among 50–3000 m/z and a target mass of
400 m/z. The ESI values were 50 psi and 350◦C for the
nitrogen nebulizing gas and 10 L/min for the drying gas. Mass
spectra were recorded using an Averages of 5 spectra and
Max Accu Time of 100 ms. The fragmentation was carried
out in AutoMS, fragmenting molecules up to three times.
Helium was injected to induce molecule fragmentation. MS
data were collected with Bruker Daltonics Esquire 5.2 Control
software and processed with Esquire 3.2 Data Analysis software
(Bruker Daltonik GmbH, Bremen, Germany). MS data files
were converted from .d extension to net.cdf and submitted to
mzMine 2.10 (http://mzmine.sourceforge.net). The resulting data
matrix, reporting the samples and the peak areas of the detected
signals, was imported in Simca 13 (Umetrix, Sweden) software
to perform the statistical analysis. Metabolite identification
was performed by comparing the retention times, m/z and
fragmentation patterns of a signal with those of authentic
commercial standards included in our home-made library.
When no match was observed, the m/z and the fragmentation
pattern of the putative molecule were compared with those
reported in literature or in on-line databases (massbank.jp;
hmbd.ca).

The absorbances were recorded among 190–600 nm (UV-Vis)
in LC-DAD analyses. Molecules identified as anthocyanins and
hydroxycinnamic acid derivatives in LC-MS were confirmed by
measuring their absorbance at 520 and 320 nm, respectively.
For anthocyanin quantification, authentic commercial standard
Kuromanin chloride (Sigma Aldrich) was earlier dissolved in
methanol (Sigma Aldrich), diluted 1:2 with water and 20 µL
were injected to the LC-DAD system. 0.01, 0.025, 0.05, 0.075,
0.1, 0.25, 0.5, 0.75, 1, 5, and 10 µg of standard were analyzed
in triplicate and the peak areas at 520 nm were annotated. The
final equation (R2:0.9994) was used to assess the amount of the
different grape anthocyanins as mg of Kuromanin’s equivalents
in 100 g of powder.

Statistical Analyses
The MS data matrix was imported into Simca 13 software
(Umetrix, Sweden) and unsupervised Principal Component
(PCA) and supervised Orthogonal Partial Least Square
Discriminant (OPLS-DA) analyses were performed using
centering and pareto scaling. The unsupervised PCA was
carried out to observe homogeneous sample clusters that were
used as Y classes in the supervised OPLS-DA. As final output,
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molecules responsible for cluster separation in OPLS-DA were
identified by plotting the pq(corr), i.e. the correlation between
p (based on the X component, the metabolites) and q (based
on the Y component, the classes), against p. The statistical
analyses were validated by performing: (a) permutation test (200
permutations); (b) CV-ANOVA (p < 0.05); (c) t-test (p < 0.05)
for a cluster characterizing molecule.

RESULTS

Plant Vigor
Plant Vigor was Estimated by Measurement of

Pruning Weight, Leaf Surface Area, and Berry Yield
Pruning weights were higher in 2014 than in 2013 (Table 1). The
pruning weight of CS plants depended on the rootstock genotype
and tended to be higher when the scions were grafted on RGM
than on 110R, while the rootstock did not affect the pruning
weight for PN. In 2013, the pruning weight was increased by N
supply, whatever the rootstock:scion combination, while this was
not the case in 2014.

The rootstock genotype did not affect leaf area and
nitrogen fertilization only increased the area of secondary
leaves (Supplementary Table 1). Both the variety and the year
significantly affected leaf area and interacted together.

While rootstock, variety and year affected berry
weight at harvest, nitrogen did not have significant effect
(Supplementary Table 2). Both in 2013 and 2014, grafting on
RGM resulted in higher berry weight than grafting on 110R. PN
consistently produced bigger berries than CS. CS berries were
heavier in 2014 than in 2013, but the year effect was less marked
for PN berries.

Nitrogen Uptake
Nitrogen uptake was assessed by measuring the N content of
leaves (Table 2), petioles (Supplementary Table 3) and yeast
assimilable nitrogen in the must (Supplementary Table 4). All
these parameters concur to indicate that both in 2013 and 2014,
N supply increased N uptake by the plants, and N content
both in vegetative and reproductive organs. This is further
supported by the amino acid analysis presented below (Table 3).
The responses observed to N treatment did not significantly
differ among the different rootstock/scion combinations
tested.

Effects of Nitrogen Supply on Primary
Metabolites in the Berries of Different
Rootstock/Scion Combinations
Table 3 shows that for all samples, the sugar concentration was
much higher in the pulp than in the skins, independently of
the rootstock genotype and nitrogen supply. In CS, nitrogen
supply did not affect the sugar content of the skin and of the
pulp, while it decreased the sugar content of the pulp in PN
berries.

ANOVA showed that the rootstock genotype significantly
affected the skin content of organic acids, hexoses and amino
acids in CS, while it only affected tartrate in CS pulp andmalate in
PN skin (Table 3A). For a given compartment (skin or pulp), and
whatever the variety, the malate content was generally higher on
110R than on RGM, while the reverse was observed for tartrate
(Table 3B).

Whatever the rootstock used, the malate content in CS was
increased by higher nitrogen supply and this effect was also more

TABLE 1 | Pruning wood weight as affected by nitrogen supply.

Years Scion/rootstock Nitrate Wood YAN Analysis of Wood YAN

combination supply weight (g) (mg N/L) variance weight (g) (mg N/L)

2013 CS/RGM N– 187.50±34.18 120.00± Years (Y) *** –

N+ 242.50±32.68 241.00± Treatment (T) * ***

CS/110R N– 164.50±20.20 180.00± Variety (V) *** *

N+ 208.00±14.94 252.00± Rootstock (R) ** NS

PN/RGM N– 155.00±21.47 180.00± Y/T ** –

N+ 190.50±10.92 215.00± Y/V *** –

PN/110R N– 158.00±15.31 164.00± V/R * NS

N+ 183.50±11.07 223.00± T/V NS NS

2014 CS/RGM N– 298.00±66.22 252.67± 45.79 Y/R NS –

N+ 255.50±60.23 410.33± 11.68 T/R NS NS

CS/110R N– 266.00±60.45 295.67± 30.83 Y/T/V NS –

N+ 266.11±94.30 490.00± 26.00 Y/T/R NS –

PN/RGM N– 179.00±28.07 268.00± 07.21 Y/V/R NS –

N+ 217.00±26.10 518.00± 25.87 T/V/R NS NS

PN/110R N– 203.00±44.11 260.33± 47.35 Y/T/V/R NS –

N+ 197.50±50.84 568.00± 47.29

Values are means of 3 independent replicates + SE. N−: 0.8 mM N; N+: 3.6 mM N. One factor (N treatment) Anova tests were made, as well as Tukey tests. For each rootstock/variety

combination, a and b indicate significantly different values between N– and N+ treatment. ±Unique value. Statistical analyses were done using an analysis of variance with years (Y),

rootstock (R), treatment (T), variety (V), and their interaction effects (ns, P > 0.05; *P < 0.05; **P < 0.01; ***P < 0.001).
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TABLE 2 | Leaf total N content as affected by nitrogen supply.

Years Scion/rootstock Nitrate Leaf nitrogen Petiole nitrogen Analysis of Leaf nitrogen Petiole nitrogen

combination supply nitrogen Content (%) content (%) variance content (%) content (%)

2013 CS/RGM N– 1.00 ± 0.10a 0.23 ± 0.01 Years (Y) ** NS

N+ 1.77 ± 0.41b 0.37 ± 0.12 Treatment (T) *** *

CS/110R N– 1.14 ± 0.17a 0.25 ± 0.05 Variety (V) ** NS

N+ 1.79 ± 0.30b 0.48 ± 0.18 Rootstock (R) NS NS

PN/RGM N– 1.10± 0.28± Y/T NS NS

N+ 1.76± 0.37± Y/V NS NS

PN/110R N– 1.12± 0.21± V/R NS NS

N+ 1.87± 0.37± T/V NS NS

2014 CS/RGM N– 1.10 ± 0.08a 0.38 ± 0.10 Y/R NS NS

N+ 2.10 ± 0.09b 0.66 ± 0.10 T/R NS NS

CS/110R N– 1.17 ± 0.20a 0.39 ± 0.04 Y/T/V NS NS

N+ 2.02 ± 0.07b 0.55 ± 0.12 Y/T/R NS NS

PN/RGM N– 1.43 ± 0.08a 0.33 ± 0.01 Y/V/R NS NS

N+ 2.22 ± 0.09b 0.63 ± 0.12 T/V/R NS NS

PN/110R N– 1.36 ± 0.04a 0.30 ± 0.02 Y/T/V/R NS NS

N+ 2.43 ± 0.02b 0.60 ± 0.08

±Unique value. Values are means of 3 independent replicates + SE. N−: 0.8 mM N; N+: 3.6 mM N. One factor (N treatment) Anova tests were made, as well as Tukey tests. For each

rootstock/variety combination, a and b indicate significantly different values between N− and N+ treatment. ±Unique value. Statistical analyses were done using an analysis of variance

with years (Y), rootstock (R), treatment (T), variety (V), and their interaction effects (ns, P > 0.05; *P < 0.05; **P < 0.01; ***P < 0.001).

marked in the skin than in the pulp. This effect of nitrogen on
malate content was absent for PN.

Nitrogen supply significantly increased the total amino acid
content of the skin and pulp of the berries for almost all
rootstock/scion combinations. However, the effect was less
marked in PN skin, and even absent in PN pulp (Table 3B).

For the CS/RGM combination, increasing nitrogen supply
strongly increased the amino acid concentration both in the skin
and in the pulp in 2013 and 2014, although this effect was less
marked in 2014 (Table 3B). Malate content was increased by
higher nitrogen supply in the skin for both years, but only in
2013 for the pulp. The sugar concentration was much higher in
the pulp than in the skin, but was not significantly affected by
nitrogen.

For the CS/110R combination, higher nitrogen supply also
strongly enhanced the total amino acid concentration in the skin,
but less in the pulp. The treatment also increased the skin malate
content for both years. There was no consistent effect of nitrogen
status on the sugar content.

For the PN/RGM combination, there was no consistent effect
of nitrogen supply on the organic acids, and a marginal decrease
of sugars in 2013 (Table 3B). The amino acid content was
increased by higher nitrogen supply, especially in the skin in
2013.

For the PN/110R combination, there was no marked effect
of nitrogen supply on malate, tartrate and sugars. While the
total amino acid concentration was increased by high nitrogen

supply both in the skin and in the pulp, the glucose and fructose
concentrations were diminished in the pulp.

The skin was generally more reactive than the pulp to
the different parameters studied, and among these parameters,

the most sensitive were the malate and amino acid contents
(Table 3A).

Effects of Nitrogen Supply on the Berries
of Different Rootstock/Scion Combinations
as Assessed by Untargeted Metabolomics
In order to investigate the impact of rootstock and different
nitrogen status on the metabolome of grape berries, an
untargeted LC-ESI-MS approach was developed with two
different cultivars, Cabernet Sauvignon (CS), and Pinot Noir
(PN). Two different rootstock (RGM and 110R) and three
different nitrogen conditions (limited, 0.8 mM, N−; regular, 1.4
mM, N–0; excessive, 3.6 mM, N+) were used. Skin and pulp were
analyzed separately.

The analysis in negative ionization mode allowed to detect
secondary metabolites that mainly belong to the groups of
anthocyanins, flavonols, flavan-3-ols/procyanidins, stilbenes,
hydroxycinnamic, and hydroxybenzoic acids. The m/z values,
retention time and putative identification of the detected
molecules are reported in Supplementary File 1.

Since LC-MS based metabolomics is prone to effects such as
matrix effect and ion suppression/enhancement that can impair
the comparison between samples, we checked the performance of
our analytical platform for relative quantitation. We compared
the results of LC-MS determination with those obtained with
HPLC-DAD, which is a fully quantitative technique. Nine
samples randomly selected, with all their replicates, were
analyzed by HPLC-DAD and compared with HPLC-MS. As
shown in Supplementary Figure 1, the HPLC-DAD and HPLC-
MS anthocyanin relative quantitation was fairly comparable.
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The performance of our metabolomics platform on grape berry
extracts has been extensively discussed in a previous paper
(Toffali et al., 2011).

As a first approach, the two LC-MS datamatrix (pulp, skin)
were preliminary explored by the unsupervised Principal
Component Analysis (PCA). This analysis on skin datamatrix,
showed, as expected, that the samples group primarily
according to the cultivars (Figure 1A), then according to
the ripening stage (Figure 1A), and finally according to the
vintage (Figure 1B). Thus, separate Orthogonal Bidirectional
Partial Least Square Discriminant Analysis (O2PLS-DA)
models were built to highlight the main differences between
the two cultivars, the three ripening stages and the two

vintages. PN and CS berries differed mainly for anthocyanin
accumulation, more abundant in Cabernet Sauvignon, and
for the different flavonoid distribution, with flavonols more
abundant in CS and flavanones/flavanols more abundant
in PN (Supplementary Figure 2). As minor difference,
resveratrol is higher in mature Pinot noir grape berries.
In terms of ripening, increases of resveratrol/stilbenes and
significant changes in anthocyanins and flavonoid profiles
were observed in both cultivars (Supplementary Figures 2, 3).
The pulp datamatrix showed that CS contains much more
tryptophan N-glucoside and less hydroxybenzoic acids than
PN, and that both these metabolites increase during ripening
(Supplementary Figures 2E–G).

TABLE 3 | Effect of nitrogen supply on the primary metabolites of berries for four rootstock/scion combinations.

(A)

Year Scion/rootstock Nitrate Malate Tartrate Glucose Fructose Total AA

combination supply (mmoles/g DW) (mmoles/g DW) (mmoles/g DW) (mmoles/g DW) (nmol/mg DW)

2013 CS/RGM Skin N− 3.09±0.31 6.45± 0.68 33.00±2.97 19.27± 2.99 32.01± 7.32

N+ 3.93±0.29* 5.92± 0.68 31.08±1.47 20.29± 1.18 71.02± 19.63*

Pulp N− 3.84±0.36 5.25± 0.30 119.62±31.21 98.56± 25.88 22.76± 6.73

N+ 4.93±0.92 5.88± 0.88 110.34±18.52 94.90± 13.42 84.95± 31.31

CS/110R Skin N− 3.37±0.21 5.81± 0.81 37.63±0.26 24.10± 0.75 20.64± 0.67

N+ 4.67±0.50* 5.42± 0.23 32.24±3.55 24.57± 5.48 125.57± 42.34*

Pulp N− 3.14±0.39 3.56± 0.90 93.59±27.37 84.53± 23.18 42.72± 48.09

N+ 5.26±0.77* 5.60± 0.82* 124.49±49.31 107.17± 38.64 74.81± 20.18

PN/RGM Skin N− 3.19±0.36 5.43± 0.26 33.35±18.48 33.35± 15.02 18.86± 3.84

N+ 3.41±0.24 6.54± 0.28** 18.98±1.87 22.52± 1.92 43.48± 6.62**

Pulp N− 2.13±0.26 3.70± 0.08 77.87±12.52 72.97± 12.74 25.85± 0.69

N+ 2.50±0.02 4.32± 0.13** 72.02±18.98 67.59± 15.75 24.48± 12.27

PN/110R Skin N− 3.72±0.17 6.05± 0.15 21.00±4.02 24.36± 6.38 12.79± 1.75

N+ 4.23±0.28 5.90± 0.12 21.95±1.92 26.81± 2.29 23.14± 8.02

Pulp N− 2.74±0.33 4.24± 0.18 92.48±8.43 83.93± 4.04 31.4± 9.08

N+ 3.18±0.15 4.54± 0.19 67.19±4.15* 64.16± 1.61** 29.48± 13.9

2014 CS/RGM Skin N− 2.65±0.19 6.10± 0.09 34.15±3.16 22.00± 1.74 64.77± 25.11

N+ 3.29±0.66 6.39± 0.06* 27.95±4.14 20.76± 2.77 128.5± 3.10*

Pulp N− 4.03±1.56 6.05± 1.48 128.35±34.35 115.51± 28.93 77.12± 33.39

N+ 3.45±0.11 4.43± 0.14 79.14±9.24 70.94± 6.15 105.31± 12.01

CS/110R Skin N− 3.10±0.49 5.60± 0.45 40.83±1.91 26.78± 0.71 90.25± 31.59

N+ 3.84±0.69 5.78± 0.70 33.66±0.52* 27.76± 1.29 151.33± 18.64

Pulp N− 3.07±0.49 4.75± 0.45 133.57±38.13 113.69± 28.86 70.08± 32.88

N+ 2.89±0.17 3.63± 0.83 87.88±23.69 82.02± 19.79 83.19± 18.90

PN/RGM Skin N− 3.06±0.60 5.71± 0.51 26.57±11.11 24.84± 10.32 45.19± 37.1

N+ 5.27±0.48** 6.22± 0.26 24.95±2.12 26.56± 2.35 58.74± 9.4

Pulp N− 3.24±0.23 3.83± 0.41 79.32±9.38 67.87± 7.00 55± 2.47

N+ 4.85±0.18*** 4.50± 0.51 81.08±17.71 66.88± 11.46 65.43± 16.9

PN/110R Skin N− 4.20±0.71 5.72± 0.37 24.93±2.93 25.94± 3.31 36.48± 22.22

N+ 7.28±0.72** 5.03± 1.00 22.14±3.41 24.3± 2.75 73.72± 25.99

Pulp N− 4.17±2.03 4.78± 0.75 98.83±24.72 81.29± 16.8 25.11± 6.14

N+ 6.02±0.11 4.23± 0.45 69.42±0.50 61.8± 3.55 64.86± 38.31

Raw values; asterisks indicate a significant statistical difference between N+ and N– treatments. Data shown are means ± standard deviation, n = 6. Statistical analyses have been

done using a t-test, (*P < 0.05; **P < 0.01; ***P < 0.001).
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(B)

Analysis Malate Tartrate Glucose Fructose Total AA

variance (mmoles/g DW) (mmoles/g DW) (mmoles/g DW) (mmoles/g DW) (nmol/mg DW)

CS Skin Years (Y) ∗∗ NS ∗ NS ∗ ∗ ∗

Treatment (T) ∗ ∗ ∗ NS NS ∗ ∗ ∗ ∗ ∗ ∗

Rootstock (R) ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗

Y/T NS NS NS NS NS

Y/R NS NS NS NS NS

T/R NS NS NS NS NS

Y/T/R NS NS NS NS NS

Pulp Years (Y) ∗∗ NS NS NS ∗

Treatment (T) NS NS NS NS ∗∗

Rootstock (R) NS ∗∗ NS NS NS

Y/T ∗∗ ∗∗ ∗ ∗ NS

Y/R NS NS NS NS NS

T/R NS NS NS NS NS

Y/T/R NS NS NS NS NS

PN Skin Years (Y) ∗ ∗ ∗ NS NS NS ∗∗

Treatment (T) ∗ ∗ ∗ NS NS NS ∗

Rootstock (R) ∗ ∗ ∗ NS NS NS NS

Y/T ∗ ∗ ∗ NS NS NS NS

Y/R ∗ NS NS NS NS

T/R NS ∗∗ NS NS NS

Y/T/R NS NS NS NS NS

Pulp Years (Y) ∗ ∗ ∗ NS NS NS ∗∗

Treatment (T) ∗∗ NS ∗ ∗ NS

Rootstock (R) ∗ ∗ NS NS NS

Y/T ∗ NS NS NS NS

Y/R NS NS NS NS NS

T/R NS ∗ ∗ NS NS

Y/T/R NS NS NS NS NS

ANOVA analysis. Statistical analyses have been done using an analysis of variance with years (Y), rootstock (R), treatment (T), and their interaction effects (ns, P > 0.05; ∗P < 0.05;
∗∗P < 0.01; ∗∗∗P < 0.001). DW, dry weight.

The two cultivars were then analyzed separately in
more details, using the above supervised approach, and
considering only the more mature stages (mid mature
and mature) and the skin datamatrix. Both the cultivars
showed rootstock-dependent differences (Figure 2): the CS-
110R combination was more advantageous for secondary
metabolites, especially anthocyanins, hydroxycinnamic acids,
resveratrol/stilbenes and flavan-3-ols/procyanidins, compared
with CS-RGM (Figures 2A,C,E). Also the combination PN-110R
accumulated higher levels of anthocyanins, while the PN-RGM

combination accumulated higher levels of hydroxycinnamic
acids, flavan-3-ols/procyanidins, resveratrol/stilbenes
(Figures 2B,D,F).

The four combinations (CS-110R, CS-RGM, PN-110R, and
PN-RGM) were then analyzed under the different nitrogen
nutrition conditions. The supervised O2PLS-DA multivariate

analysis resulted in very weak models when the three different
nitrogen supplementations were separately considered; the
exclusion of the intermediate nitrogen supply resulted in stronger

models. Thus, the effect of limited nitrogen supply was compared
with higher nitrogen (Figure 3). In all four combinations
between the two cultivars and the two rootstocks, excessive
nitrogen supply decreased the accumulation of flavonoids and
anthocyanins (Figure 3).

These effects were higher in PN than in Cabernet Sauvignon;
in CS cultivar only cyanidin, delphinidin, and petunidin-based
anthocyanins were affected by different levels of nitrogen
nutrition, while in PN the peonidin-based anthocyanins were
also affected.

The inhibition of accumulation of secondary metabolites
caused by high nitrogen supplementation was higher when the
scions were grafted on the 110R rootstock, compared with RGM
(Supplementary Figure 4).

DISCUSSION

The berry content at harvest, which determines the quality of
table grapes and is a major determinant for wines depend on
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FIGURE 1 | PCA score plot of skin datamatrix, PC (Principal

component)1-PC2 (A) and PC1-PC3 (B), in which the metabolites are

responsible of the clustering of the two cultivars (A), the ripening

stages (veraison, mid-maturity and maturity) (A) and the two vintages

(B). CS, Cabernet-Sauvignon; PN, Pinot noir; V, veraison; MM, mid

maturity; M, maturity.

complex interactions between the rootstocks, the scion, and
their respective environment (soil and atmosphere) that may be
modified by a wide range of viticultural practices. To reach a
precise control of berry content, and to face more easily current
challenges like those raised by climate change, it is important
to document and understand the different levers offered by
the manipulation of rootstock/scion/environment interactions.
The present study investigates the interactions between nitrogen
level/rootstock genotype and scion genotype with targeted
analytical procedures and an untargeted metabolomic approach.

A high vigor rootstock grafted by a scion Chardonnay (Ough
et al., 1968) or Merlot (Stockert et al., 2013) tend to acquire
more N, resulting in higher amounts of must amino-N than
the intermediate and low growth promoting rootstocks. Our
results (Table XX) partially confirm and precise this conclusion
by comparing the skin and the pulp responses. The amino acid
concentration was affected by the rootstock in the skin of CS, but
not in the pulp, while the rootstock did not affect the amino acid
content of PN berries.

Although nitrogen fertilization did not significantly affect
berry size and impacted only marginally secondary leaf
development, it significantly impacted the malate and amino acid
content of berries for almost all rootstock/scion combinations.
This effect of nitrogen on amino acids has already been described
for other rootstock/scion combinations (Holzapfel and Treeby,
2007). The effects of nitrogen on malate are less expected.
Our work also shows differential effects on a given treatment

on the skin and pulp compartment. The increase in malate
induced by high nitrogen is more marked in CS skin and pulp.
The rootstock genotype only affects tartrate in CS pulp and
malate in PN skin. This underlines the complexity of the soil
composition/roostock/scion interactions, which may be selective
for one variety, one rootstock, one compound and one berry
compartment, and depend on year (climate). The analysis of
primary metabolites suggest that the skin was the more reactive
compartment, and this compartment was further analyzed by
untargeted metabolomics.

This allowed to detect secondary metabolites belonging to
the groups of anthocyanins, flavonols, flavan-3-ols/procyanidins,
stilbenes, hydroxycinnamic, and hydroxybenzoic acids. A
number of peaks are still unidentified. The samples separated
according to varieties, ripening stage and vintage. In CS
berries, the RGM rootstock favored a higher amount of
anthocyanins, hydroxycinnamic acids, resveratrol/stilbenes and
flavan-3-ols/procyanidins than the 110R rootstock.

Whatever the rootstock/scion combination, high nitrogen
decreased the amounts of flavonoids and anthocyanins. This is
in agreement with Soubeyrand et al. (2014) who found that low
nitrogen supply significantly increased the anthocyanin level in
Cabernet Sauvignon berries collected from field plants at two
ripening stages (26 days post-véraison and maturity).

The present study show that these effects of nitrogen are
variety-dependent, and do not concern all anthocyanins. They
were stronger in PN than in CS. Only cyanidin, delphinidin, and
petunidin-based anthocyanins were affected by nitrogen in CS
berries, while the peonidin-based anthocyanins were also affected
in PN berries.

Finally, the amounts of secondary metabolites caused
by high nitrogen supply were more decreased in berries
collected on scions grafted on 110R rootstock than on RGM
(Supplementary Figure 4). As the present experiments were
conducted in pots limiting rootstock development and as the
vines were pruned similarly, the differences observed might
be related more to a higher intrinsic capacity to retrieve and
transport nitrogen for 110 R compared RGM than to vigor
(vegetative development) per-se. Indeed, Lecourt et al. (2015)
have shown that response to nitrate supply in grafted grapevines
alter the root and shoot distribution of various ions in a
genotype dependent way. Our former work (Berdeja et al., 2014)
also showed that the rootstock genotype (110R, high vigor or
125 AA, low vigor) significantly impacted the total amount
of anthocyanins of PN berries grown in field conditions. The
proportion of 3′, 4′–dihydroxy cyanidin and peonidin and 3′,
4′, 5′–trihydroxy delphinidin, malvidin, and petunidin slightly
varied depending on the year, but was not clearly modified by
rootstock or water supply.

The data described here show that untargeted metabolomics
may be a powerful technique to detect the numerous and subtles
changes depending on soil composition/rootstock/scion/climate
interactions. The build up of adequate data bases and the
combination of these data with RNAseq approaches would be
very useful to decipher the overall response of berry metabolism,
and the underlying gene expression changes to environmental
cues and genetic background.
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FIGURE 2 | O2PLS-DA loading plot (A,B) showing the CS-110R, PN-110R, CS-RGM, PN-RGM cultivar-rootstock consortia clustered according to the

grape berries skin metabolites; in C–F the average relative levels of anthocyanins, hydroxycinnamic acids, flavan-3-ols/procyanidins and

resveratrol/stilbenes of the four consortia are shown, ± standard deviation. The high standard deviations of these data is expected and depend on their

mixed nature, since for each consortia data of two ripening stages (M, MM), two vintages (2013 and 2014) and three nitrogen nutrition levels are clustered. CS,

Cabernet-Sauvignon; PN, Pinot noir; 110R, 110R rootstock; RGM, RGM rootstock.

Frontiers in Plant Science | www.frontiersin.org August 2016| Volume 7 | Article 1134 | 383

http://www.frontiersin.org/Plant_Science
http://www.frontiersin.org
http://www.frontiersin.org/Plant_Science/archive


Habran et al. Nitrogen Impact on Grape Metabolome

FIGURE 3 | O2PLS-DA loading plot showing the CS-110R, PN-110R,

CS-RGM, PN-RGM samples in two nitrogen nutrition status (N– =

0.8mM; N+ = 3.6mM) clustered according to their skin grape berry

metabolites. CS, Cabernet-Sauvignon; PN, Pinot noir; 110R, 110R

rootstock; RGM, RGM rootstock.
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SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: http://journal.frontiersin.org/article/10.3389/fpls.2016.
01134

Supplementary Figure 1 | Comparison between relative quantitation

performances of HPLC-ESI-MS and HPLC-DAD: heat map representing

the relative levels of each of the HPLC-DAD-detectable metabolites in a

set of randomly selected samples, as detected by HPLC-DAD and

HPLC-ESI-MS. DI, delphinidin; Cy, cyanidin; Pt, petunidin; Peo, peonidin; MV,

malvidin; hx, hexose; ac, acetyl; cou, coumaroyl; 110R, 110R rootstock; RGM,

RGM rootstock; V, veraison; MM, mid-maturity; M, maturity; N-: 0.8 mM

nitrogen supply; N-0: 1.4 mM nitrogen supply; N+: 3.6 mM nitrogen supply.

Supplementary Figure 2 | Differences between Cabernet Sauvignon and

Pinot noir cultivars grape berries explored by LC-MS-based untargeted

metabolomics of skin (A–D) and pulp (E–G) grape berry: (A) and (E),

O2PLS-DA loading plot. The high standard deviations of the average relative

level of metabolite data is expected and depend on their mixed nature, since for

each cultivar data of two ripening stages (M, MM), two vintages (2013 and 2014),

two rootstock (110R ans RGM) and three nitrogen nutrition levels are clustered.

CS, Cabernet-Sauvignon; PN, Pinot noir; V, veraison; MM, mid mature; M, mature.

Supplementary Figure 3 | Evolution of grape berry ripening in Cabernet

sauvignon (A,B) and Pinot noir (C,D) explored by LC-MS-based untargeted

metabolomics of grape berry skin; (A,C): O2PLS-DA score plot; (B,D):

O2PLS-DA loading plot. The high standard deviations of the average relative

level of metabolite data is expected and depend on their mixed nature, since for

each cultivar data for two rootstocks (110R and RGM) and three nitrogen nutrition

levels are clustered. CS, Cabernet-Sauvignon; PN, Pinot noir; V, veraison; M,

maturity.

Supplementary Figure 4 | Average relative level of metabolite in the grape

berry skin of CS-110R, PN-110R, CS-RGM, PN-RGM cultivar-rootstock

consortia in two conditions of nitrogen nutrition, +/− the standard

deviation. The high standard deviations of the average relative level of metabolite

data is expected and depend on their mixed nature, since for each cultivar data

two ripening stages (mid maturity, maturity) and two vintages (2013, 2014) are

clustered. CS, Cabernet-Sauvignon; PN, Pinot noir; 110R, 110R rootstock; RGM,

RGM rootstock; N-: 0.8 mM nitrogen supply; N+: 3.6 mM nitrogen supply.

Supplementary File 1 | List of metabolites, isotopes, adducts, putatively

identified by HPLC-ESI-MS in grape berries skin and pulp.

Supplementary Table 1 | Measurements of primary and secondary leaf

area at harvest for the different rootstock/scion combinations fertilized by

0.8mM (N–) or 3.6mM (N+). Data shown are means ± standard deviation, n =

6. Statistical analyses were done using an analysis of variance with years (Y),

rootstock (R), treatment (T), variety (V), and their interaction effects (ns, P > 0.05;
∗P < 0.05; ∗∗P < 0.01; ∗∗∗P < 0.001).

Supplementary Table 2 | Measurements of berry weight at harvest for the

different rootstock/scion combinations fertilized by 0.8 mM (N–) or 3.6 mM

(N+). (A) The data are means ± standard deviation, n = 6. (B) Statistical analyses

have been done using an analysis of variance with years (Y), rootstock (R),

treatment (T), variety (V), and their interaction effects (ns, P > 0.05; ∗P < 0.05;
∗∗P < 0.01; ∗∗∗P < 0.001).

Supplementary Table 3 | Petiole total N content as affected by nitrogen

supply. Values are means of 3 independent replicates + SE. N− : 0.8 mM N ;

N+ : 3.6 mM N. One factor (N treatment) Anova tests were made, as well as

Tukey tests. For each rootstock/variety combination, a and b indicate significantly

different values between N− and N+ treatment. . ‡ Unique value. Statistical

analyses were done using an analysis of variance with years (Y), rootstock (R),
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treatment (T), variety (V) and their interaction effects (ns, P > 0.05; ∗P < 0.05;
∗∗P < 0.01; ∗∗∗P < 0.001).

Supplementary Table 4 | Effect of nitrogen supply on yeast assimilable

nitrogen (mg/L) in musts prepared from different rootstocks/scion

combinations. In 2014, values are means of 3 independent replicates + SE

± Unique value were made in 2013; N–: 0.8mM N; N+: 3.6 mM N. In 2014,

one factor (N treatment) Anova tests were made. For each rootstock/variety

combination, a, b, and c indicate significantly different values between the

means.
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Understanding themolecular mechanisms involved in the interaction between the genetic

composition and the environment is crucial for modern viticulture. We approached this

issue by focusing on the small RNA transcriptome in grapevine berries of the two varieties

Cabernet Sauvignon and Sangiovese, growing in adjacent vineyards in three different

environments. Four different developmental stages were studied and a total of 48 libraries

of small RNAs were produced and sequenced. Using a proximity-based pipeline, we

determined the general landscape of small RNAs accumulation in grapevine berries.

We also investigated the presence of known and novel miRNAs and analyzed their

accumulation profile. The results showed that the distribution of small RNA-producing

loci is variable between the two cultivars, and that the level of variation depends on

the vineyard. Differently, the profile of miRNA accumulation mainly depends on the

developmental stage. The vineyard in Riccione maximizes the differences between the

varieties, promoting the production of more than 1000 specific small RNA loci and

modulating their expression depending on the cultivar and the maturation stage. In total,

89 known vvi-miRNAs and 33 novel vvi-miRNA candidates were identified in our samples,

many of them showing the accumulation profile modulated by at least one of the factors

studied. The in silico prediction of miRNA targets suggests their involvement in berry

development and in secondary metabolites accumulation such as anthocyanins and

polyphenols.

Keywords: Vitis vinifera, Genotype x Environment (GxE), small RNAs, miRNAs, high throughput sequencing, berry

INTRODUCTION

The ability of a genotype to produce different phenotypes as a function of environmental cues
is known as phenotypic plasticity (Bradshaw, 1965; Sultan, 2000; Pigliucci, 2001; Gratani, 2014).
Phenotypic plasticity is considered one of the main processes by which plants, as sessile organisms,
can face and adapt to the spatio-temporal variation of environmental factors (Nicotra et al., 2010;
Palmer et al., 2012; Gratani, 2014).

Grapevine (Vitis vinifera L.) berries are characterized by high phenotypic plasticity (Dal Santo
et al., 2013) and a genotype (cultivar or clone) can present variability within berries, among berries
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in a cluster, and among vines (Gray, 2002; Keller, 2010). Berry
phenotypic traits, such as the content of sugars, acids, phenolic,
anthocyanins, and flavor compounds, are the result of cultivar
(G) and environmental influences (E), and often strong G × E
interactions (Sadras et al., 2007). Although grapevine plasticity in
response to environmental conditions and viticulture practices
may provide advantages related to the adaptation of a cultivar to
specific growing conditions, it may also cause irregular ripening
(Selvaraj et al., 1994) and large inter-seasonal fluctuations
(Clingeleffer, 2010), which are undesirable characteristics for
wine making (Keller, 2010).

Due to its complex nature, the study of phenotypic plasticity
is challenging and the mechanisms by which the genes affecting
plastic responses operate are poorly characterized (Holloway,
2002; DeWitt and Scheiner, 2003; Nicotra et al., 2010; Gianoli
and Valladares, 2012; Gratani, 2014). In fact it is often difficult
to assess the performance of different phenotypes in different
environments (Schmitt, 1993; Schmitt et al., 1999; Callaway et al.,
2003).

It has been suggested that genetic and epigenetic regulation
of gene expression might be at the basis of phenotypic plasticity
through the activation of alternative gene pathways (Schlichting
and Pigliucci, 1993; Pigllucci, 1996) or multiple genes (Lind
et al., 2015). Epigenetics has been proposed as crucial in
shaping plant phenotypic plasticity, putatively explaining the
rapid and reversible alterations in gene expression in response to
environmental changes. This fine-tuning of gene expression can
be achieved through DNA methylation, histone modifications
and chromatin remodeling (Goldberg et al., 2007; Geng et al.,
2013; Duncan et al., 2014).

Small non-coding RNAs (small ncRNAs) are ubiquitous and
adjustable repressors of gene expression across a broad group of
eukaryotic species and are directly involved in controlling, in a
sequence specific manner, multiple epigenetic phenomena such
as RNA-directed DNA methylation and chromatin remodeling
(Bernstein and Allis, 2005; Fagegaltier et al., 2009; Ha et al.,
2009; Swami, 2010; Burkhart et al., 2011; Castel and Martienssen,
2013; Duncan et al., 2014) and might play a role in genotype
by environment (GxE) interactions. In plants, small ncRNAs
are typically 20–24 nt long RNA molecules and participate in a
wide series of biological processes controlling gene expression
via transcriptional and post-transcriptional regulation (Finnegan
and Matzke, 2003; Kim, 2005; Chen, 2009; Guleria et al., 2011;
Lelandais-Briere et al., 2012; Matsui et al., 2013). Moreover, small
RNAs have been recently shown to play an important role in
plants environmental plasticity (Formey et al., 2014; Borges and
Martienssen, 2016).

Fruit maturation, the process that starts with fruit-set
and ends with fruit ripening (Coombe, 1976), has been
largely investigated in fleshy fruits such as tomato and
grapevine. These studies highlighted, among others, the vast
transcriptomic reprogramming underlying the berry ripening
process (Guillaumie et al., 2011; Matas et al., 2011; Lijavetzky
et al., 2012), the extensive plasticity of berry maturation in
the context of a changing environment (Dal Santo et al., 2013;
Gapper et al., 2014), and the epigenetic regulatory network which
contributes to adjust gene expression to internal and external

stimuli (Zhong et al., 2013; Liu et al., 2015). In particular, small
RNAs, and especially microRNAs (miRNA), are involved, among
others, in those biological processes governing fruit ripening
(Karlova et al., 2013; Kullan et al., 2015).

In this work, we assessed the role of small ncRNAs in the
plasticity of grapevine berries development, by employing
next-generation sequencing. We focused on two cultivars
of Vitis vinifera, Cabernet Sauvignon, and Sangiovese,
collecting berries at four different developmental stages
in three Italian vineyards, diversely located. First, we
described the general landscape of small RNAs originated
from hotspots present along the genome, examining their
accumulation according to cultivars, environments and
developmental stages. Subsequently, we analyzed miRNAs,
identifying known and novel miRNA candidates and their
distribution profiles in the various samples. Based on the
in silico prediction of their targets, we suggest the potential
involvement of this class of small RNAs in GxE interactions.
The results obtained provide insights into the complex
molecular machinery that connects the genotype and the
environment.

MATERIALS AND METHODS

Plant Material
Two V. vinifera varieties Sangiovese (SG), a red Italian grape
variety, and Cabernet Sauvignon (CS), an international variety,
were grown side by side in three different Italian locations,
representing traditional areas of Sangiovese cultivation in Italy
with a long-standing winemaking tradition.

In order to reduce factors of variation, the age of the plants
(between 10 and 12 years old), the clone type (Sangiovese clone
R5 and Cabernet Sauvignon clone VCR23), the rootstock (Vitis
berlandieri × Vitis riparia), the cultivation techniques (training
system: low cordon; planting space: 2.40× 0.8 m) and the health
status were the same among all the locations.

The vineyards were located in Bolgheri (Bol), a coastal area
of Tuscany, 50m asl (above sea level) [GPS coordinates: SG
43.194090, 10.625186, CS 43.194622, 10.624392], in Montalcino
(Mont) a mountain area of Tuscany, 195m asl; [GPS coordinates:
SG 42.980669, 11.433708, CS 42.985091, 11.435853] and in
Riccione (Ric), a plain area of Emilia Romagna, 111m asl; [GPS
coordinates: SG 43.945261, 12.647235, CS 43.944372, 12.648995].
Further details on the environmental conditions of the vineyards
are provided in Supplementary Figure 1.

Berries from four developmental stages were collected in two
biological replicates, during the 2011 growing season, for a total
of 48 samples (Table 1). The four sampled stages corresponded
to pea size (ps), representing the first stage of berry development
in this experimental plan, bunch closure (bc) also known as Lag
Phase, 19–20 ◦Brix (19), which corresponds to 50% of sugar
accumulation in berries, and harvest (hv), when the berries are
fully ripened and the onset of sugar accumulation is over. About
200 berries per each developmental berry stage were sampled
from upper, central and lower part of cluster, both from sun-
exposed and shaded side and split in two biological replicates.
Per each vineyard, the berries were collected from about 20 vines
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selected in a single uniform row and immediately frozen in liquid
nitrogen and stored at−80◦C prior to analysis.

The libraries were named using the initials of the vineyard
where the berries were collected, followed by the initial of the
cultivar and the developmental stage. For example, the sample
containing berries of Sangiovese, collected in Montalcino at pea
size, was named Mont_SG_ps.

RNA Extraction and Small RNA Libraries
Construction
RNA extraction was performed as described in Kullan et al.
(2015). Briefly, total RNA was extracted from 200mg of ground
berries pericarp tissue (entire berries without seeds) using 1ml
of Plant RNA Isolation Reagent (Life Technologies) following
manufacturer’s recommendations.

The small RNA fraction was isolated from the total RNA using
the mirPremier R© microRNA Isolation kit (Sigma-Aldrich) and
dissolved in DEPC water. All the steps suggested in the technical
bulletin for small RNA isolation of plant tissues were followed
except the “Filter Lysate” step, which was omitted. The quality
and quantity of small RNAs were evaluated by a NanoDrop
1000 spectrometer (Thermo Fisher Scientific), and their integrity
assessed by an Agilent 2100 Bioanalyzer using a small RNA
chip (Agilent Technologies) according to the manufacturer’s
instructions.

Small RNA libraries were prepared using the TruSeq
Small RNA Sample Preparation Kit (Illumina R©), following all
manufacturers’ instructions. Forty-eight bar-coded small RNA
libraries were constructed starting from 50 ng of small RNAs. The
quality of each library was assessed using an Agilent DNA 1000
chip for the Agilent 2100 Bioanalyzer. Libraries were grouped in
pools with six libraries each (6-plex).

The pools of libraries were sequenced on an Illumina Hiseq
2000 at IGA Technology Services (Udine, Italy).

The sequencing data were submitted to GEO–NCBI under the
accession number GSE85611.

Bioinformatics Analysis of Sequencing
Data
Adaptor sequences were trimmed and only reads ranging from 18
to 34 nt in length after adapter removal were kept. Retained reads
were mapped to the reference Vitis vinifera L. genomic sequence
V1 (PN40024, Jaillon et al., 2007) using Bowtie (Langmead et al.,
2009) and reads perfectly aligned to the genome were retained.
Reads matching rRNAs, tRNAs, snRNAs, and snoRNAs were
excluded.

Read counts were normalized by the linear count scaling
method TP4M (transcripts per 4 million), in order to reduce
sequencing bias and to allow the comparison of small
RNA accumulation from different libraries. The normalized
abundance was calculated as:

TPM
abundance =









raw value
(

total genome matches− t/r/sn/snoRNA

/ chloroplast mitochondria matches
)









×n_base

TABLE 1 | List of berry samples of Vitis vinifera used for the construction

of the small RNA libraries.

Vineyard Variety Developmental

Stages

Replicate Library Codes

Montalcino

Cabernet

Sauvignon

Pea size 1 Mont_CS_ps_1

2 Mont_CS_ps_2

Bunch closure 1 Mont_CS_bc_1

2 Mont_CS_bc_2

19 ◦Brix 1 Mont_CS_19_1

2 Mont_CS_19_2

Harvest 1 Mont_CS_hv_1

2 Mont_CS_hv_2

Montalcino Sangiovese Pea size 1 Mont_SG_ps_1

2 Mont_SG_ps_2

Bunch closure 1 Mont_SG_bc_1

2 Mont_SG_bc_2

19 ◦Brix 1 Mont_SG_19_1

2 Mont_SG_19_2

Harvest 1 Mont_SG_hv_1

2 Mont_SG_hv_2

Bolgheri

Cabernet

Sauvignon

Pea size 1 Bol_CS_ps_1

2 Bol_CS_ps_2

Bunch closure 1 Bol_CS_bc_1

2 Bol_CS_bc_2

19 ◦Brix 1 Bol_CS_19_1

2 Bol_CS_19_2

Harvest 1 Bol_CS_hv_1

2 Bol_CS_hv_2

Bolgheri Sangiovese Pea size 1 Bol_SG_ps_1

2 Bol_SG_ps_2

Bunch closure 1 Bol_SG_bc_1

2 Bol_SG_bc_2

19 ◦Brix 1 Bol_SG_19_1

2 Bol_SG_19_2

Harvest 1 Bol_SG_hv_1

2 Bol_SG_hv_2

Riccione

Cabernet

Sauvignon

Pea size 1 Ric_CS_ps_1

2 Ric_CS_ps_2

Bunch closure 1 Ric_CS_bc_1

2 Ric_CS_bc_2

19 ◦Brix 1 Ric_CS_19_1

2 Ric_CS_19_2

Harvest 1 Ric_CS_hv_1

2 Ric_CS_hv_2

Riccione Sangiovese Pea size 1 Ric_SG_ps_1

2 Ric_SG_ps_2

Bunch closure 1 Ric_SG_bc_1

2 Ric_SG_bc_2

19 ◦Brix 1 Ric_SG_19_1

2 Ric_SG_19_2

Harvest 1 Ric_SG_hv_1

2 Ric_SG_hv_2
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where n base is 4,000,000.
To perform the clustering analysis, the “hits-normalized-

abundance” (HNA) values were calculated as:

HNA =
TP4M

Hits

where TP4M is the normalized abundance of each small RNA
sequence mapping in a giving cluster and a Hit is defined as the
number of loci at which a given sequence perfectly matches the
genome.

One database was produced using the grapevine genome, and
made available on the website (https://mpss.danforthcenter.org/
dbs/index.php?SITE=grape_sRNA_GxE), in order to store and
assist the visualization of all the sequenced libraries.

Static Clustering Analysis
The static clustering analysis was carried out as previously
described by Lee et al. (2012), using a proximity-based pipeline
built with custom Perl and database scripts (McCormick et al.,
2011) and MySQL database queries, to group and quantify
clusters of small RNAs. Briefly, the grapevine genomewas divided
into a series of windows of 500 bp, each window defined as
a cluster. For every individual library, the small RNAs ranging
from 21 to 24 nt and mapping in each cluster had their “hits-
normalized-abundance” (HNA) summed up which determined
the “cluster abundance.” The cluster abundance was averaged for
the two replicates of each library. The clusters were annotated
for gene and repeat information using the V1 annotation of
the reference genome (Jaillon et al., 2007; Vitulo et al., 2014),
allowing the characterization of specific small RNA-producing
loci.

We set a selection criterion, by which a cluster was considered
as expressed when the cluster abundance was equal or greater
than 30 HNA. Additionally, when investigating the ratio between
two cultivars in each environment (CS/SG ratio), only those
clusters where the HNA of each library in the comparison was
greater than or equal to 5 (library A ≥ 5 HNA and library
B ≥ 5 HNA) and the sum of the cluster abundance of these same
libraries was higher than 30 (library A + library B > 30) were
selected.

All the clustering analyses were performed using only two
developmental stages for each cultivar: bunch closure was used
to represent “green tissues” (g) and 19 ◦Brix to represent “ripened
tissues” (r).

Identification of Conserved miRNAs and
Prediction of Novel Candidates
The identification of annotated (conserved or known) and
novel (or specie-specific) miRNAs was carried out applying a
conservative and robust pipeline as described by Jeong et al.
(2011) and Zhai et al. (2011), and successfully deployed in
various published studies (Jeong et al., 2013; Xu et al., 2013;
Arikit et al., 2014; Hu et al., 2015). Shortly, in order to
recognize the conserved miRNAs, all small RNAs sequenced
in the libraries were initially compared against all annotated
vvi-miRNAs deposited in miRBase (version 20, Kozomara and
Griffiths-Jones, 2014, http://www.mirbase.org/). Subsequently,
the whole set of small RNAs passed through the five filters

designed according to the properties of validated plant miRNAs
and their precursors (Meyers et al., 2008), keeping track of
known miRNAs throughout the filtering. The filters included,
but were not limited to, minimum abundance threshold (≥30
TP4M), size range (18–26 nt), maximum hits to the grapevine
genome (1–20), strand bias (sense/total ≥ 0.9), and abundance
bias [(top1+top2)/total ≥ 0.7]. For each possible precursor
found, the most abundant read was retained as the biologically
active miRNA (also called “mature”) and in cases where
both the 3′-end (3p) and the 5′-end (5p) reads were highly
abundant (abundance greater than 200 TP4M), the two tags were
kept.

All the known vvi-miRNAs identified by the pipeline were
manually inspected, to ensure that the tags identified as known
miRNAs were assigned correctly to their actual precursor, and to
retrieve the most abundant isoform within the tags mapping in
each precursor.

Regarding the novel miRNA candidates identified using this
pipeline, only those for which the most abundant tag was 20,
21, or 22 nt were retained. They were compared with all the
knownmature plant miRNAs in miRBase (version 20) to identify
homologs. Finally, novel candidates passed through a manual
evaluation of precursor secondary structures, using the plant
version of the UEA sRNA hairpin folding and annotation tool
(Stocks et al., 2012) and the Mfold web server (Zuker, 2003), with
default settings.

miRNA Accumulation and Statistical
Analysis
A miRNA was considered as “expressed” only when the values
of both biological replicates were greater than or equal to the
threshold set at 10 TP4M. We defined a miRNA as “vineyard-,
cultivar-, or stage-specific” when it was expressed only in a given
vineyard, cultivar or one specific developmental stage.

Differentially expressed miRNAs were identified using
the CLCbio Genomics Workbench (v.8, Qiagen, http://www.
qiagenbioinformatics.com/products/clc-genomics-workbench/)
using multiple comparison analysis. We loaded the total raw
redundant reads from our 48 libraries in the CLCbio package
and trimmed the adaptors, considering only reads between
18 and 34 nt. We annotated miRNAs against the user defined
database, comprehending our set of 122 MIRNA loci and their
corresponding mature sequences. For each library, the total
counts of read perfectly mapping to the miRNA precursors was
considered as the input of the expression analysis.

Given the main focus of our work, we aimed at identifying
miRNAs differentially expressed between the two cultivars in
the same environment and developmental stage (genotypic
effect), or between the three vineyards in the same cultivar
and in the same developmental stage (environmental effect).
For this reason, we considered each developmental stage (12
libraries) and we performed the Empirical Analysis of digital
gene expression (DGE), an implementation of the “Exact Test”
present in the EdgeR Bioconductor package, as implemented
in CLCbio software and estimating tagwise dispersion with
pairwise comparisons and setting the significance threshold to
FDR-adjusted p ≤ 0.05.

Frontiers in Plant Science | www.frontiersin.org October 2016 | Volume 7 | Article 1459 | 389

https://mpss.danforthcenter.org/dbs/index.php?SITE=grape_sRNA_GxE
https://mpss.danforthcenter.org/dbs/index.php?SITE=grape_sRNA_GxE
http://www.mirbase.org/
http://www.qiagenbioinformatics.com/products/clc-genomics-workbench/
http://www.qiagenbioinformatics.com/products/clc-genomics-workbench/
http://www.frontiersin.org/Plant_Science
http://www.frontiersin.org
http://www.frontiersin.org/Plant_Science/archive


Paim Pinto et al. Small RNAs in Grape Berries

Correlation Analysis
The normalized reads (TP4M) of all miRNAs identified in
this study and also the cluster abundances obtained from
the static clustering analysis were submitted to another ad-
hoc normalization [log10 (1+TP4M) or log10 (1+HNA)] for
correlation analysis. This normalization was chosen because of
the enormous range of abundance values that produced a log-
unimodal distribution and may cause significant biases in the
correlation analysis when performed using TP4MorHNA values.
A unity was then added to the abundance value due to the
presence of zero entries. After this addition, a value of zero
still corresponds to zero of the log10 (1+TP4M) function, thus
making consistent the comparisons among profiles.

The dendrogram was generated using the function hclust and
the Pearson correlation was calculated using the function cor
in R, based on the log10 (1+TP4M) or log10 (1+HNA) values
for miRNAs and sRNA-generating loci respectively. Pearson’s
correlation coefficients were converted into distance coefficients
to define the height of the dendrogram.

Heat maps were produced using MeV (MultiExperiment
Viewer; Eisen et al., 1998) based on TP4M values of miRNAs
abundance. The Venn diagrams were produced using the
function vennDiagram in R, based on the miRNA list for each
cultivar, environment and developmental stage.

Target Prediction
miRNA targets were predicted using miRferno, a built-in, plant-
focused target prediction module of the software sPARTA (small
RNA-PARE Target Analyzer; Kakrana et al., 2014). miRferno
was run using the greedy prediction mode (tarPred H) and a
seed-free system (tarScore S) for target scoring. The prediction
was done in genic regions (genomeFeature 0) of the whole 12X
version of the grapevine genome (Jaillon et al., 2007). The fasta
file with spliced exons for each GFF transcript (V2.1.mRNA.fa-
downloaded from http://genomes.cribi.unipd.it/grape/) of the
V2.1 annotation (Vitulo et al., 2014) was used as “feature file.”
To reduce the number of false positives, only targets with a
prediction score value smaller than 2.5 were retained (complete
range of prediction score values: 0–10).

RESULTS

High-Throughput Sequencing Statistics
Small RNA libraries were constructed and sequenced for 48
samples of grapevine berries (Table 1). We obtained a total of
752,020,195 raw redundant reads (Supplementary Table 1). After
adaptors trimming, 415,910,891 raw clean reads were recovered,
ranging from 18 to 34 nt in length (Supplementary Table 1).
Eliminating the reads mapping to rRNA, tRNA, snRNA, and
snoRNA sequences, 199,952,950 reads represented by 20,318,708
distinct sequences, i.e., non-redundant sequences found in the 48
libraries (Supplementary Table 1), were perfectly mapped to the
V. vinifera PN40024 reference genome (Jaillon et al., 2007).

The libraries were analyzed to assess the size distributions of
mapped reads. Distinct peaks at 21- and 24-nt (Supplementary
Figure 2) were observed in all the libraries. Consistent with
previous reports in grapevine (Pantaleo et al., 2010) and other

plant species (Moxon et al., 2008; Ge et al., 2013), the 21-
nt peak was the highest, comprising a higher proportion of
redundant reads, whereas the 24-nt peak was less abundant. A
few exceptions regarding the highest peak in the small RNA size
profile were observed: Ric_SG_ps had the highest peak at 24-
nt whereas Mont_CS_ps and Mont_SG_bc did not show a clear
difference between the 21- and the 24-nt peak.

Using the Pearson coefficients (Supplementary Table 2) we
observed a strong association between the replicates as indicated
by the high coefficients (ranging from 0.79 to 0.97).

To facilitate access and utilization of these data, we have
incorporated the small RNAs into a website (https://mpss.
danforthcenter.org/dbs/index.php?SITE=grape_sRNA_GxE).
This website provides a summary of the library information,
including samples metadata, mapped reads, and GEO accession
numbers. It also includes pages for data analysis, such as quick
summary of the abundances of annotated microRNAs from
grapevine or other species. Small RNA-related tools are available,
for example target prediction for user-specified small RNA
sequences and matching criteria. Finally, and perhaps most
importantly, a customized browser allows users to examine
specific loci (genes or intergenic regions) for the position,
abundance, length, and genomic context of matched small RNAs;
with this information, coupled with the target prediction output,
users can develop and assess hypotheses about whether there is
evidence for small RNA-mediated regulation of grapevine loci of
interest.

General Landscape of Small RNAs
Distribution in Grapevine Berries in
Different Environments
In order to investigate whether the overall distribution and
accumulation of small RNA is affected by the interaction between
different V. vinifera genotypes [Cabernet Sauvignon (CS) and
Sangiovese (SG)] and environments [Bolgheri (Bol), Montalcino
(Mont) and Riccione (Ric)], we investigated the regions in the
grapevine genome from where a high number of small RNAs
were being produced (sRNA-producing regions), by applying a
proximity-based pipeline to group and quantify clusters of small
RNAs as described by Lee et al. (2012).

The nuclear grapevine genome was divided in 972,413
adjacent, non-overlapping, fixed-size (500 bp) windows or
clusters. To determine the small RNA cluster abundance, we
summed the hits-normalized-abundance (HNA) values of all the
small RNAs mapping to each of the 500 bp clusters, for each
library (for details, see Materials and Methods). To reduce the
number of false positives, we considered a cluster as expressed
when the cluster abundance was greater than the threshold (HNA
= 30) for a given library, eliminating regions where few small
RNAs were generated, possibly by chance. Libraries from bunch
closure, representing green berries, and 19 ◦Brix representing
ripened berries, where used in this analysis. From the 972,413
clusters covering the whole grapevine genome, 4408 (0.45%) were
identified as expressed (sRNA-producing regions) in at least one
sample. As showed in Figure 1, CS-derived libraries have a higher
number of expressed clusters when compared to SG-derived
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FIGURE 1 | Number of small RNA clusters expressed in ripened and green berries of grapevine collected from 2 different cultivars growing in 3

vineyards. The proportion of clusters located in Genic and Intergenic regions (based on the V1 grapevine genome annotation) is shown in green and blue

respectively. CS, Cabernet Sauvignon; SG, Sangiovese; g, green; r, ripened; Bol, Bolgheri; Mont, Montalcino; Ric, Riccione. Green corresponds to bunch closure and

ripened corresponds to 19 ◦Brix developmental stages.

libraries of the same developmental stage and from the same
vineyard. The exceptions were the Sangiovese green berries
collected in Riccione and Sangiovese ripened berries collected in
Montalcino, which have a higher number of expressed clusters
than the respective CS ones. The two cultivars show a completely
different small RNA profile across environments.When Cabernet
berries were green, a higher number of sRNA-generating regions
were found active in Bolgheri than in Montalcino and Riccione.
Differently, ripened berries had the highest number of sRNA-
producing regions expressed in Riccione, while Bolgheri and
Montalcino show a similar level of expressed clusters (Figure 1).
Sangiovese green berries instead show the highest number of
active sRNA-generating regions in Riccione, and this number
is twice the number found in Bolgheri and Montalcino that is
similar. Ripened berries collected in Montalcino and Riccione
show almost the same high level of sRNA-generating clusters,
whereas those collected in Bogheri present a lower number
(Figure 1). We also noted that when cultivated in Bolgheri,
neither Cabernet Sauvignon or Sangiovese change dramatically
the number of expressed clusters during ripening, while in
Riccione Cabernet Sauvignon shows a 2-fold increase of sRNA-
producing clusters, which is not observed in Sangiovese.

Next, the small RNA-generating clusters were characterized
on the basis of the genomic regions where they map, i.e.,
genic, intergenic and transposable elements. In general, when
the berries were green, the numbers of sRNA-generating loci
located in genic and intergenic regions were roughly equal in
all environments and for both cultivars, except for Sangiovese
berries collected in Riccione, which show a slight intergenic
disposition of sRNA-producing regions (Figure 1). Differently,
in ripened berries on average 65% of the sRNA-generating loci

were in genic regions, indicating a strong genic disposition
of the sRNA-producing clusters (Figure 1). The shift of
sRNA-producing clusters from intergenic to mostly genic is more
pronounced in Cabernet Sauvignon berries collected in Riccione,
with an increase of approximately 20% of expressed clusters in
genic regions (Figure 1) when berries pass from the green to the
ripened stage.

When comparing the clusters abundance among libraries,
we found that 462 clusters were expressed in all libraries.
The remaining 3946 expressed clusters were either shared
among groups of libraries or specific to unique libraries.
Interestingly, 1335 (30.3%) of the 4408 expressed clusters
were specific to Riccione-derived libraries (Figure 2A). The
other two environments showed a much lower percentage of
specific clusters, 263 (6%) and 140 (3.2%) in Bolgheri and
Montalcino respectively (Figure 2A). Comparing the expressed
clusters between cultivars or developmental stages, we did not
observe a similar discrepancy of specific clusters toward one
cultivar or developmental stage; roughly the same proportion of
specific clusters was found for each cultivar (Figure 2B) and for
each developmental stage (Figure 2C). Among the 1335 specific
clusters of Riccione, 605 were specific to Cabernet Sauvignon
ripened berries of and 499 to Sangiovese green berries. Other
smaller groups of expressed clusters were identified as specific
to one cultivar, one developmental stage or also one cultivar in
a specific developmental stage.

When comparing the expressed clusters with the presence of
transposable elements (TE) annotated in the grapevine genome
(V1), we noticed that approximately 23% of the sRNA-generating
regions were TE-associated. Sangiovese green berries from
Riccione have the highest proportion (26%) of TE-associated
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FIGURE 2 | Venn Diagrams comparing the sRNA-generating clusters of Vitis vinifera expressed by (A) environment, (B) cultivar, (C) developmental

stage. Bol, Bolgheri; Mont, Montalcino; Ric, Riccione; CS, Cabernet Sauvignon; SG, Sangiovese. Green corresponds to bunch closure and ripened corresponds to

19◦Brix developmental stages.

expressed clusters, while Cabernet Sauvignon ripened berries
also from Riccione show the lowest proportion (13%) of TE-
associated expressed clusters. Sangiovese berries (both green and
ripened) have the highest percentage of expressed clusters located
in TE when cultivated in Riccione, compared to the other two
vineyards. Interestingly, Cabernet Sauvignon berries show the
lowest proportion of TE-associated clusters when growing in
Riccione (Figure 3A), independently from the berry stage.

In all the libraries, Long Terminal Repeat (LTR)
retrotransposons were the most represented TE. More
specifically, the gypsy family was the LTR class associated
with the highest number of sRNA hotspots. The other classes
of TE associated with the sRNA-generating regions can be
visualized in Figure 3B.

The Distribution of sRNA-Producing Loci Is
Variable between the Two Cultivars, and
the Level of Variation Depends on the
Vineyard
To determine the global relationship of small RNA-producing
loci in the different environments, cultivars and developmental
stages, we performed a hierarchical clustering analysis. As
showed in Figure 4, the libraries clearly clustered according
to the developmental stage and cultivar and not according to
the environments. Ripened and green berries had their profile
of sRNA-generating loci clearly distinguished from each other.
Inside each branch of green and ripened samples, Cabernet
Sauvignon and Sangiovese were also well separated, indicating
that, the cultivar and the stage of development in which the
berries were sampled modulate the outline of sRNA-producing
loci more than the environment.

Notwithstanding the evidence that developmental stage and
variety have the strongest effect in terms of distinguishing
samples clustering, we were interested to verify the
environmental influence on small RNA loci expression in
the two cultivars. Thus, for each sRNA-generating cluster we

calculated the ratio between cluster abundance in Cabernet
Sauvignon and Sangiovese (CS/SG) in each environment and
developmental stage, thereby revealing the genomic regions
with regulated clusters, considering a 2-fold change threshold, a
minimum abundance of 5 HNA in each library and a minimum
sum of abundance of 30 HNA (library A ≥ 5 HNA and library
B ≥ 5 HNA; library A + library B > 30 HNA; library A/library
B ≥ 2). Figure 5 shows how different environments affect
the production of small RNAs. In Bolgheri, regardless the
developmental stage there were many clusters with a very
high abundance level in Cabernet Sauvignon (Figure 5A). In
Montalcino (Figure 5B) and even more in Riccione (Figure 5C)
we also observed differences between the expressions of clusters
in the two cultivars, with ripened and green berries showing
an almost opposite profile in terms of number of clusters more
expressed in Cabernet Sauvignon or Sangiovese. When the
berries were green, in Montalcino Cabernet Sauvignon shows
the highest number of up-regulated clusters, while in Riccione,
Sangiovese has the highest number of up-regulated clusters.
The opposite behavior was noticed in ripened berries, with
Sangiovese having the highest number of up-regulated clusters in
Montalcino and Cabernet Sauvignon in Riccione (Figures 5B,C).

Notably, we observed a small percentage of regulated clusters
(from 0.5 to 5%) exhibiting at least a 10-fold higher abundance of
small RNA in Cabernet Sauvignon or Sangiovese when compared
to each other (Figures 5A–C). An examination of those clusters
showed that a substantial difference (50-fold or more) could
exist between the cultivars, depending on the vineyard and
the developmental stage. For example, in Riccione, a cluster
matching a locus encoding a BURP domain-containing protein
showed a fold change of 390 when comparing green berries of
Sangiovese with Cabernet Sauvignon. The small RNAs mapping
in this region were mainly 21-nt and produced from both strands
(Figure 6). Similarly, the majority of the highly differentially
expressed clusters (50-fold or more) showed a similar profile:
strong bias toward 21-nt sRNAs and a low strand bias. These
findings suggest that these small RNAs might be the product
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FIGURE 3 | Profile of small RNA-producing clusters expressed in ripened and green berries of grapevine collected from 2 different cultivars growing in

3 vineyards associated with Transposable Elements (TE). (A) Percentage of sRNA-producing clusters associated with TE in each sample. (B) Number of small

RNA-generating clusters associated with different classes of TE in different samples. Bol, Bolgheri; Mont, Montalcino; Ric, Riccione; CS, Cabernet Sauvignon; SG,

Sangiovese; g, green; r, ripened. Green corresponds to bunch closure and ripened corresponds to 19 ◦Brix developmental stages.

of RDR (RNA-dependent RNA) polymerase activity rather than
degradation products of mRNAs.

miRNAs Identification and Target
Prediction
We applied a pipeline adapted from Jeong et al. (2011) and
Zhai et al. (2011) to identify annotated vvi-miRNAs, their
variants, novel species-specific candidates and, when possible,
the complementary 3p or 5p sequences. Starting from 25,437,525
distinct sequences from all the 48 libraries, the first filter of the
pipeline removed sequences matching t/r/sn/snoRNAs as well as
those that did not meet the threshold of 30 TP4M in at least one
library or, conversely, that mapped in more than 20 loci of the

grapevine genome (considered overly repetitive to be a miRNA).
Only sequences 18–26-nt in length were retained. Overall, 27,332
sequences, including 56 known vvi-miRNAs, passed through
this first filter and were subsequently analyzed by a modified
version of miREAP (https://sourceforge.net/projects/mireap) as
described by Jeong et al. (2011). miREAP identified 1819
miRNA precursors producing 1108 unique miRNA candidates,
including 47 known vvi-miRNA. Next, the sequences were
submitted to the third filter to evaluate the single-strand and
abundance bias retrieving only one or two most abundant
miRNA sequence for each precursor previously identified. A total
of 150 unique miRNA corresponding to 209 precursors were
identified as candidate miRNAs. Among these 209 candidate
precursors, 61 belonged to 31 known vvi-miRNA that passed all
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FIGURE 4 | Cluster dendrogram showing global relationships of small RNA-producing loci in 2 different grapevine cultivars, collected in different

vineyards and developmental stages. The Pearson correlation coefficients, calculated based on sum of HNA of small RNAs mapping to each loci, were converted

into distance coefficients to define the height of the dendrogram. Bol, Bolgheri; Mont, Montalcino; Ric, Riccione; CS, Cabernet Sauvignon; SG, Sangiovese; g, green;

r, ripened. Green corresponds to bunch closure and ripened corresponds to 19 ◦Brix developmental stages.

the filters and 148 were identified as putatively novel miRNA
candidates. To certify that they were novel candidates rather than
variants of known vvi-miRNAs we compared their sequences
and coordinates with the miRNAs registered in miRBase (version
20, Kozomara and Griffiths-Jones, 2014). In order to reduce
false positives and the selection of siRNA-like miRNAs, we
considered only 20, 21, and 22 nt candidates whose stem-
loop structures were manually evaluated (see Supplementary
Figure 3). Eventually, 26 miRNAs homologous to other plant
species were identified with high confidence. Twenty-two were
new members of nine known V. vinifera families, whereas the
other four belong to three families not yet described in grapevine
(Table 2). For 16 homologs we were able to retrieve also the
complementary sequence. Finally, excluding these 26 miRNAs
and other si-RNA like miRNAs, we identified 7 completely novel
bona fidemiRNAs.

Apart from the 61 known vvi-miRNAs identified by the
pipeline, we searched the dataset for others known vvi-miRNAs
eliminated throughout the pipeline, looking for isomiRs that
were actually more abundant than the annotated sequences.
Their complementary 3p or 5p sequence was also retrieved when
possible. Hence 89 known vvi-miRNAs were identified in at least
one of our libraries (Table 3). Among the known vvi-miRNAs
identified, 24 had an isomiR more abundant than the annotated
sequence and 4 have the complementary sequence as the most
abundant sequence mapping to their precursor. We found 16
vvi-miRNA isomiRs that were either longer or shorter than the
annotated sequence, 7 vvi-miRNAs that mapped in the precursor
in a position shifted with respect to the annotated ones and
one miRNA that contains a nucleotide gap when compared to
the annotated sequence (Table 3). An extreme case of shifted
position was found in vvi-miRNA169c, where the annotated
sequence had only 5 TP4M when summing its individual

abundance in the 48 libraries. Another sequence, shifted 16 bp
as compared to its annotated position on the precursor had an
abundance sum of 1921 TP4M, and was retained together with
the annotated sequence, and named vvi-miRNA169c.1. For 36 of
the 48V. viniferamiRNA families deposited inmiRBase we found
at least one member.

An in silico prediction of miRNA targets was performed for
the 191 mature miRNAs here identified. Using the miRferno tool
(Kakrana et al., 2014), and considering only targets predicted
with high stringency, 1192 targets were predicted for 143
miRNAs, including six completely novel vvi-miRNA candidates
(Supplementary Table 3).

Two novel candidates (grape-m1191 and grape-m1355) seem
to be involved in the regulation of important secondary
metabolites biosynthesis. Among the six targets predicted
for grape-m1191, the TT12 gene (transparent testa 12 -
VIT_212s0028g01160) is known to be involved in the vacuolar
accumulation of proanthocyanidins in grapevine (Marinova
et al., 2007). For grape-m1355, 12 targets were predicted and
all of them are involved in secondary metabolism pathways.
Nine targets code a bifunctional dihydroflavonol 4-reductase
(DFR) that is responsible for the production of anthocyanins
(Davies et al., 2003), catalyzing the first step in the conversion
of dihydroflavonols to anthocyanins (Boss and Davies, 2001).
Another targeted gene codes a phenylacetaldehyde reductase
(VIT_213s0064g00340) which, in tomato, was demonstrated to
catalyze the last step in the synthesis of the aroma volatile
2-phenylethanol, important for the aroma and flavor (Tieman
et al., 2007). Still this same miRNA candidate was predicted to
target with high confidence (score = 0) a cinnamoyl reductase-
like protein (VIT_203s0110g00350) that is part of polyphenol
biosynthetic pathway (Martínez-Esteso et al., 2013). The grape-
m1355 candidate maps on chromosome 3, exactly on the
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FIGURE 5 | Number of differentially regulated small RNA-generating

clusters of ripened and green grape berries, collected from 2 varieties

in 3 different vineyards. The CS/SG ratios were calculated based on

summed cluster abundances. (A) Data relative to berries collected in Bolgheri,

(B) data relative to berries collected in Montalcino, (C) data relative to berries

collected in Riccione. Bol, Bolgheri; Mont, Montalcino; Ric, Riccione; CS,

Cabernet Sauvignon; SG, Sangiovese.

first exon of its target (VIT_203s0110g00350.1), in a region
where another two isoforms of the same gene are located
(Supplementary Figure 4). The last target of this miRNA
candidate, codes a cinnamyl alcohol dehydrogenase known to be
involved in the lignin biosynthesis (Trabucco et al., 2013).

Other novel vvi-miRNA candidates seem to be involved in
cell proliferation (grape-m0642 targets VIT_200s0291g00090,
a cyclin-related protein with hydrolase activity) and
in chloroplasts-related functions (grape-m1517 targets

VIT_203s0063g02020, a tic62 protein). Furthermore, for
the new vvi-miRC482b candidate, besides the already known
involvement of this miRNA family with disease resistance (Li
et al., 2010) also predicted here, one predicted target encodes an
anthocyanin 5-aromatic acyltransferase-like protein known to be
involved in the biosynthesis of anthocyanin in different species
(Provenzano, 2011).

As for the conserved known vvi-miRNAs, most of the
well-established examples of miR-targets, such as miR156-SPB,
miR166-HD-ZIP, miR171-GRAS, miR172-AP2, confirmed in
several plant species and already predicted in grapevine, were also
predicted here.

miRNA Accumulation among Vineyards
and Genotypes
We studied miRNA profile of accumulation in the different
samples. Using their normalized abundance (TP4M), i.e., their
relative cloning frequency, we set an empirical cut off value equal
to at least 10 TP4M in both biological replicates to consider
a miRNA as expressed in a given library. Also, a miRNA was
considered specific when it was expressed in one or more
libraries of a unique cultivar, unique environment or unique
developmental stage.

According to our established cut off, 175 miRNAs were
classified as expressed in at least one of our libraries (Figure 7).
The libraries constructed from Sangiovese berries at bunch
closure collected in Bolgheri showed only 24 expressed miRNAs
(Figure 7). For all the other libraries, expressed miRNAs ranged
from 76 (Ric_SG_hv) to 148 (Ric_CS_hv) (Figure 7).

We found very few miRNAs specific to a given condition.
The number of specific miRNAs for each cultivar, developmental
stage and environment is reported in Figures 8A–C, respectively.

Thirty-nine vvi-miRNAs were highly expressed in almost all
libraries [21 ubiquitous plus 18 expressed in all libraries except
in Bol_SG_bc (Figure 9)], whereas other miRNAs had different
accumulation patterns.

The normalized expression values of miRNAs were subjected
to hierarchical clustering (HCL) and represented in a heat
map (Figure 9). To examine the relatedness among cultivars,
environments and developmental stages, we generated a
correlation dendrogram (Figure 10). The dendrogram shows,
as already suggested by the heatmaps, that a fundamental
dichotomy emerges between ripened and green berries.
The most evident pattern of expression is observed when
comparing different developmental stages, and confirm previous
observation of miRNA modulation during fruit ripening
(Manning et al., 2006; Giovannoni, 2007; Carra et al., 2009; Sun
et al., 2012; Cao et al., 2016). For example, some members of the
vvi-miRNA156 family (f/ i and the g-5p) were highly expressed in
all ripened berries, but weakly or not expressed in green berries.
Differently, vvi-miR396a-3p and vvi-miR396b-3p showed the
opposite profile. Similarly, vvi-miR172d, vvi-miR166b-5p,
vvi-miR166f-5p, and vvi-miR396d-5p were highly expressed in
green berries but weakly expressed in ripened berries and the
members of the vvi-miR319 family (b/f/g and c-3p) showed a
gradient of decreasing abundance from pea size to harvest.
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FIGURE 6 | Small RNA-producing loci of Vitis vinifera berries with 390-fold change considering SG/CS. The gene in this locus (red box) codes for a protein

annotated as “BURP domain-containing protein 3-like,” located on chromosome 4 (VIT_204s0008g04040). (A) Representation of small RNAs from Ric_SG_bc_2

mapping to this locus, (B) Representation of small RNAs from Ric_CS_bc_1 mapping to this locus. Violet line is the “k-mer” frequency and the yellow box indicate

homology to a transposable element. Ric, Riccione; CS, Cabernet Sauvignon; SG, Sangiovese; bc, green, bunch closure developmental stages.

To gain statistical evidence of miRNA differential expression
driven by the environment and/or genotype, we made pairwise
comparisons, keeping constant the developmental stage,
and evaluating the miRNA modulation among vineyards
(Montalcino vs Bolgheri vs Riccione) or between cultivars
(Cabernet Sauvignon vs Sangiovese). The analyses (with an
FDR ≤ 0.05) reveal that some miRNAs are differentially
expressed between the two genotypes grown in the same
environment, but also that a number of miRNAs are modulated
by the environment. In particular the number of differentially
expressed miRNAs is higher in ripened berries (19 ◦Brix and
at harvest), while no miRNAs are differentially expressed at
bunch closure stage (Supplementary Table 4). In details, 14
reads are differentially expressed at pea size stage, in at least
one comparison, corresponding to 6 distinct miRNA families;

27 reads are modulated at 19 ◦Brix stage, corresponding to 12
miRNA families and 35 reads are differentially expressed in
berries at harvest, corresponding to 12 miRNA families. It is
worth noting that 4 of the 6 families modulated in the berries
at pea size, are still present among the miRNAs differentially
expressed in the berries sampled at 19 ◦Brix and at harvest
(miR166, miR3627, miR477, miR3636, and miR3640), even
though not always in the same comparisons.

Some of the modulated miRNAs, both novel (grape-m1355,
grape-m1191) and known (miR395, miR399, and miR396) are
intriguingly connected to berry development and secondary
metabolism, even though most of the modulated families are
still uncharacterized, or with targets not clearly involved in berry
ripening and development, and deserve further studies to fully
understand their biological roles.
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FIGURE 7 | Number of miRNA expressed in each small RNA library constructed using berries of 2 grapevine cultivars [Cabernet Sauvignon (CS) and

Sangiovese (SG)], collected in 4 different developmental stages [pea size (ps), bunch closure (bc), 19 ◦Brix (19), harvest (hv)] and 3 vineyards

[Montalcino (Mont), Bolgheri (Bol), Riccione (Ric)]. “Total” refers to the total number of miRNAs, comprising known, novel and their complementary molecules

identified in our data. “Total expressed” refers to the number of miRNAs expressed in at least one library. Library codes are found in Table 1.

DISCUSSION

Using high throughput sequencing coupled with robust
bioinformatics pipelines we analyzed small RNAs derived from
the berries of Cabernet Sauvignon and Sangiovese, grown side-
by-side in three vineyards, representative of different grapevine
cultivation areas in Italy (Bolgheri, Montalcino, and Riccione).
We obtained nearly 750 MB reads comprising a significant
proportion of small (21–24 nt) RNAs. The size distribution
profiles of our libraries were in general consistent with previous
reports in berry grapevine, where the 21-nt class was more
abundant than the 24-nt class (Pantaleo et al., 2010; Wang et al.,
2012; Han et al., 2014; Kullan et al., 2015).

Our analysis revealed dynamic features of the regulatory
network mediated by miRNAs and other small RNAs, at the basis
of genotype-environment interactions.

Genotype and Environment Effects on
Small RNA Profiles
Plants evolved a series of pathways that generate small RNAs
of different sizes with dedicated functions (Vazquez, 2006;
Khraiwesh et al., 2012). Although the various small RNA classes
have been intensively studied, we are still far from understanding

how many small RNA pathways exist, and how they are
connected (Vazquez, 2006). Additionally, new classes of small
non-coding RNAs continue to be discovered and many studies
demonstrate a substantial redundancy and cross-talk between
known small RNA pathways (Agarwal and Chen, 2009; Ghildiyal
and Zamore, 2009; Bond and Baulcombe, 2014; Harding et al.,
2014). Estimating the exact percentage of the plant genome
covered by small RNA-generating loci still remains a challenge.

By applying static cluster analysis, we investigated small RNA
abundances across the genome, identifying 4408 small RNAs
producing hotspots. We analyzed their expression in different
cultivars, environments and developmental stages, highlighting
that the majority of the considered small RNA producing
regions was modulated in different conditions. This suggests a
strong influence of small RNAs in the response to environment
in grapevine berries. Only 462 small RNA-generating loci,
corresponding to about 10% of the total, were expressed in all
the analyzed libraries, possibly involved in essential biological
pathways.

Comparing the two cultivars, we observed, with few
exceptions, that Cabernet Sauvignon berries have a higher
number of expressed sRNA-generating loci than Sangiovese
berries (Figure 1) when collected in the same conditions (i.e.,
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FIGURE 8 | Venn diagrams comparing the miRNAs expressed in small RNA libraries of Vitis vinifera constructed using berries. The venn diagrams are

divided by (A), cultivar; (B), developmental stage; (C), environment. Bol, Bolgheri; Mont, Montalcino; Ric, Riccione; CS, Cabernet Sauvignon; SG, Sangiovese.

vineyard and developmental stage). Considering the fact that
small RNAs are implicated in the regulation of gene expression
in several processes (Chen, 2009; Trindade et al., 2011), the
higher number of small RNAs expressed in Cabernet Sauvignon
compared to Sangiovese berries may reflect a buffering effect of
small RNAs influencing grapevine response to diverse growing
environments. We believe that these characteristics may have
contributed to the wide diffusion of Cabernet Sauvignon,
allowing its wide cultivation in almost all wine producing
countries. This is not the case for Sangiovese whose cultivation is
more restricted. It is worth noting that Sangiovese is considered
a very unsettled grapevine cultivar (Poni, 2000), showing a
wide range of variability in response to year, clone and bunch
exposure (Rustioni et al., 2013). Differently, Cabernet Sauvignon
is a cultivars showing less inter-annual differences in terms, for
example, of concentration of secondary metabolites (Ortega-
Regules et al., 2006).

To better evaluate varietal differences in response to the
environment, we calculated the CS/SG ratio for the small
RNA producing hotspots in the three vineyards. An interesting
example is found in green berries sampled in Riccione. A region
on chromosome 4 (3,376,501–3,377,000) showed a 390-fold
change in the small RNA abundance, when comparing Cabernet
vs. Sangiovese (Figure 6). Most of the reads produced in this
region are 21 nt long and are also phased in intervals of 21 nt
from both strands, typical of a phased locus (PHAS). The gene
in this locus, also known as VvRD22g, encodes a BURP domain-
containing protein, involved in an ABA-mediated abiotic stress
response, which persists still after long periods of stress (Matus
et al., 2014). The small RNAs profile suggests that the locus is
regulated by phased siRNAs similarly to the mechanisms already
described for PPR, NB-LRR, and MYB gene families (Howell
et al., 2007; Zhai et al., 2011; Xia et al., 2013; Zhu et al., 2013). This
is a clear example of GxE interactions since the BURP domain
gene modulates phased siRNAs production in the two cultivars
only when grown in Riccione.

When removing the threshold of minimum cluster abundance
set to 5 HNA, in the CS/SG ratio, a high number of clusters

(ranging from 70 to 370 depending on the sample analyzed) with
fold change greater than 50 was found, where one of the libraries
has 0 HNA and the other any number greater than 30 HNA.
This fact suggests a very strong modulation of the expression
of small RNAs between the two cultivars, which is more or
less pronounced depending on the vineyard where the berries
were cultivated. A similar situation was observed comparing the
expression level of small RNAs between reciprocal hybrids of
Solanum lycopersicum and S. pimpinellifolium (Li et al., 2014).

The ripening process of grapevine berries is highly affected
by the environment (van Leeuwen et al., 2004, 2007) and we
observed the impact of the environment on the ripening process
in the expression of small RNAs. The most relevant observation
is that Riccione is very peculiar in relation to the activation of
sRNA hotspots, as indicated by the high number of Riccione-
specific clusters (Figure 2A) and by the extreme modification it
induces in the CS/SG ratio (Figure 5): in Riccione in fact this
ratio decreases in green berries and increases in ripened berries,
and this is not observed in any other vineyard; in addition to this
the already discussed example of BURP domain gene, is observed
in Riccione, as well. Riccione is the most diverse environment
when compared to Montalcino and Bolgheri. Riccione is located
at the Adriatic coast and has a temperate sub-littoral climate,
while Montalcino and Bolgheri are both located in Tuscany with
typically Mediterranean climate.

Moreover, both cultivars show a peculiar profile of small RNA
loci during berries ripening, in Riccione. The expression of small
RNA loci in Cabernet Sauvignon berries drastically changed
during development, especially when collected in Riccione
(Figure 1), not only in the number of active loci but also in the
different genic or intergenic disposition: ripened berries have
a 2.6-fold increase in small RNA loci active in genic regions.
Differently, when Sangiovese is grown in Riccione, there is a very
high number of small RNA loci active in green berries, mainly
associated to transposable elements that remains almost stable
during development although the proportion of intergenic loci is
reduced. Sangiovese berries collected in Montalcino show a 2.5-
fold increase of small RNA producing loci during development.
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FIGURE 9 | Heatmap of hierarchically clustered (HCL) miRNAs, expressed in grapevine berries collected from 2 varieties in 4 developmental stages

and growing in 3 vineyards. The HCL tree was generated with the average linkage clustering method. Blue and white represent high and low expression,

respectively. Known and novel miRNAs are represented in two separated panels in order to reduce figures complexity (A) HCL of known miRNAs; (B) HCL of novel

miRNA candidates.

Differences during berry development between the cultivars
may explain their different behavior in different environments,
and the characteristics of each vineyard may favor one or other
variety according to their demands. For example, Sangiovese
needs a long growing season (it is slow to ripen) with sufficient
warmth to fully ripen (Poni, 2000). Consequently, cooler
environments will require a reprograming of Sangiovese gene
expression in order to achieve ripening. Other factors such as
composition of soil, level of humidity, photoperiod and density
of cultivation may be exerting the same influence on the ripening

of the berries triggering the activation of different small RNA
loci.

miRNAs Expression Is Mainly Dependent
on the Developmental Stage but a Few
miRNAs Are Directly Modulated by the
Vineyard and the Cultivar
Applying a conservative pipeline to the analysis of our 48 small
RNA libraries, we recognized 89 known and annotated grapevine
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FIGURE 10 | Cluster dendrogram showing global relationships of miRNAs expressed in different grapevine cultivars, collected in different vineyards

and developmental stages. The Pearson correlation coefficients, calculated based on the abundance of expressed miRNAs in each library, were converted into

distance coefficients to define the height of the dendrogram. Different colors distinguish different clusters of samples. Library codes can be found in Table 1.

miRNAs. In addition, when compared to previous reports in
grapevine (Alabi et al., 2012; Han et al., 2014; Wang et al., 2014)
we identified 7 completely novel miRNAs plus 26 homologous to
other plant species, but novel to grapevine. This is a remarkable
number considering the stringency of our pipeline and that our
study is based only on four developmental stages of berries.

The outline of miRNA accumulation across samples is
different from that of sRNA-producing loci. While the expression
of sRNA-generating regions allows distinguishing very well
between ripened and green berries and also between cultivars
(Figure 4), the accumulation ofmiRNAs shows a clear distinction
only between ripened and green berries, and when the berries
were green, we observe a further dichotomy separating the two
cultivars and the two green developmental stages. The same
pattern of miRNA accumulation among green and ripened
berries of grapevine (cv. Corvina) was observed when we
described the miRNA expression atlas of Vitis vinifera (Kullan
et al., 2015).

Comparing the distribution of miRNAs expressed throughout
our samples, we found a set of 39 miRNAs ubiquitous (21) or
nearly ubiquitous (18) to all the libraries, and very few miRNAs
specific of a cultivar, vineyard or developmental stage. All these
39 miRNAs belong to known vvi-miRNA families. With few
exceptions, the same set of miRNAs was also found expressed
in all the small RNA libraries constructed with different tissues
of the grapevine cv. Corvina (Kullan et al., 2015), where the
population of expressed miRNAs appears highly variable apart
from a well-defined group of miRNAs, probably related to
the basal metabolism. These findings are also consistent with
previous report in grapevine where a small number of known
tissue-specific miRNAs was described (Wang et al., 2014).

Considering the ripening process as shown in the heat maps
(Figure 9), and the correlation dendrogram, it is clear that most
miRNAs are modulated during the developmental process.

For some miRNA families, we observed the same peculiar
patterns of miRNA accumulation, previously described in the
grapevine miRNA atlas (Kullan et al., 2015), e.g., an increase of
accumulation toward ripening for miR156 f/g/i, and a decrease
for miR166c/e, miR172d, miR319, and miR396a/b, but this is not
the main focus of our paper.

To establish genotype and environmental influence on
miRNA modulation, we performed a statistical analysis that
revealed a number of miRNAs differentially expressed. Being
aware of the fact that we had only two biological replicates, we
applied the exact test as implemented in the EdgeR package. This
test has been recently judged a very robust tool that can be used
in experiments similar to our, because of its low false positive rate
and relative high true positive ratein the presence of a fold change
higher than 4 (Schurch et al., 2016).

Considering berries at the same developmental stages, we
compared Sangiovese vs. Cabernet Sauvignon in a given vineyard
and Montalcino vs. Bolgheri, Montalcino vs. Riccione, and
Bolgheri vs. Riccione keeping the cultivar fixed. In total we
performed 9 pairwise comparisons for each developmental stage.
In general, we observed that berries at 19 ◦Brix and at harvest
show a higher number of differentially expressed miRNAs.

The most interesting examples are represented by two novel
miRNAs, whose predicted targets are related to the biosynthesis
and accumulation of secondary metabolites, which are of crucial
importance in grapevine berries, since its quality depends mainly
on its metabolites (Ali et al., 2010). The candidate grape-
m1191 is differentially expressed in Sangiovese between Riccione
and Bolgheri (Ric_SG_19 vs. Bol_SG_19) and was predicted
to target the transparent-testa 12 gene (VIT_212s0028g01160)
that encodes a multidrug secondary transporter-like protein
(MATE) involved in the vacuolar accumulation of the flavonoid
proanthocyanidin in different species including grapevine
(Debeaujon et al., 2001; Bogs et al., 2007; Marinova et al.,
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2007; Zhao et al., 2010). Also, in grapevine some studies
provide evidences that the intracellular transport of acylated
anthocyanins is catalyzed by a MATE transporter (Gomez et al.,
2009; He et al., 2010).

The grape-m1355 seems to be involved in four different
pathways, all related to secondary metabolites. It is differentially
expressed in Montalcino between the two varieties (Mon_CS_hv
vs. Mon_SG_hv) and was predicted to target a cinnamoyl
reductase-like protein (CCR) (VIT_203s0110g00350), which
is part of the of the polyphenol biosynthetic pathway
(Leple et al., 2007); a cinnamyl alcohol dehydrogenase
(VIT_206s0004g02380) involved in the lignin biosynthesis
(Trabucco et al., 2013); a phenylacetaldehyde reductase
(VIT_213s0064g00340), which catalyzes, in tomato, the last
step in the synthesis of the volatile 2-phenylethanol, important
for the aroma and flavor of many foods (Tieman et al., 2007);
and different bifunctional dihydroflavonol 4-reductases (DFR)
(see Supplementary Table 3). DFR catalyzes the first step in
the conversion of dihydroflavonols to anthocyanins and are
responsible for the production of colored anthocyanins (Boss
and Davies, 2001; Davies et al., 2003). The same miRNA
candidate was described in the grape miRNA atlas (Kullan et al.,
2015) also predicted to target several genes of DFR-like and one
CCR.

As for knownmiRNAs, several members of the miR395 family
are differentially expressed at 19 ◦Brix and at harvest in Bolgheri
and in both Bolgheri and Riccione, respectively, when comparing
the two cultivars. Moreover, miR395f is differentially expressed
also in CS at harvest between Montalcino and Bolgheri. This
miRNA has been shown to target genes involved in Sulphate
assimilation and metabolism (Liang and Yu, 2010; Kawashima
et al., 2011; Matthewman et al., 2012), and hence it could be
connected to flavonoid and stilbene pathways as suggested by
Tavares et al. (2013).

miR399 family members are also differentially expressed
in several comparisons: at 19 ◦Brix between Riccione and
Bolgheri in CS and between Riccione and Montalcino in SG,
plus in Montalcino between CS and SG. At harvest, miR399
are differentially expressed in SG in all the three comparisons
among vineyards and in Riccione between CS and SG. miR399 is
implicated in Phosphate homeostasis being rapidly up-regulated
upon Pi starvation (Fujii et al., 2005). miR399 regulatory network
has been shown to be important in flowering time (Kim et al.,
2011) and was identified as a temperature-sensitive miRNA (Lee
et al., 2010), however its characterization in fruit ripening is
lacking, although intriguing.

miR396 family members are known to be regulated during
organ development, targeting Growth Regulating Factors (Liu
et al., 2009; Wang et al., 2011) and also in berry development
(Kullan et al., 2015; Cao et al., 2016), and we observed their
modulation during berry ripening in our data as well, but more
interestingly, they are also differentially expressed between CS
and SG in berries sampled in Bolgheri at 19 ◦Brix.

Finally, the investigation of the global relationships of
different small RNA classes and miRNAs expressed in different
grapevine cultivars, collected in different vineyards and
developmental stages, suggests that although the vineyard may

influence their profile of abundance it probably does in less
proportion than developmental stage and cultivar. Somehow,
this behavior would be expected because although the epigenetic
state is dynamic and responsive to both developmental and
environmental signals, small RNAs in general and even more
miRNAs are well known to play numerous crucial roles at each
major stage of plants development (Jones-Rhoades et al., 2006;
Chen, 2009, 2012). The results here described are in agreement
with those reported in the grapevine miRNA atlas (Kullan
et al., 2015), especially with respect to the clustering of berries
according to their developmental stage, sustaining the idea that
miRNAs influence organ identity and clearly separate green and
ripened berries. Also, in the study of the grapevine transcriptome
performed by Dal Santo et al. (2013), they observed that other
factors such as year and developmental stage had more influence
on the gene expression, rather than the environment.
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Episodes of water deficit (WD) during the crop cycle of tomato may negatively impact
plant growth and fruit yield, but they may also improve fruit quality. Moreover, a moderate
WD may induce a plant “memory effect” which is known to stimulate plant acclimation
and defenses for upcoming stress episodes. The objective of this study was to analyze
the positive and negative impacts of repeated episodes of WD at the plant and fruit
levels. Three episodes of WD (–38, –45, and –55% of water supply) followed by
three periods of recovery (“WD treatments”), were applied to the eight parents of the
Multi-Parent Advanced Generation Inter-Cross population which offers the largest allelic
variability observed in tomato. Predawn and midday water potentials, chlorophyll a
fluorescence, growth and fruit quality traits [contents in sugars, acids, carotenoids, and
ascorbic acid (AsA)] were measured throughout the experiment. Important genotypic
variations were observed both at the plant and fruit levels and variations in fruit and leaf
traits were found not to be correlated. Overall, the WD treatments were at the origin of
important osmotic regulations, reduction of leaf growth, acclimation of photosynthetic
functioning, notably through an increase in the chlorophyll content and in the quantum
yield of the electron transport flux until PSI acceptors (J RE1

0 /JABS). The effects on fruit
sugar, acid, carotenoid and AsA contents on a dry matter basis ranged from negative
to positive to nil depending on genotypes and stress intensity. Three small fruit size
accessions were richer in AsA on a fresh matter basis, due to concentration effects.
So, fruit quality was improved under WD mainly through concentration effects. On the
whole, two accessions, LA1420 and Criollo appeared as interesting genetic resources,
cumulating adaptive traits both at the leaf and fruit levels. Our observations show that the
complexity involved in plant responses, when considering a broad range of physiological
traits and the variability of genotypic effects, represent a true challenge for upcoming
studies aiming at taking advantage of, not just dealing with WD.

Keywords: fruit quality, MAGIC population, recovery period, S. lycopersicum L., water deficit
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INTRODUCTION

Drought is a major threat for crop yield and improving
agricultural productivity while reducing water use is a major
issue. Indeed drought events are expected to increase in intensity,
frequency, and geographic extent as a consequence of global
change. Maintenance of plant productivity under limited water
supply is a stress tolerance/acclimation trait, which shows inter-
and intra-specific variation. In a recent review on fleshy fruits,
Ripoll et al. (2014) championed the idea that drought can have
positive effects on fruit quality while yield reduction could
be minimized. However, developing plants adapted to drier
conditions requires a better understanding of the physiological
responses to WD. Many mechanisms may be involved in yield
maintenance under WD conditions; in particular those involved
in the reduction of water losses, in resource acquisition and
allocation between source and sink organs, and in protection
against oxidative stress (Ripoll et al., 2014). Exploring the existing
genetic diversity in such traits opens new perspectives to address
current challenges in the context of climate change. In tomato,
current breeding methods have intensively selected yield or
quality traits, while less attention has been paid to tolerance
traits to abiotic stresses (Causse et al., 2001; Saliba-Colombani
et al., 2001). MAGIC populations are an interesting source of
genetic variability, since they display the largest allelic variability
observed in different populations (Cavanagh et al., 2008). The
eight parents of the MAGIC TOM S. lycopersicum L. have been
selected for their higher rate of SNP differences among 360 others
tomato accessions (Ranc, 2010), but to our knowledge these
accessions were poorly characterized under stress conditions
(Table 1). RIL populations have been developed from the
MAGIC TOM population; they are used for genetic studies and
breeding programs (Pascual et al., 2015). For instance a RIL
population derived from an intraspecific cross between Cervil
and Levovil, two of the eight MAGIC TOM parents (Saliba-
Colombani et al., 2001), was used to identify QTLs of fruit quality
(Chaïb et al., 2006). More recently, 119 recombinant inbred
accessions derived from the same cross have been phenotyped
and genotyped under two water regimes (control and moderate
WD). This study revealed 11 interactive QTLs which determine
genotypic expression as a function of watering regimes and which
are associated to plant and fruit quality traits (Albert et al.,
2015). This study concluded that large fruit tomatoes are more
sensitive to drought than cherry tomatoes and that breeding
for crop performance under conditions of deficit irrigation
should aim at achieving trade-offs between fruit quality and
yield.

Abbreviations: ANOVA, analysis of variance; AsA, ascorbic acid; AUC, area
under the curve; DM, dry matter; MAGIC TOM, Multi-Parent Advanced
Generation Inter-Cross population of Tomato; Plovdiv, genotype PlovdivXXIVa
(S. lycopersicum L.); PS, photosystems; RP, recovery period; RP1, recovery period 1;
RP2, recovery period 2; RP3, recovery period 3; Stupicke, genotype Stupicke Polni
Rane (S. lycopersicum L.); WD, water deficit; WD1, water deficit period 1; WD2,
water deficit period 2; WD3, water deficit period 3. Parameters: �predawn, predawn
water potential; �midday, midday water potential; �soil , soil water potential;
FV/FM, maximum efficiency at which light absorbed by PSII is used for reduction
of QA; J0RE1/JABS, quantum yield of the electron transport flux until PSI acceptors;
PI, Performance Index (Strasser et al., 2004).

Water deficit is known to impact the leaf physiological
activity, usually resulting in a reduction of stomatal conductance,
conducing to a reduction of photosynthetic activity, a decrease in
growth and an increased risk of photo-oxidative stress (Tardieu
et al., 2006). However, during RPs, mechanisms of plant defenses
or acclimation are expected to be exacerbated by WD thanks
to priming mechanisms (Bruce et al., 2007). Moreover, two
successive stress periods may stimulate water uptake during the
second stress period, resulting in a reduction of the negative
impact of WD on plant growth (Al Gehani, 2005). During
RP, growth may not completely recover depending on the
duration and the intensity of WD. In tomato, when water
supply is suppressed during the reproductive period (from 9 to
13 days), leaf water potential, stomatal conductance, and net
photosynthesis rate can recover their initial values (Rahman
et al., 1999). Cell wall extensibility which plays an important
role in cell expansion, is less likely to recover after drought
stress, arguably due to the rapid accumulation of abscisic acid
(Mahdid et al., 2011). However, in tomato, it has been observed
that someMediterranean drought adapted landraces tend to have
thinner, more elastic cell walls, which allow them to maintain cell
turgor by reducing cell volume, when cultivated under drought
(Galmés et al., 2011). Under extremeWD, recovery may be partial
due to damage on PSII. Indeed the synthesis of reactive oxygen
species can increase under WD, and recovery depends on the
quantity produced vs. the quantity scavenged (Xu et al., 2010).
More generally, it has been demonstrated that “plant memory”
of stress induces a faster activation of response mechanisms to
other stressors (abiotic or biotic stress) through the common
hormonal response pathways (Li and Zhang, 2012). The faster
activation of defense response in primed plants is associated
to an increased gene expression and to the accumulation of
inactive signaling proteins and transcription factors (Bruce et al.,
2007).

Regarding fruit quality (e.g., contents in soluble sugars,
organic acids, carotenoids or C vitamin), the impact of WD may
differ according to the stage of fruit development at the time of
WD (reviewed in Ripoll et al., 2014).WhenWDoccurs during the
cell division stage, it may induce carbon starvation that negatively
regulates cell division and consequently final fruit size. However,
a positive effect on carbon supply to the remaining fruits has
been suggested due to a negative regulation of fruit setting and
fruit load. In peach (Prunus persica L.), WD has been shown
to improve fruit sweetness, flavor and fruit size when applied
during the stage of cell division and rapid endocarp hardening
(Li et al., 1989; Vallverdu et al., 2012). In tomato, a moderate
WD applied during the stage of cell division does not reduce fruit
size, arguably due to important osmotic regulations (Ripoll et al.,
2015). During the cell expansion stage,WDmainly impacts water
flows between source and sink organs (Münch, 1930) through
osmotic and turgor regulations. In peach, negative effects on yield
have been observed associated with a decrease in fruit water
content (Li et al., 1989; Girona et al., 2004). During ripening,
which coincides with seed maturation, progressive softening,
accumulation of pigments, sugars, and acids, and release of
volatiles (Osorio et al., 2013), WD may interact with ethylene
synthesis (Fray et al., 1994; Barry and Giovannoni, 2007). In
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tomato, moderateWD during ripening reduces the accumulation
of some carotenoids, whereas the effects on sugar accumulation
seem to be genotype dependent (Ripoll et al., 2015). Different
combinations of WD applied during flowering and fruit growth,
or during flowering and ripening, showed that the improvement
of fruit quality is counterbalanced by the decrease in yield when
at least one development phase is exposed to intensive stress in
oranges Citrus sinensis L. (García-Tejero et al., 2010). Thus, WD
episodes followed by RP may impact fruit quality in a different
way from single WD episode. For instance, fruit carotenoid
content increases in tomato plants grown under WD and this
increase is exacerbated after a second period of WD due to an
increase in antioxidant enzyme activity during both the first WD
period and the RP (Stoeva et al., 2010, 2012). So understanding
the effect of WD on fruit quality is a complex issue due to
the numerous factors involved, even though WD is generally
expected to improve fruit quality (Ripoll et al., 2014). Similar
observations have been made in response to moderate salt stress,
involving similar mechanisms (e.g., Munns, 2002; De Pascale
et al., 2007). Finally it appears that one could take advantage
of the “memory effect” induced after a moderate WD, in order
to promote fruit quality while minimizing yield reduction. Even
though there is some evidence that WD can be used as a lever to
increase quality of fruits, there is a lack of references about the
effect of WD episodes of increasing intensity followed by periods
of recovery.

In the present study, our objectives were: (i) to provide
an overview of the beneficial and detrimental impacts of WD
treatments at the plant and fruit levels, (ii) to assess the genetic
variability of these responses, and (iii) to reveal interesting traits
of plant acclimation to WD, which could be used in future
breeding programs. The work was performed on the eight parents
of the MAGIC TOM population. Plant and fruit responses were
measured during three successive periods of WD of increasing
intensity followed by RP (“WD treatments”), which is clearly an
original feature of the present study. Moderate WD was achieved
by reducing the supply of water by about 38% during the first
WD period, 45% during the second WD period and 55% during
the last WD period when compared to control plants. Predawn
water potential, stem water potential at midday, chlorophyll
content and chlorophyll a fluorescence as well as leaf composition
(soluble sugars and organic acids) were assessed before and after
each WD period. Fruit quality (soluble sugars, organic acids,
carotenoids, and AsA contents) was measured on two batches of
fruits which developed at different periods of theWD treatments.

MATERIALS AND METHODS

Plant Material and Experimental
Conditions
The eight parents of the MAGIC TOM (Table 1) encompass
four large-fruit accessions [Ferum, LA0147, Levovil, and Stupicke
Polni Rane (here called Stupicke)], and four cherry accessions
[Cervil, Criollo, LA1420, and PlovdivXXIVa (here called
Plovdiv)]. All are indeterminate tomatoes. LA1420 seeds were
provided by the Tomato Genetics Resource Centre, Davis, CA,

USA. Cervil and Levovil seeds were provided by Vilmorin Seed
Company. The other accessions were supplied by the Tomato
Genetic Resource Centre of INRA, Avignon, France (Causse et al.,
2013).

The experiment was conducted during spring and summer
2012 in a glasshouse located near Avignon, France. Irrigation
was calculated according to daily ETP (Penman, 1948), taking
into account crop coefficients (Kc = 40% before treatments, 50–
75% during the first WD, 75–100% from the first RP and 100%
until the end of the experiment). The control irrigation met the
evaporative demand. The WD treatments corresponded to three
phases of WD of increasing intensity (–38, –45, and –55% of
water supply when compared to control plants) followed by three
RP (Figure 1A). Each WD and RP period lasted approximately
15 days. During recovery, WDwas first reduced by half for 2 days
and then brought back to the control level. Climate conditions
(temperature, humidity, and light intensity) in the glasshouse
were recorded every minute and data were averaged hourly
throughout the experiment. Average day and night temperatures
were stable until 12 June, i.e., until RP2 (around 25◦C and 18◦C,
respectively). Temperatures increased during WD3 and RP3
(around 30◦C and 22◦C, respectively) due to seasonal effects. At
the same time, the daily light integral increased in the glasshouse
(from 5 to 11 MJ m−2 day−1), whereas average day and night
humidity decreased (from 57 to 37% at daytime and from 80 to
60% at night) from WD1 to RP3. Plants were grown in 4 L pots
filled with compost (substrate 460, Klasmann, Champety, France)
distributed in two rows (control and stressed plants) of 80 plants
each (10 plants per genotype) surrounded by border plants. The
density was 1.3 plant m−2.

The soil water potential (�soil) was measured daily with
Watermark probes (Watermark 253, Campbell Scientific,
Antony, France) placed at the opposite of the drippers
(Figure 1B). One probe per treatment per genotype was
used and connected to a data logging system (Data logger,
Campbell Scientific, Antony, France). Results were converted
into MPa using equation 8 given by Shock et al. (1998). In
control conditions, �soil was rather stable until the WD3 period
(-0.04 ± 0.01 MPa) and decreased during RP3 due to plant
development (–0.05 ± 0.01 MPa). On the contrary, the soil
water potential decreased to –0.09 ± 0.02, –0.29 ± 0.06, and –
0.43 ± 0.04 MPa during WD1, WD2, and WD3, respectively.
Nutrients were applied daily using a commercial solution
(Liquoplant Rose, Plantin, Courthézon, France).

Flowers were pollinated three times a week using an electrical
bee. Trusses were pruned according to final fruit weight (Table 1)
in order to obtain comparable levels of competition among fruits
for all genotypes (Cervil: 12 fruits per truss, Criollo: 10 fruits,
LA1420: eight fruits, Plovdiv: eight fruits, Stupicke: six fruits,
Ferum: five fruits, LA0147: five fruits, Levovil: four fruits). No
chemical treatment was applied and Macrolophus caliginosus
were released throughout the culture to protect plants from
whiteflies.

Plant Measurements
Stem water potential was measured using a pressure chamber
(SAM Précis 2000 Gradignan, France) at predawn and at solar
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TABLE 1 | Some characteristics of the eight parents of the MAGIC TOM population selected for their high degree of allelic variability (Ranc, 2010).

Genotype Cultivar Fruit
weight (g)

Duration of cell
division (days)

Duration of cell
expansion (days)

Duration of
ripening (days)

Known resistance to stressor

Cervil S. lycopersicum ‘cerasiforme’ <5 14 25 10 Sensitive to saline stress (Manaa
et al., 2011)

Criollo S. lycopersicum ‘cerasiforme’ <15 21 24 10 No reference

LA1420 S. lycopersicum ‘cerasiforme’ <50 21 24 10 No reference

Plovdiv
XXIVa

S. lycopersicum ‘cerasiforme’ <50 20 25 10 No reference

Stupicke
Polni Rane

S. lycopersicum ‘esculentum’ <70 21 24 10 1. Stomatal closure after five days
without irrigation (Hnilickova and
Duffek, 2004)

2. Resistant to Phytophthora
infestans (Petrikova et al., 2003)

3. Increased photosynthesis after
4 days at cold temperature
(Hnilickova et al., 2002)

5. Strong emission of volatiles
(Subrtova et al., 1985)

Ferum S. lycopersicum ‘esculentum’ <130 25 26 10 No reference

LA0147 S. lycopersicum ‘esculentum’ <130 25 25 10 No reference

Levovil S. lycopersicum ‘esculentum’ <130 25 25 10 Tolerant to saline stress (Manaa
et al., 2011)

All of them have an indeterminate growth pattern.

FIGURE 1 | (A) Water supply (water in l plant−1 day−1) for control and WD treatments, and (B) mean soil water potentials during each WD and RP period
(n = 8 ± SE), during the experiment period. Irrigation of control plants was monitored according to the measured potential evapotranspiration. The WD treatments
consist in 3 cycles of WD of increasing intensity (–38, –45, and –55%) followed by RP periods. Transition periods of 2 days were applied after each WD period in
order to reduce the risk of fruit blossom end rot. The fruit development periods of S1 and S2 lots are indicated by arrows.
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noon (�predawn and �midday) at the end of each WD and RP
period (n ≥ 4 for a given genotype, 64 plants minimum). Leaves
were bagged the day before, at nightfall.

Fluorescence of chlorophyll a was measured on dark adapted
leaves (30 min.) using a fluorimeter (HANDY-PEA, Hansatech,
King’s Lynn, UK). Dark-adaptation allowed the PSII electron
acceptor pool to be gradually re-oxidized to a point where all
PSII reaction centers are capable of undertaking photochemistry.
Measurements were carried out with an induction period of
1 s and leaves were illuminated to a light level of 3000 μmol
photons m−2 s−1. The measurements were carried out on
non-senescent mature leaves, at around 11 a.m. during the
last three days of each period (n ≥ 4 for a given genotype,
64 plants minimum). The maximum photochemical efficiency
of light harvesting of PSII (FV/FM), the PI of Strasser et al.
(2004) and the quantum yield of the electron transport flux
until PSI acceptors (J0RE1/JABS; Stirbet and Govindjee, 2011)
were calculated. The chlorophyll content was evaluated using a
chlorophyll meter (SPAD 502, Konica–Minolta, Osaka, Japan) on
adjacent leaves.

Plant leaf number and leaf length were measured at the
end of each period (n ≥ 5). The last day of the WD3
period, two non-senescent mature leaves, which were initiated
during the WD treatments, were harvested on each plant
and their specific leaf area (n ≥ 5, 80 plants min.) was
measured. Leaf area was measured with a Planimeter (Li-
3100 C Area Meter, Li-Cor, Lincoln, NE, USA) and leaf dry
weight was measured after seven days at 70◦ C in a ventilated
oven.

Furthermore, at the end of each WD and RP period four
leaflets of two mature leaves were harvested around 11 a.m.
on five plants per genotype per treatment (80 plants in total),
immediately frozen in liquid nitrogen and stored at –80◦C, for
biochemical analysis.

Fruit Measurements
The dates of anthesis of the successive trusses were recorded on
all plants during the whole experiment. Thus, fruits could be
pooled according to the developmental stage at the time of the
WD treatments. The first pool of fruits (S1) was harvested during
RP2, whereas WD1 occurred during the cell division period and
WD2 during the cell expansion period. For the second pool of
fruits (S2), WD2 occurred during the cell division period and
WD3 during the cell expansion and ripening periods (Figure 1A).
Fruit setting and abortion were recorded on the first eight trusses
of each plant.

All measurements were performed on red mature fruits
(breaker stage plus at least five days) harvested on five plants
per genotype and per treatment (80 plants in total). Fruits were
harvested at 11 a.m., avoiding the first proximal and the last distal
fruits of each truss. Fruit diameter and fresh weight of all fruits
were measured. Then fruits were frozen in liquid nitrogen and
kept at –80◦C prior to biochemical analysis of pericarp soluble
sugars, organic acids, carotenoids, AsA, starch (only for Cervil),
and DM contents. For biochemical analyses, fruits were pooled
into five batches of three to five fruits for each treatment and
genotype.

Biochemical Analyses
Soluble sugars and organic acids were extracted according to
Gomez et al. (2002) and measured by HPLC method. Starch
was measured on the supernatant after hydrolysis. The glucose
released by starch hydrolysis was measured using the micro-
method of Gomez et al. (2007) and starch content was calculated.
DM content was measured after lyophilisation.

Assays of total, reduced and oxidized AsA content were
carried out on ground powder conserved at –80◦C using
microplates and a plate reader, as previously described by
Stevens et al. (2006). The absorbance was read at 550 nm. The
specificity of the assay was checked by comparison with other
knownmethods (Stevens et al., 2006). Carotenoids were extracted
according to the method of Serino et al. (2009) and assayed by
HPLC.

Statistical Analyses
All statistical analyses were performed using R3.1.0 (R Core
Team, 2014). The evolution of physiological parameters over
the experiment was compared between stressed and control
plants using the AUCs. AUCs were calculated according to
the Trapezoidal rule (Atkinson, 2008). Genotype and treatment
effects on all parameters were analyzed by two-way ANOVA.
The residue normality (ANOVA) was tested using the Shapiro–
Wilk test (Royston, 1995). Levene’s test was used to verify
homoscedasticity of variances of the residues (Car package; Fox
and Weisberg, 2011). When authorized, two-way ANOVA was
performed and followed by multiple comparisons of means
(Tukey test, lsmeans and multcompView packages; Graves
et al., 2012 and Lenth, 2014, respectively). Alternatively, we
used the non-parametric Kruskal–Wallis test (pgirmess package;
Giraudoux, 2014). Heat-maps of the fruit traits were plotted
according to control and WD treatments (gplots package;
Warnes et al., 2014). Partial correlations network was built
on plant and fruit data, based on the residues of the linear
regressions (elimination of the genotype effect) and performed
independently for the control and for the WD treatments (P
threshold < 0.001; GGMselect, GeneNet, and igraph packages;
Giraud et al., 2009; Schaefer et al., 2014, and Csardi and Nepusz,
2006, respectively). Finally, clustering analysis was performed
on leaf and fruit data (FactoMineR package; Husson et al.,
2014).

RESULTS

Mean Effects of the WD Treatments at
the Plant and Leaf Levels
In order to evaluate the global plant response to the WD
treatments, AUCs were calculated for �predawn, �midday, DM
content, soluble sugars, organic acids, starch content, chlorophyll
content, the maximum efficiency at which light absorbed by PSII
is used for reduction of QA (FV/FM), the quantum yield of the
electron transport flux until PSI acceptors J0RE1/JABS and the PI
index (Table 2). AUCs represent the cumulated response from
the onset of the WD treatments until the end of WD3 (Figure 1).
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TABLE 2 | Relative differences in plant and leaf traits between the WD treatments and the control.

CERVIL CRIOLLO LA1420 PLOVDIV STUPICKE FERUM LA0147 LEVOVIL

Predawn water potential 31.2 19.0 28.2 33.3 32.9 30.0 15.8 5.3

Midday stem water potential 12.7 28.4 7.0 14.3 13.6 54.9 20.8 –8.7

Length∗number of leaves 7.0 –10.0 –3.0 –16.3 –5.2 –17.8 –8.6 –15.3

Fv/Fm –1.7 –1.0 –2.3 –2.6 –3.0 –2.8 –2.7 –2.7

J0
RE1/JABS 9.1 25.1 17.6 7.9 24.7 –0.6 23.1 11.1

PI –12.6 –17.0 –19.8 –19.4 –11.1 –30.9 –9.2 –32.0

Chlorophyll content 1.7 6.8 10.9 2.7 16.1 4.5 1.8 17.0

Dry matter content 6.5 18.6 12.7 13.9 5.6 12.5 13.5 15.8

Citric acid –18.1 –0.7 –6.9 3.7 –1.0 7.0 –7.4 –12.1

Malic acid –7.3 9.4 38.1 23.9 30.6 25.5 5.2 41.6

Quinic acid 21.5 41.1 24.7 34.1 25.3 27.9 66.6 64.9

Total acids –1.5 9.8 20.8 8.5 20.3 22.0 19.3 19.6

Glucose 14.1 16.4 35.5 36.6 143.1 9.9 59.1 129.9

Fructose 11.5 27.1 11.1 30.6 71.8 5.8 47.6 72.1

Sucrose –5.0 12.4 4.4 9.6 8.6 5.7 17.3 10.5

Total sugars 8.3 20.8 6.6 41.9 14.6 65.1 29.1 62.3

Sugar/acid ratio 13.4 5.3 –160 29.3 –7.9 30.5 6.1 34.6

Starch –4.9 79.2 12.8 242.0 101.5 195.5 101.3 212.4

Color scale:

–35 –25 –10 –0 25 50 100 300

Stem water potentials (in absolute values), leaf length × leaf number, leaf metabolite contents (soluble sugars, organic acids, and starch on a DM basis) and parameters
related to leaf photosynthetic activity were measured at the end of the WD for the eight parents of the MAGIC TOM (ranked in order of increasing fruit size). Relative
differences were calculated based on total AUCs as: Parameter (%) = Mean WD−Mean Control

Mean control × 100.
The percentages were scaled by color (green for high and red for low values). Significant differences are indicated by bold, italic, and underlined fonts for P < 0.05
(Two-way ANOVA test or Kruskal–Wallis test).

FIGURE 2 | Specific leaf area of the eight parents of the MAGIC TOM,
measured at the end of the trial (control and WD treatments). Data are
means ± SE (n ≥ 5). Significant differences between control and WD
treatments are indicated by stars for P < 0.05 (Student test performed for
each genotype).

RP3 was discarded because healthy non-senescent mature leaves
were rare at this time.

The FV/FM index decreased in response to theWD treatments
in all genotypes except in Criollo. AUCs of PI index also
significantly decreased for four genotypes (–19.4% in Plovdiv, –
19.8% in LA1420, –30.9% in Ferum, and –32% in Levovil). On
the contrary, J0RE1/JABS increased in several genotypes (+25.1%
in Criollo, +17.6% in LA1420, +24.7% in Stupicke, +23.1%
LA0147) as well as the relative chlorophyll content (+6.8% in

Criollo, +10.9% in LA1420, +2.7% in Plovdiv, and +16.1% in
Stupicke). Then, leaf DM content (Table 2) increased due to the
WD treatments (except in Cervil and Stupicke) as well as the
contents in malic (except Cervil, Criollo and LA0147) and quinic
acids, in glucose (except LA1420 and Ferum), in fructose (except
Cervil, Criollo, and Ferum), and in starch (except Cervil and
LA1420). The plant leaf area, assessed through leaf size and leaf
number, significantly decreased in all genotypes except Cervil,
LA1420, and Stupicke.

The specific leaf surface area measured at the end of the
experiment on non-senescent mature leaves varied by a factor
three among genotypes and it significantly decreased in response
to the WD treatments in LA1420 (–26%), Stupicke (–26%),
LA0147 (–15%) and Levovil (–36%) while it increased in Cervil
(+21%), (Figure 2).

Effects of the WD Treatments on Fruit
Size and Composition
A hierarchical clustering analysis, based on fruit composition
variations (on a DM basis) among genotypes, is presented in
Figure 3 for the first batch of fruits (S1). Clusters indicate fruit
traits that co-varied under a given condition and highlight the
differences in metabolite concentrations among genotypes. For
both conditions, total soluble sugars, total organic acids, lutein,
and β-carotene could be pooled together, as could be pooled
together AsA and phytoene contents, on the one hand, and
lycopene and total carotenoids contents, on the other hand.
Figure 3 highlights contrasted composition among genotypes in
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FIGURE 3 | Heat map representation of fruit composition (contents in soluble sugars, organic acids, AsA, and carotenoids expressed on a DM basis),
for the parents of the MAGIC TOM population, grown under control conditions (A) and under the WD treatment (B) applied during the fruit cell
division (WD1) and the cell expansion period (WD2; S1 fruits). The WD treatments consisted in three WD periods of increasing intensity followed by RPs. Data
are centered and scaled by parameters (n ≥ 5). Parameters are hierarchically classified according to Euclidean distances and ranged according to colors (green for
high and red for low).

the control. For instance Cervil fruits which had the highest DM
content, had the lowest content in total sugars, acids, carotenoids,
and lycopene, but the highest content in total AsA on a DM basis.
Similarly, LA1420 fruits were poor in all compounds except acids
and β-carotene. On the contrary, Stupicke fruits were the richest
in all compounds except phytoene. Similar results were observed
in control fruits of the S2 fruits (data not shown).

Variations in fruit composition in response to the WD
treatments are presented on a DM basis for S1 and S2 fruits
(Tables 3 and 4, respectively). Though not significant, the
decrease in fruit size and fresh mass was more pronounced in S2
fruits than in S1 fruits. For instance, on Levovil, the fruit fresh
mass decreased by 42.8% in S2 fruits and by 13% in S1 fruits.
Cervil S1 fruits were the less sensitive (Table 3). The number of
set fruits measured on the eight first trusses was not significantly
different between control and WD plants since inflorescences
were pruned (data not shown).

On a DM basis, the variations in fruit composition were
significant for five genotypes (Cervil, LA1420, Stupicke, LA0147,
and Levovil; Table 3, S1 fruits). In the case of Cervil fruit, an
increase in DM content (+8.9%), total soluble sugars (+20.3%),
and starch content (+56.3%) was observed. Acid contents
dropped in LA1420 fruits (–19.8% citric acid) and in LA0147

fruits (–30.6% malic acid). DM content was higher in Stupicke
fruits (+12.7%), without any change in DM composition. In
Levovil fruits, the β-carotene content was significantly reduced
(–20.4%). Interestingly the contents in lycopene and carotenoids
increased in four genotypes (Criollo, LA1420, Plovdiv, and
LA0147), whereas total AsA content decreased in all genotypes
except LA1420. However, these variations were not significant.
Consistent results were observed in S2 fruits (Table 4) except
for LA0147 whose contents in lycopene, carotenoids and total
AsA were hardly affected. The fruit DM content increased in
all genotypes (except Ferum) and to a larger extend in Cervil
(+21%), LA1420 (+22.3%), and Levovil (+33.7%). Among
soluble sugars, the sucrose content was more affected than
glucose or fructose contents (+47.7% in Cervil and +61.8% in
Stupicke).

On a fresh matter basis, sugars and quinic acid contents were
significantly higher under WD in Cervil (respectively, +31.3 and
+48.5% total sugar content in S1 and S2 fruits, and, respectively,
+36.3 and+46.9% quinic acid content in S1 and S2 fruits) and in
Levovil (+47% of total sugar and +44% of quinic acid for the S2
fruits; data not shown). In Stupicke only the quinic acid content
was higher under WD (+35.6%, S1 fruits). For the S2 fruits,
reduced and total AsA contents were higher in Cervil, LA1420,
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TABLE 3 | Relative differences in fruit metabolite contents between the WD treatments and the control.

CERVIL CRIOLLO LA1420 PLOVDIV STUPICKE FERUM LA0147 LEVOVIL

Fruit size 2.3 −4.0 −6.8 4.2 −3.5 −3.7 −1.9 −5.6

Fresh weight 7.2 −5.7 −18.9 −3.3 −10.7 −11.0 −5.2 −12.7

Dry matter content 8.9 5.4 −0.3 −1.3 12.7 5.1 2.2 4.3

Glucose 19.6 7.9 7.1 −1.2 −2.9 6.8 −2.9 5.8

Fructose 20.5 6.1 12.9 −3.7 −1.8 5.0 −1.6 3.3

Sucrose 29.7 21.6 −19.6 11.9 9.3 36.9 8.7 −24.9

Total sugar 20.3 7.2 9.4 −2.1 −2.1 6.3 −2.1 4.3

Citric acid 9.4 −10.7 –19.8 −10.1 −4.7 −5.1 −20.0 −1.8

Malic acid 26.1 −6.6 −3.9 −5.9 −18.9 1.6 –30.6 1.1

Quinic acid 24.7 4.1 16.1 1.8 19.8 8.0 −10.4 1.2

Total acid 18.3 −4.9 −7.6 −3.8 3.5 1.7 −18.1 0.1

Sugar/acid ratio 0.6 12.2 18.0 2.0 −2.6 4.6 16.3 4.1

Lutein −4.3 −6.6 45.5 −31.8 1.9 −15.2 −3.6 −14.2

Lycopene −22.8 20.1 34.3 14.6 −11.6 −10.1 16.5 −12.3

Beta-carotene −9.8 −0.2 24.5 −20.2 8.8 −6.9 1.9 –20.4

Phytoene −19.7 30.6 48.6 27.3 −21.2 −6.2 29.4 −12.3

Total carotenoids −21.4 19.9 35.3 14.4 −11.2 −9.4 17.2 −12.9

Reduced AsA −9.0 −3.0 26.0 −16.0 −7.8 −7.0 −0.4 −17.2

Total AsA −6.2 2.9 22.8 −17.3 −5.1 −1.3 −2.0 −12.1

Reduced/total AsA −2.7 −6.0 2.3 1.5 −2.6 −5.8 1.7 −4.9

Starch 56.3

Color scale:

–40 –30 –20 –10 0 10 20 30 40 50

Soluble sugars, organic acids, AsA, and carotenoids were measured on a dry mass basis for the eight MAGIC TOM parents. Relative differences were calculated as
described in the legend of Table 2. The percentages were scaled by color (green for high and red for low values). S1 fruits were harvested at RP2 after a first WD period
during cell division (WD1) and a second WD period during cell expansion (WD2). Significant differences are indicated by red bold, italic, and underlined fonts for P < 0.05
(Two-way ANOVA test or Kruskal–Wallis test).

and Plovdiv (respectively, +23.5, +31.2, and +30.3% reduced
AsA, P < 0.05). So, metabolic and concentration effects added up
for the compounds that increased both on a dry and fresh matter
basis (mainly sugars and acids), whereas the negative effects of
WD observed on a DM basis were mitigated by concentration
effects, resulting in fruit quality homeostasis.

Partial Correlation Network and
Clustering Among Leaf and Fruit Traits
for Control and WD Treatments
A partial correlation network was built based on the AUCs
calculated for the different leaf and fruit traits (Figure 4).
Interestingly no leaf trait correlated to any fruit traits under
both conditions. In control conditions, four independent leaf
clusters emerged (Figure 4A). Positive correlations existed
between leaf starch content and leaf DM content, between leaf
malic acid content and �predawn, and between leaf fructose
and glucose contents. Then PI correlated with J0RE1/JABS and
FV/FM. Concerning fruit traits, five independent clusters were
found under control conditions. Fructose, glucose, and quinic
acid contents were positively correlated one to each other, as
well as lycopene and phytoene. Finally, fruit citric acid content,
fruit malic acid content, and fruit lutein content were positively
correlated one to each other while fruit fresh mass was negatively
correlated with the fruit β-carotene content.

A different network was observed under the WD treatments
when compared to the control (Figure 4B) suggesting that
physiological acclimation processes were at play. At the leaf
level, J0RE1/JABS did not correlate any more with PI and FV/FM
indexes. This observation suggests a regulation of the functioning
of the photosynthetic machinery (Table 2). Leaf sugars (starch,
fructose, and glucose) constituted an independent cluster. Leaf
malic acid did not correlate anymore with �predawn but with
leaf citric acid, due to the increase in organic acid contents
(Table 2). Leaf DM content was positively correlated to leaf
sucrose content instead of starch content. At the fruit level,
the fruit DM content negatively correlated with the total ASA
content, while the phytoene content was positively correlated
with the lycopene content, as well as the lutein and β-carotene
contents, the citric and quinic acid contents, and the glucose and
fructose contents.

Clustering of the leaf and fruit traits measured in the
experiment was realized for control (Figure 5A) and WD
(Figure 5B) plants. Four clusters emerged for the control plants.
LA1420 and Criollo were clustered according to their high fruit
citric acid content and low leaf chlorophyll content. Levovil,
Stupicke, and LA0147 stand out due to their similar malic acid
and phytoene contents in fruits and by their low leaf glucose
content. Ferum and Plovdiv were clustered due to their high PI
index value and their low fruit AsA content. The cherry tomato
Cervil constituted its own cluster due to its high starch, glucose,
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TABLE 4 | Relative differences in fruit metabolite contents between the WD treatments and the control.

CERVIL CRIOLLO LA1420 PLOVDIV STUPICKE FERUM LA0147 LEVOVIL

Fruit size −1.5 −9.7 −7.4 −9.1 −6.7 −1.0 −7.0 −14.7

Fresh weight −0.2 −21.0 −20.2 −23.7 −16.1 −0.4 −18.6 −42.8

Dry matter content 21.0 14.0 22.3 9.0 8.7 −9.5 3.6 33.7

Glucose 23.9 −2.7 5.4 3.7 16.4 0.8 −1.8 10.3

Fructose 21.6 −1.5 0.9 3.5 12.3 5.9 −1.6 8.0

Sucrose 47.7 102.2 42.3 −4.7 61.8 −14.5 15.0 64.1

Total sugar 23.6 −0.7 3.7 3.3 15.2 3.0 −1.2 9.9

Citric acid −4.0 1.4 –27.0 −4.6 −6.4 5.2 2.1 −21.5

Malic acid −4.7 −4.3 14.6 4.0 −4.1 −13.1 0.3 –33.4

Quinic acid 22.2 −3.2 −6.7 5.0 −0.1 10.7 −0.3 7.6

Total acid 7.5 −0.8 −17.6 1.1 −3.5 5.7 1.0 −11.5

Sugar/acid ratio 15.0 −1.1 24.5 1.8 20.8 −2.3 −2.7 23.3

Lutein −3.3 8.8 −20.9 28.8 10.8 29.4 32.9 −7.9

Lycopene −30.0 −11.8 −4.1 1.2 −11.8 41.3 8.8 −9.9

Beta-carotene −15.8 3.8 −26.1 −2.5 −7.7 8.6 6.4 –24.6

Phytoene −18.3 −11.5 1.1 −9.2 −3.1 44.2 3.8 −0.3

Total carotenoids −27.5 −11.2 −4.6 −0.4 −10.7 40.9 8.6 −9.8

Reduced AsA 7.7 −10.9 11.7 31.8 −7.2 11.8 5.8 −9.1

Total AsA 2.6 −7.4 10.4 19.8 −9.8 9.9 4.3 −15.8

Reduced/total AsA 4.8 −3.6 −0.1 11.0 3.3 1.4 0.9 8.0

Starch 86.7

Color scale:

–40 –30 –20 –10 0 10 20 30 40 50

Soluble sugars, organic acids, AsA, and carotenoids were measured on a dry mass basis for the eight MAGIC TOM parents. Relative differences were calculated as
described in the legend of Table 2. The percentages were scaled by color (green for high and red for low values). S2 fruits were harvested at WD3 (Cervil, Criollo, Plovdiv,
and Stupicke) and RP3 (Levovil, LA1420, LA0147, and Ferum) after the first WD period during cell division (WD2) and a second WD period during cell expansion and
ripening (WD3). Significant differences are indicated by red bold, italic, and underlined fonts for P < 0.05 (Two-way ANOVA test or Kruskal–Wallis test).

fructose, and malic acid contents in leaves and its high DM and
low quinic acid contents in fruits. Similarly, four clusters emerged
for the WD plants. Clustered genotypes did not necessarily
respond to the WD treatments in the same way (Table 2). The
first cluster includes Levovil, Stupicke, and Criollo, which have
high fruit β-carotene content. LA1420, LA0147 and Ferum were
clustered due to similar Euclidean distances without emergent
traits. Plovdiv and Cervil constituted their own single cluster
due to high glucose and low citric acid contents in leaves for
Plovdiv, and to high DM content in fruits, high sucrose and
fructose contents in leaves, and low �predawn and �midday values
for Cervil.

DISCUSSION

Leaf Responses to the WD Treatments
Involved Osmotic and Photosynthetic
Regulations
Current responses of plants submitted to WD encompass a
decrease in plant water status and in water loss (as evidenced
by a decrease in �midday, in stomatal conductance and in
transpiration rate), a reduction of leaf growth, and osmotic
regulations (Tardieu et al., 2006). In the present study, osmotic
adjustment and photosynthetic adaptation seem to have prevailed
in the response to the WD treatments, as evidenced by the

changes in leaf composition (increase in concentrations of soluble
sugars and organic acids) and the relative stability of �midday
except in Criollo and Ferum (Table 2). The absence of significant
decrease in �midday may be explained by an increase in turgor.
Indeed, when the elasticity modulus decreases, reflecting a
decrease in cell wall rigidity, the decrease in turgor is mitigated
during dehydration (Hsiao et al., 1976; Zimmermann, 1978),
what probably happened in the present trial, although data are
missing to substantiate this idea. Furthermore, the water status
was not substantially affected, on the contrary to the carbon
metabolism which was affected as reported in other studies
(Chaves, 1991).

The parameters derived from analysis of the induction curve
of maximum fluorescence of chlorophyll a are consistent with
these ideas. A general decrease in FV/FM and to a larger extend in
PI was observed in response to the WD treatments, as expected
due to the sensitivity of PSII to WD conditions (Maxwell and
Johnson, 2000). PI is a global index of performance (expressed
in analogy to the Nernst potential) which is composed of three
components: the force due to the concentration of active reaction
centers, the force of the light reactions which is related to
the quantum yield of primary photochemistry and the force
related to the dark reactions (Živčák et al., 2008). PI has been
defined as a “drought factor index” by Goltsev et al. (2012)
during desiccation of beans Phaseolus vulgaris L., which is in
accordance with the present observations on tomato. Moreover,
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FIGURE 4 | Partial correlation network for plant and fruit composition [DM content, fruit fresh weight (FW), soluble sugars, organic acids,
carotenoids, and AsA contents] and physiological parameters (the maximum quantum efficiency of PSII (FV/FM), the PI of Strasser and the quantum
yield of the electron transport flow until PSI acceptors (J0

RE1/JABS). Partial correlations were calculated on AUCs for plant measurements and for S2 fruits
(n = 5, 80 plants) under (A) control and (B) WD conditions. The network was built using GGMselect, GeneNet, and igraph packages on R. Solid lines indicate
positive correlations between parameters whereas dotted lines indicate negative correlations (P < 0.001).

FIGURE 5 | Clustering of genotypes according to the AUCs for leaf and fruit traits for (A) control and (B) WD plants. AUCs were calculated according to
the trapezoidal rule for each variable measured at the end of each WD or RP (except RP3 which was not included in the area because of leaf senescence). AUCs are
the integrals of the parameters over time computed for control and WD plants. The WD treatments consisted in three WD of increasing intensity followed by RPs.
Clusters were realized depending on Euclidean distances (vertical bars in the graph) and inertia gains.

the increase in the quantum yield of the electron transport
flux until PSI acceptors (J0RE1/JABS) could be explained by a
return of electrons from PSI to PSII named the cyclic electron
flow (Johnson, 2011), which is described as an orchestrator
of the chloroplast energy budget, that increases in response
to environmental stressors such as high light, WD simulated
by low CO2 supply, or extreme temperatures in higher plants

(Livingston et al., 2010; Johnson, 2011; Walker et al., 2014).
The significant increase in quinic acid which was observed
in all accessions in response to the WD treatments could be
related to the increase in J0RE1/JABS. Indeed quinic acid has been
described as a potential accelerator of the electron transport due
to its capacity to act as a non-classical uncoupling factor on
photophosphorylation (Barba-Behrens et al., 1993). Finally, the
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increase in chlorophyll content in some genotypes, which is not
compatible with photodamage in leaves, contributes to the idea
that there was an efficient acclimation to maintain photosynthetic
activity under WD.

In summary, the shifts in energy fluxes around PSII, the
accumulation of starch in leaves and the decrease in the specific
leaf surface area, which is a recognized if not specific consequence
of WD, are all potent indicators that plants submitted to WD
were indeed stressed (Chaves, 1991; Zgallaï et al., 2005). They
are also indicators of acclimation processes aiming at relieving
the photosynthetic machinery from overheating, arguably as a
consequence of decreased translocation to active growth areas.
Finally, it appears that osmotic and photosynthetic regulations
were highly involved in plant acclimation to successive episodes
of WD. Such acclimation effects were observed in almost all
accessions, but more clearly in Criollo, LA1420, and Stupicke.
Overall, Cervil exhibited the weakest responses, suggesting that
this genotype is poorly sensitive to WD as recently suggested by
Albert et al. (2015).

The WD Treatments Reduced Fruit
Growth Proportionally to the Increase in
Stress Intensity and to Cumulative
Effects of WD
Depending on its intensity, WD is expected to decrease fruit
size and fruit water content, thus increasing the metabolite
contents through a concentration effect. WD may also stimulate
the accumulation of osmotic and antioxidant compounds (Ripoll
et al., 2014). Despite the absence of a significant response,
fruit size and weight were mainly reduced in S2 fruits by the
WD treatments (except in the cherry tomato Cervil). These
observations are not in accordance with others studies, where
WD was reported to have positive effects on fruit growth, due
to a negative regulation of fruit setting and to an increase of
carbon supply to the remaining fruits (Li et al., 1989; Vallverdu
et al., 2012). In the present study, the plant fruit load was
regulated at similar level in control and WD plants, thus the
maintenance of fruit growth arguably resulted from osmotic
regulations and/or sugar compartmentation in the fruit (Ripoll
et al., 2015). The reduction of fruit size and weight in S2
fruits is consistent with the idea that fruit yield decreases
proportionally to the intensity of WD (Wang and Gartung,
2010). Competition for carbon was likely higher during the
development of S2 fruits compared to S1 fruits, due to the
cumulative effects of the three WD periods on the plant carbon
budget. Moreover fruit growth of large fruit genotypes was
more impacted by the WD treatments than fruits of small
fruit genotypes, arguably due to higher carbon demand for
large fruit growth. Indeed, in WD conditions, sink organ
growth was suggested to be reduced mainly through carbon
dependent mechanisms (Muller et al., 2011). However, water
fluxes are indirectly linked to carbon metabolism through
osmotic and turgor regulations, as discussed below. So, the
genotypic differences observed in response to theWD treatments
were arguably driven by the additive effects of differences in
water flux on fruit expansion, of source-related differences

in carbon supply and of sink-related differences in carbon
demand.

The WD Treatments Maintain Fruit Sugar
and Acid Contents
As for fruit fresh weight, the increase in DM content was higher
in S2 fruits than in S1 fruits, suggesting that S2 fruits were
submitted to higher stress intensity than S1 fruits. An important
increase in S2 fruits DM content was observed in response to
the WD treatments in the large-fruit genotype Levovil as well
as in the cherry tomato type Cervil. On the contrary, changes
in DM composition were more pronounced in S1 fruits than
in S2 fruits and responses were highly dependent on genotypes.
Variations in fruit composition in response to WD may result
either from dilution/concentration effects (Guichard et al., 2001;
Etienne et al., 2013), from active solute accumulation (Lo Bianco
et al., 2000; Hummel et al., 2010), or from starch breakdown,
as observed in tomatoes under salinity-induced WD (Balibrea
et al., 2003). Soluble sugars and organic acids (primarily malic
and citric acids) are major osmotic compounds that accumulate
in fleshy fruits and determine fruit taste. Previous studies on
tomatoes showed an increase in fruit sugar content under WD
depending on cultivars and timing of stress (Veit-Köhler et al.,
1999; Bertin et al., 2000; Chen et al., 2014). In the present study,
the total content in soluble sugars on a DM basis was not strongly
affected by the WD treatments except in Cervil fruits which
also accumulated large amounts of starch and acids. Thus, in
cherry tomato the accumulation of starch, soluble sugars, and
acids may be an adaptive strategy to maintain the phloem-to-
fruit gradient of sugars and regulate cell turgor, sustaining fruit
growth in WD conditions. Sucrose content on a DM basis was
the most affected by the WD treatments among soluble sugars,
but it represents only a minor part (<3%) of total soluble sugars
in these genotypes. On a fresh weight basis, the increase in fruit
sugar content in response to WD was observed only in Cervil
and Levovil, which questions the idea that WD has a positive
impact on fruit taste (Ripoll et al., 2014) and suggests that such
effect strongly depends on genotype and WD intensity. The
effects of WD on fruit acidity are more conflicting (Etienne et al.,
2013). In many species (peach, clementine Citrus clementina
Hort ex. Tan, mandarin Citrus reticulata B., pear Pyrus L.,
tomato), water supply has been shown to negatively correlate with
organic acid content in ripe fruits, but in grapes Vitis vinifera
L., nectarines Prunus persica var. nucipersica L. (Etienne et al.,
2013) and tomatoes (Mitchell et al., 1991; Veit-Köhler et al.,
1999; Bertin et al., 2000), this correlation has been shown to be
positive.

Effects of the WD Treatments on Fruit
Carotenoid and Ascorbic Acid Contents
Ranged From Negative to Nil to Positive
Fruits supply a large range of health-promoting phytochemicals,
of which secondary metabolites, primarily terpenoids
(carotenoids, ABA, and others), and phenolic compounds, are the
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largest group along with AsA. Of all of the environmental factors
that play a stimulating role in the synthesis and accumulation
of useful phytochemicals in fruits, moderate stress, and more
specifically, controlled drought may influence the metabolism of
these phytochemicals via at least two major mechanisms that
are not mutually exclusive and that may even interact (Nora
et al., 2012; Poiroux-Gonord et al., 2013; Fanciullino et al., 2014).
Firstly, drought typically induces a decrease in net photosynthesis
which reduces the supply of primary metabolites to the fruits
that are the major source of precursors for the biosynthesis of
phenolic compounds, carotenoids, and AsA. Secondly, drought
may exacerbate oxidative stress and signaling which is known
to directly and indirectly influence the biosynthetic pathways
of these compounds in leaves (Fanciullino et al., 2014). In
the present study, the effects of the WD treatments on fruit
carotenoid content ranged on a DM basis from negative, to
nil to positive depending on genotype and stress intensity (S1
and S2 fruits). This is in complete agreement with divergent
responses reported in the litterature (reviewed by Ripoll et al.,
2014). Similarly, total AsAwas reduced in S1 fruits of all genotype
but one (LA1420), whereas more variable effects were observed
in S2 fruits. Many studies reported positive effects of WD on AsA
(Zushi and Matsuzoe, 1998; Veit-Köhler et al., 1999; Favati et al.,
2009; Murshed et al., 2013), but also indicated variable effects
depending on genetic and seasonal factors or the intensity and
duration of the treatment. In S1 fruits, carotenoid accumulation
(on a DM basis) was increased in four genotypes and reduced
in four other genotypes including cherry tomato and large-fruit
genotypes. Taken together, our observations confirm previous
observations (Poiroux-Gonord et al., 2013) that tend to refute
the hypothesis that the supply of carbon to fruit determines
carotenoid synthesis. In tomato fruits, the absence of correlation
between sugars and reduced AsA content also suggests that
fruit AsA content is not limited by leaf photosynthesis or sugar
availability (Gautier et al., 2009). Variations in carotenoids and
AsA content would therefore result from stress-induced cellular
redox changes (Fanciullino et al., 2014). In tomato plants, AsA
content has been suggested to correlate with resistance to WD
(Zhang et al., 2011; Garchery et al., 2013). However in the
present study, only one genotype (LA1420) exhibited an adaptive
response at the fruit level through an increase in both carotenoid
and AsA contents. On a fresh matter basis, the fruit content
in phytonutrients was improved by the WD treatments only in
the cherry tomato Cervil and in the small fruit size genotypes
(LA1420 and Plovdiv) through an increase in reduced AsA. This
increase resulted mainly from concentration effects than from
metabolic stimulation, in agreement with recent findings (Ripoll
et al., 2015).

CONCLUSION

In the present study, the WD treatments, which consisted in
three successive cycles of moderate WD and recovery during the
plant reproductive period, resulted in independent responses at
the leaf and fruit levels. Considering parameters derived from

chlorophyll a fluorescence measurements and leaf composition,
we may hypothesize that for some genotypes the cyclic electron
flow (extrapolated from J0RE1/JABS) and quinic acid content
were involved in energy dissipation and regulation of oxidative
stress during the WD treatments. Negative effects on fruit fresh
weight were dependent on stress intensity, while beneficial effects
on fruit taste (sugars and acids) and nutritional value were
weak or even negative. Interestingly, high starch accumulation
in fruit could be a potential asset to sustain fruit growth under
WD. Considering a large range of plant and fruit traits, our
observations clearly show that responses to drought are highly
variable and that they strongly depend on genotypic effects and
on the stage of development at the time WD is applied. On
their whole, the present results demonstrate that drought could
be exploited positively, and that repeated cycles of WD and
recovery may be used to improve fruit taste and at the same time
minimize fruit size reduction. A strategy for breeding would be
to stack in one single genotype adaptive traits at the leaf and fruit
levels. To this end, small-fruit genotypes, in particular LA1420
and Criollo, represent an interesting potential source of traits of
interest, as far as acclimation is concerned. However, our capacity
to take full advantage of drought events or controlled WD is
clearly conditioned by a shift in our way of thinking. We need
to explore the full variability of genotypic responses by taking
into account a much broader range of crop performance criteria
than the ones that are usually considered and by systematically
including observations made at different stages of development.
The complexity revealed by our observations clearly suggests
that exploring the variability of genotypic responses represents
a difficult task, but then it is our belief that this is how the issue of
drought on crop performance should be addressed from now on,
and that the reward will come up to the challenge.
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Auxin plays essential roles in plant development. Gretchen Hagen 3 (GH3) genes

belong to a major auxin response gene family and GH3 proteins conjugate a range

of acylsubstrates to alter the levels of hormones. Currently, the role of GH3 genes in

postharvest physiological regulation of ripening and softening processes in papaya fruit

is unclear. In this study, we identified sevenCpGH3 genes in a papaya genome database.

The CpGH3.1a, CpGH3.1b, CpGH3.5, CpGH3.6, and CpGH3.9 proteins were identified

as indole-3-acetic acid (IAA)-specific amido synthetases. We analyzed the changes in

IAA-amido synthetase activity using aspartate as a substrate for conjugation and found a

large increase (over 5-fold) during the postharvest stages. Ascorbic acid (AsA) application

can extend the shelf life of papaya fruit. Our data showed that AsA treatment regulates

postharvest fruit maturation processes by promoting endogenous IAA levels. Our findings

demonstrate the important role of GH3 genes in the regulation of auxin-associated

postharvest physiology in papaya.

Keywords: auxin, GH3 gene family, papaya, postharvest, ripening, softening

INTRODUCTION

The ripening of fruit is a genetically controlled process that involves complex multi-hormonal
crosstalk. Auxin (indole-3-acetic acid, IAA) is a ubiquitous signaling molecule that has a vital
role in plant development and growth including cell elongation and division, organ differentiation,
embryogenesis, lateral root elongation, shoot architecture, and fruit development (Quint and Gray,
2006; Teale et al., 2008). Along with the hormone ethylene, auxin plays vital roles inmany aspects of
fleshy fruit development including fruit set and fruit ripening (Jones et al., 2002; Ruan et al., 2012).
In tomato, auxin functions to retard fruit ripening through interactions with other hormones, such
as ethylene, abscisic acid (ABA), and jasmonic acid (JA) (Su et al., 2015). High concentrations of
IAA are required for the biosynthesis of ethylene, which plays a significant role in fruit softening in
“melting flesh” peaches at the late ripening stage (Pan et al., 2015).

Auxin coordinates plant development by regulating the expression of auxin response gene
families such as Aux/IAA (auxin/indole acetic acid), GH3 (Gretchen Hagen 3), SAUR (small auxin

424

http://www.frontiersin.org/Plant_Science
http://www.frontiersin.org/Plant_Science/editorialboard
http://www.frontiersin.org/Plant_Science/editorialboard
http://www.frontiersin.org/Plant_Science/editorialboard
http://www.frontiersin.org/Plant_Science/editorialboard
http://dx.doi.org/10.3389/fpls.2016.01555
http://crossmark.crossref.org/dialog/?doi=10.3389/fpls.2016.01555&domain=pdf&date_stamp=2016-10-20
http://www.frontiersin.org/Plant_Science
http://www.frontiersin.org
http://www.frontiersin.org/Plant_Science/archive
https://creativecommons.org/licenses/by/4.0/
mailto:liukaidong2001@126.com
mailto:yuanchangchun@163.com
http://dx.doi.org/10.3389/fpls.2016.01555
http://journal.frontiersin.org/article/10.3389/fpls.2016.01555/abstract
http://loop.frontiersin.org/people/355092/overview


Liu et al. Analysis of Gretchen Hagen 3 in Papaya Fruit

up RNA), and ARF (auxin response factor) (Abel and Theologis,
1996). A recent transcriptome survey of strawberry fruit revealed
dynamic changes in expression of auxin early response gene
families during postharvest ripening (Chen et al., 2016). Such
studies on the biological functions of auxin response genes help
to elucidate the mechanisms underlying the regulation of auxin-
mediated fruit ripening.

The protein structures and biological functions of GH3
family members in model plant species have been studied in
detail. The GH3 family genes encode IAA-amido synthetases
that are involved in endogenous auxin homeostasis through
catalysis of auxin conjugation and by binding free IAA to amino
acids (Staswick et al., 2005; Feng et al., 2015). The first GH3
family member was isolated from soybean (Glycine max) and
subsequently fully identified in the model plant Arabidopsis
thaliana (Hagen et al., 1984; Takase et al., 2003, 2004). In
plants, amino acid conjugation of diverse hormones, including
JA, IAA, and salicylic acid (SA), control the concentrations
of their bioactive forms to regulate developmental processes
(Westfall et al., 2010, 2012). Recently, the crystal structures of
the GH3 family members benzoate-specific AtGH3.12/PBS3 and
JA-specific AtGH3.11/JAR1 were reported. This analysis found a
highly adaptable three-dimensional scaffold for the conjugation
of amino acids to diverse acyl acid substrates; it also identified
residues forming acyl acid binding sites in the GH3 proteins
and residues critical for amino acid recognition (Westfall et al.,
2012). The auxin-conjugating enzyme GH3.1 from grapevine
(V. vinifera) has a similar structure to the GH3 enzymes from
A. thaliana (Peat et al., 2012). Based on structural details and
acyl acid site comparisons, GH3 proteins from different species
can be assigned to eight subfamilies. GH3 proteins belonging
to subfamilies 1, 2, and 4 show a preference for JA, IAA, and
benzoate substrates, respectively. GH3 proteins belonging to
subfamilies 3 and 5-8 have no well-defined substrates (Westfall
et al., 2010, 2012).

In A. thaliana, the gene WES1 encodes an auxin-conjugating
enzyme that plays a role in hypocotyl growth by mediating
phytochrome B-perceived light signals (Park et al., 2007). The
mutant ydk1-D, a T-DNA insertion proximal to AtGH3.2, is
dominant and displays a dwarf hypocotyl under both light and
dark conditions (Takase et al., 2004). Two GH3 gene homologs
in A. thaliana, DFL1, and DFL2, regulate hypocotyl length and
lateral root formation in response to light stimulation (Nakazawa
et al., 2001; Takase et al., 2003). Several years ago, homeostasis
of miR160 was reported to be involved in the regulation of
adventitious root initiation in A. thaliana through targeting
AtARF17, which encodes a negative regulator of AtGH3.3,
AtGH3.5, and AtGH3.6 expression (Sorin et al., 2005, 2006;
Gutierrez et al., 2009). These results suggest that the GH3 gene
family is involved in adventitious root initiation (Gutierrez et al.,
2012). In rice, some GH3 genes were found to be related to
stress responses and developmental regulation. Over-expression
ofOsGH3.1 enhances resistance to fungal pathogens by inhibiting
cell wall loosening and reducing auxin content (Domingo et al.,
2009). In a similar manner to OsGH3.1, activation of OsGH3.13
decreases endogenous auxin content and enhances rice drought
tolerance (Zhang et al., 2009). OsGH3.2 influences drought and

freezing tolerance through modulating ABA levels (Du et al.,
2012). OsGH3.5, a downstream target gene of OsARF19, controls
rice leaf angles by interacting with the brassinosteroid signaling
pathway (Zhang et al., 2015).

In addition to model plant species, the GH3 gene family has
also been identified in fruit plants, including 11 members in
citrus (Citrus sinensis L.), 15 in apple (Malus × domestica), 9
in grapevine (Vitis vinifera L.), and 2 in longan (Dimocarpus
longan L.) (Böttcher et al., 2011; Kuang et al., 2011; Yuan et al.,
2013; Xie et al., 2015). There is evidence that these GH3 genes
have a role in fruit setting, growth, and ripening (de Jong
et al., 2009). In grape, expression of VvGH3.1 increases at the
onset of ripening. Activated IAA-amido synthetase conjugates
IAA to amino acids and contributes to the establishment and
maintenance of a low IAA concentration, which may accelerate
the initiation of ripening (Böttcher et al., 2010). Expression
of another grapevine GH3 gene, VvGH3.2, can be induced by
treatment with an auxinic compound in pre-ripening berries;
this treatment increases the concentration of IAA-Asp and
decreases the concentration of free IAA (Böttcher et al., 2011).
These results indicate that GH3 proteins have various roles
in controlling fruit ripening in both auxin-dependent and JA-
dependent manners.

As a climacteric fruit, papaya exhibits rapid softening and has
a short-term shelf life, which significantly limits its market value
(Jain et al., 2011). The elucidation of how endogenous hormones
function in postharvest decay under different conditions is
therefore of importance not only to plant biologists but also
to agronomists (Gomez-Lobato et al., 2012; Chen et al., 2016).
However, little is known of the roles of endogenous auxin in
the postharvest maturation of papaya fruit. Our study provides
comprehensive information on GH3 gene expression patterns
in different tissues and on the enzyme activities of IAA-amido
synthetases under different postharvest conditions. These data
will be important to the development of new postharvest
strategies for papaya.

MATERIALS AND METHODS

Plant Materials and Treatments
We used the Carica papaya cultivar “Sunrise” in this study.
Two-years-old trees planted in a 3m × 3m arrangement were
provided with standard drip irrigation and fertilizer applications.
The experimental field at Lingnan Normal University field
experimental station in Zhanjiang City (Guangdong Province,
China) has a tropical climate and experiences oceanic monsoons;
it has an average daily temperature of 22.8◦C, with a minimum
of 15.7◦C and a maximum of 28.8◦C. The total yearly rainfall
ranges between 1100 and 1800mm. Five tissue samples were used
for tissue-specific expression pattern analysis. In detail, the shoot,
leaf, root samples were selected from 1-year-old papaya trees. The
fruit samples were harvested from fruits at the color break stage
(5% ≤ peel color ≤15% yellow) of 2-years-old trees. The flower
samples were selected from mature flower with opened petals
of 2-years-old trees. The selected were washed with deionized
water, and then dipped in 75% (w/w) alcohol for 45 s to eliminate
potential microbes.
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Measurement of Fruit Firmness, Weight
Loss, Total Soluble Solids, and Titratable
Acidity
A hand-held fruit firmness tester (GY-J, Top Instrument Co,
Ltd, Zhejiang, China) with an 8-mm probe attached to a digital
force gauge was used to determine papaya firmness. The mean of
five independent measurements was calculated for each papaya
fruit and expressed in Newtons (N). Weight loss was estimated
by measuring the weight of the whole papaya fruit from the
beginning to the end of different storage periods. Weight loss
was expressed as the percentage of initial weight. Fruits were
packed in commercial boxes and stored at 20 ± 1◦C and 85–
90% relative humidity. The time points after harvest of 0, 5,
10, 15, 20, and 25 days were defined as postharvest stages 1–6,
respectively.

Fruit pulp (5.0 g) from three replicates of five independent
fruit for each treatment was prepared using a mortar and pestle
in 50.0mL distilled water. The homogenate was centrifuged at
15,000 × g for 20min at 4◦C, and then the supernatant was
used to measure total soluble solid content (%) with a hand-
held refractometer (J1-3A, Guangdong Scientific Instruments,
Guangzhou, China).

Respiration Rate Determination and
Pericarp Color Characteristics Assay
The respiration rate was determined by conducting an infrared
analysis. Five replicate groups of three papaya fruits from
each treatment were weighed, and then sealed in a 2.4-
L container at 25◦C. An infrared gas analyzer (Li-6262
CO2/H2O analyzer, LI-COR, America) was used to monitor
CO2 concentration in the container. A colorimeter (Minolta,
model CR-400, Tokyo, Japan) was used to determine the color
characteristics of the papaya pericarp. Three independent points
in the equatorial region of the papaya fruit skin were chosen
to determine color characteristics. The method for assessing
color characteristics has been described previously (Liu et al.,
2014).

Identification of GH3 Genes in Carica

papaya
A. thaliana GH3 protein sequences were used in a BLAST
search of the C. papaya in Phytozome 10.1 database
(http://phytozome.jgi.doe.gov). The sequences of the AtGH3
proteins are shown in Table S1. The maximum e-value acceptable
in the BLAST search for identifying GH3 members was “10−3.”
The Hidden Markov Model (HMM) profiles of the GH3 gene
family (Pfam: 03321, GH3 auxin-responsive promoter) were
used to identify the candidate sequences (http://pfam.xfam.org/).
All the obtained sequences were sorted as unique sequences for
a further protein domain search using InterProScan Sequence
Search (http://www.ebi.ac.uk/Tools/pfa/iprscan/). Motifs
characteristic of CpGH3 proteins were investigated by Multiple
Expectation Maximization for Motif Elicitation (MEME 4.10.2)
web server (http://meme.nbcr.net/meme/cgi-bin/meme.cgi).

Phylogenetic Tree Construction and
Intron-Exon Structure Analysis
ClustalW (http://www.ebi.ac.uk/Tools/msa/clustalw2/) was
used to perform multiple sequence alignments on the
identified CpGH3 protein sequences with the default
parameters. Subsequently, GeneDoc (http://www.nrbsc.
org/gfx/genedoc/) was used to visualize the alignments. A
phylogenetic tree was built using the MEGA5.1 software
(http://www.megasoftware.net/mega5/mega.html) by neighbor-
joining method for 19 A. thaliana and seven C. papaya GH3
protein sequences. Bootstrap values were calculated from
1000 iterations. Exon-intron organization of CpGH3 genes
were determined by comparing the coding sequences with
their corresponding genomic sequences downloaded from the
database Phytozome 10.1.

Cis-Element Analysis
The 1500-bp promoter regions of CpGH3 genes were obtained
and downloaded from Phytozome 10.1. An auxin response
element (AuxRE: TGTCTC), an ABA responsive element (ABRE:
YACGTGK), a SA responsive element (SARE: TGACG), a
JA responsive element (JERE: AGACCGCC), and an ethylene
responsive element (GCC: AGCCGCC) were used to scan the
promoter regions of the CpGH3s. The results were confirmed
using PLACE software (http://www.dna.affrc.go.jp/PLACE/).

RNA Isolation and Quantitative RT-PCR
Total RNAs from roots, shoots, leaves, flowers, and fruits
from the different treatment groups were isolated with a plant
RNeasy Mini kit (Qiagen, Hilden, Germany) according to
the manufacturer’s instructions. Genomic DNA contamination
was removed using DNase I (TaKaRa, Dalian, China). The
CpActin gene (evm.model.supercontig_18.238) was used as an
internal standard to calculate relative fold differences based on
comparative cycle threshold (2−11Ct) values. The qRT-PCR
was performed as described previously (Yang et al., 2015). The
primer sequences for the qRT-PCR were designed using Primer
Premier 5 software and are listed in Table S2. The limit of
detection and the amplification efficiency of the qRT-PCR was
performed using 10-fold serial dilution of cDNA isolated from
one sample (leaves), which was used to create the standard
curve. The slopes and correlation coefficients of the standard
curves were used to calculate the PCR efficiency primer pairs.
In our experiment, the value of PCR efficiency (E) for each
primer pair was calculated by formula: E = POWER (10,
1/slope)-1. The value of PCR efficiency for each primer pair
was between 0.9 and 1.1. The standard curves for absolute
quantification RT-PCR of CpGH3 genes were showed in Figure
S1. The fruits used in tissue-specific expression experiment are
right before harvest, 150 days post-fertilization. To avoid the
effects of environmental stress, the fruit samples were collected
from a large number of independent papaya trees that were
distributed throughout the test field. Five fruits from these
samples were randomly assigned to each group for the qRT-PCR
test.
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Tissue Homogenization and Enzyme
Activity Assay
One gram of pericarp and sarcocarp was excised from each
papaya fruit and homogenized in 1mL extraction buffer (50mM
Tris-HCl buffer containing 2mM EDTA, protease inhibitor, and
5mM 2-mercaptoethanol, pH 7.6) using a mortar and pestle. The
homogenate was centrifuged at 12,000 × g for 30min, and the
supernatant was used for the enzyme activity assay. The assay was
performed following the procedure described by Ostrowski and
Jakubowska (2013). Briefly, enzyme activity was determined in a
total volume of 15µL buffer containing 50mMTris-HCl, pH 8.6,
2mM IAA, 50 mCi mmol−1, 10mM aspartic acid, 5mM ATP,
5mM MGCl2, and 2 mM DTT. Then, 6 µL of the supernatant
fluid was used to start the reaction.

Protein Purification and Enzyme Assay
The coding regions of CpGH3.1a, CpGH3.1b, CpGH3.5,
CpGH3.6, and CpGH3.9 were amplified by PCR from a papaya
cDNA template using gene-specific primers with additional
restriction sites. The primer sequences are listed in Table S4.
These PCR products were closed into restriction sites of a
pET-21(a)-His vector to generate GH3-His fusion protein.
These five construct were expressed in Escherichia coli (DH5α)
according to the manufacturer’s protocol (Takara, Dalian,
China). The expressed fusion proteins were purified with His
GraviTrap columns (GE Healthcare, Little Chalfont, UK) and
the protein concentration of each sample was determined using a
Protein Quantification Kit-Rapid (SIGMA-ALDRICH, Shanghai,
China). The assays about enzyme activity with IAA substrates
were performed according to Ostrowski’s description (Ostrowski
and Jakubowska, 2013).

AsA Application, IAA Content and Ethylene
Production Rate Measurements
For AsA application, fruits were randomly distributed two
groups. One group was assigned to water (control treatment)
and 250mM AsA for 10min. After treatment, the fruit were air-
dried, packed into polyethylene bags (0.03mm), and maintained
at room temperature with 75% relative humidity. Three replicates
were performed for each treatment.

For IAA content measurement, fruit samples were collected
and washed three times in ddH2O, and then blotted dry with
a paper towel. A sample (50mg) was obtained from each
fruit. For IAA content measurement, 500 pg of 13C6-IAA was
added to each sample as an internal standard. ProElu C18
(http://www.dikma.com.cn) was used to purify the samples. Five
independent biological replicates of each sample were used in our
experiment, and IAA contents were determined using a FOCUS
GC-DSQII (Thermo Fisher Scientific Inc., Austin, TX, USA). The
experiment of IAA measurement was performed according to
Liu’s protocol (Liu et al., 2012).

For ethylene production measurement, two fruits in each of
three replicates were placed in a 1000mL flask for 1 h. Then,
1mL space samples were collected and ethylene concentrations
measured by flame ionization gas chromatography using a SP

6800 gas chromatograph fitted with a GDX-502 column held at
90◦C.

Statistical Analysis
Differences between different groups of samples were calculated
with Student’s t-test at a significance level of 0.05 in software
Excel. All the expression analysis was performed for five
biological repeats and the values shown in figures represent the
average values of five repeats, and the data are expressed as the
mean and standard deviation (mean± SD).

RESULTS

Identification and Phylogenetic Analysis of
the GH3 Gene Family in C. papaya
Seven GH3 genes were identified in C. papaya; these genes were
all named according to the phylogenetic relationship between
C. papaya and the model plant A. thaliana. The information
on the CpGH3 genes, including gene names, IDs, intron
numbers, ORF lengths, and deduced polypeptide parameters,
is summarized in Table S3. The sizes of the deduced CpGH3
proteins varied from 421 amino acids (CpGH3.9) to 607 amino
acids (CpGH3.1a and CpGH3.1b), molecular masses varied from
47.62 to 68.69 kDa, and predicted isoelectric points varied from
5.61 (CpGH3.1b) to 6.86 (CpGH3.5).

To investigate the relationship of the GH3 genes of C. papaya
and A. thaliana, a phylogenetic tree was constructed for 19
AtGH3 genes and the seven CpGH3 genes. The results indicated
that the GH3 gene family could be grouped into three major
subfamilies, I, II, and III. Seven CpGH3 genes were grouped into
subfamilies I and III; no CpGH3 gene belonged to subfamily III.
Based on the phylogenetic relationship, three homologous pairs
with high bootstrap values (>99) were identified betweenCpGH3
and AtGH3 families: AtGH3.9/CpGH3.9, AtGH3.10/CpGH3.10,
and AtGH3.11/CpGH3.11 (Figure 1). The exon-intron structures
in the CpGH3 gene family varied with one to three introns
(Figure S2).

Multiple Sequence Alignments and Acyl
Acid Substrate Prediction
Next, we performed a multiple sequence alignment of the 19
AtGH3 protein sequences and seven CpGH3 protein sequences.
The alignment results showed that the CpGH3 proteins
all contained a highly conserved GH3 domain (Figure S3).
Additionally, the MEME tool mapped three conserved motifs
to all CpGH3 proteins (Figure S4). The motif similarities with
AtGH3 proteins indicated that the functions of the CpGH3
proteins could be predicted by this sequence comparison.

Based on the conserved amino acid residues, most CpGH3
proteins could be assigned to the conjugate protein groups
identified in A. thaliana. CpGH3.11 was grouped into subfamily
I that includes AtGH3.11/JAR1 and which shows enzymatic
activity with JA. CpGH3.1a, CpGH3.1b, CpGH3.5, CpGH3.6,
and CpGH3.9, like AtGH3.1-6, AtGH3.9, and AtGH3.17, had
IAA as the acyl acid substrate (Figure 2A). CpGH3.10 in
subfamily I has no currently identified substrates (Westfall et al.,
2012). Furthermore, five putative IAA-synthetases, CpGH3.1a,
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FIGURE 1 | Phylogenetic relationship analysis of CpGH3 genes. An

unrooted phylogenetic tree was constructed for 19 Arabidopsis GH3 and

seven papaya GH3 protein sequences using ClustalW using the

neighbor-joining method. Homologous pairs are indicated by the red boxes.

CpGH3.1b, CpGH3.5, CpGH3.6, and CpGH3.9, were chose to
analyze activity of the IAA amido synthetases. These GH3
proteins were purified from E. coli (Figure S5). Our data showed
that these proteins are IAA-amido synthetases (Figure 2B).

Tissue-Specific Expression Patterns of
CpGH3 genes
Tissue-specific expression of the CpGH3 genes was analyzed
by absolute quantification RT-PCR. Transcripts of all CpGH3
genes were detectable in different tissues and organs in papaya.
CpGH3.1a and CpGH3.9 were more highly expressed in the roots
than in other organs; CpGH3.10 and CpGH3.11 were highly
expressed in the leaves. Interestingly, the transcript level of
CpGH3.10 was very low in fruit, whereas CpGH3.5 and CpGH3.6
predominantly expressed in fruit (Figure 3).

Cis-Element Analysis and Hormone
Responsive Expression of CpGH3 Genes
Several phytohormone-related cis-elements, such as AuxRE,
SARE, and JERE, have been identified in plants (Ulmasov et al.,
1997; Paterson et al., 2004; Osakabe et al., 2014). Here, we
scanned the 1500-bp upstream promoter regions ofCpGH3 genes
for phytohormone-related cis-elements. Several such elements
were identified, namely ABRE, AuxRE, and SARE; no JERE

sequences were found in these promoter regions. OneAuxRE and
one SARE element were present in theCpGH3.1a promoter; three
SAREs were present in the CpGH3.1b promoter; two AuxREs
were present in the CpGH3.5 promoter; two ABREs were present
in the CpGH3.6 promoter; and two ABREs, two AuxREs, and two
SAREs were present in the CpGH3.11 promoter. The numbers
of these hormone-related cis-elements in the upstream 1.5-kb
regions of CpGH3 genes are listed in Table S4.

CpGH3 Expression and IAA-Amido
Synthetase Activity at Different
Postharvest Stages
Genetic studies have revealed that fruit ripening and softening
is mediated by auxin-responsive genes in an auxin homeostatic
process (Pan et al., 2015). To elucidate the functions of CpGH3
genes during the postharvest period, we analyzed the changes
in expression levels at six different postharvest stages. Our
analysis indicated that expression of most CpGH3 genes changed
significantly during fruit ripening and softening. CpGH3.1a,
CpGH3.6, and CpGH3.11 expression increased significantly,
while CpGH3.9 expression decreased significantly. Expression of
two other CpGH3 genes, CpGH3.1b and CpGH3.5, peaked at 15
days, and then declined slightly at 20 and 25 days (Figure 4A).
Next, we examined changes in IAA-amido synthetase activity
using aspartate as the substrate for conjugation. A large increase
(over 5-fold) in enzyme activity was detected during the
postharvest process. IAA-Asp synthetase activity was induced
significantly at 10 days, and reached its peak at 15 days
(Figure 4B).

Involvement of AsA in Maintenance of
Shelf Life of Papaya Fruit
An enhanced AsA pool has been reported to be associated with
good postharvest storage characteristics in various fruit species
(Mellidou et al., 2012). However, the effects of AsA treatment
on papaya fruit ripening are largely unknown. We found here
that a 250 mM AsA treatment delayed the ripening process in
papaya fruit (Figure 5A). The physiological data showed that the
firmness of control fruit rapidly decreased and that 93.9% of
their firmness was lost within 25 days after harvest. In contrast,
the firmness of the AsA-treated fruit was slightly higher than
the control fruit during postharvest storage (Figure 5B). The
rate of CO2 production showed the characteristic respiratory
climacteric pattern during postharvest storage for 25 days. In
control fruit, the respiration rate lightly increased within 10 days
after harvest, and then decreased slowly. In the AsA-treated fruit,
the respiration rate was lower than in control fruit within 10 days
after harvest. CO2 production peaked at 37.09 and 31.78mg.kg−1

FW h−1 in the control and AsA-treated fruits, respectively, at 10
days (Figure 5C). Total soluble solids tended to increase during
storage. However, the AsA treatment delayed the increase in total
soluble solids compared to the controls (Figure 5D). Titratable
acidities of the papaya fruit tended to decrease during postharvest
storage. The AsA treatment delayed these decreases in titratable
acidities compared with the control fruits, particularly between
10 and 20 days (Figure 5E).
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FIGURE 2 | Phylogenetic relationship analysis of GH3 family and sequence-based grouping of plant GH3 proteins based on acyl acid binding site

residues. (A) CpGH3 and AtGH3 proteins are color coded according to their subgroup. Sequences corresponding to the residues of the α5 and α6 motifs, to

residues 217 and 299 of AtGH3.12, and to the β8 and β9 motifs are indicated (Westfall et al., 2012). Conserved residues are highlighted by colored boxes. (B)

Analysis of IAA-amido synthetases activities of CpGH3 proteins. All five GH3 proteins were purified from E. coli, and the E. coli with empty vector was used as

negative control. The activities have been normalized to µg of protein.

IAA-Amido Synthetase Activities and the
Expression of CpGH3 Genes during
Postharvest after AsA treatment
CpGH3 gene expression and IAA-amido synthetase activities
were measured during the postharvest period in both control
and AsA-treated fruits. The expression of CpGH3.1a, CpGH3.1b,
and CpGH3.5 was largely reduced by the AsA treatment during
different postharvest stages. In contrast, CpGH3.6 showed a
small increase at postharvest 0 and 5 days, and was then
reduced at postharvest 10–25 days. Expression of CpGH3.9
slightly increased after AsA treatment. CpGH3.6 showed over

10-fold reduction in expression level after postharvest 15 days
(Figure 6A). At postharvest stages 0 and 5 days, IAA-amido
synthetase activities were similar in control and AsA treated
fruit. During 10–25 days, AsA treatment significantly reduced
IAA-amido synthetase activity compared to controls (Figure 6B).

Endogenous IAA and Ethylene Production
Rate Measurements
To examine the role of endogenous IAA during storage,
IAA contents were measured in papaya fruit under different
conditions. Endogenous IAA contents fell during the postharvest
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FIGURE 3 | Tissue-specific expression patterns of CpGH3 genes. Expression patterns of CpGH3 genes were analyzed by absolute quantification RT-PCR;

tissue samples were collected from leaf, shoot, root, flower, and fruit of 2-year-old plants. RNA from each tissue was isolated for qRT-PCR. The data were obtained

from five independent repeats, and standard deviations are shown with error bars.

period. Although IAA contents were consistent at 0 and 5 days,
they then decreased significantly from 172 to 45 ng.g−1 FW (fresh
weight). In contrast to the controls, the IAA contents of the
AsA-treated fruit only decreased to 71 ng.g−1 FW (Figure 7).
Thus, the AsA treatment may play a role in the retention of
endogenous IAA during the postharvest period. Furthermore,
previous studies have revealed that there is an ethylene-releasing
peak during fruit ripening (Mo et al., 2008). In our study,
production rate of ethylene climbed greatly with ripening and
reached climacteric peak at the 10 days in the control, and then
decreased gradually. In contrast to the control, the production
rate of ethylene only increased 16.5 µL.kg−1.h−1, and reached its
peak at the 15 days (Figure S6).

DISCUSSION

Papaya is a highly perishable fruit that undergoes a rapid
softening process after harvest (Yao et al., 2014). Fruit ripening
is associated with various hormone signals involved in the
postharvest storage of fruits. GH3 proteins are among the
most important downstream targets of auxin; GH3-mediated
auxin homeostasis plays a vital part in the regulation of fruit
ripening (Böttcher et al., 2010; Xie et al., 2015). Here, we

performed a systematic identification of CpCH3 genes, and
analyzed their expression patterns and synthetase activities at
different postharvest stages. The data from these analyses provide
insights into the underlying mechanisms linking auxin and fruit
ripening in papaya.

Here, seven GH3 genes were identified in the papaya genome.
This number is considerably smaller than the 19 genes identified
in A. thaliana (Staswick et al., 2005). The relatively small size of
the papaya genome (372 Mbp) may be a possible explanation
for the comparatively small number of CpGH3 genes (Ming
et al., 2008). The similarities in characteristic motifs and exon-
intron structures of the CpGH3 genes with those reported AtGH3
genes supported our identification. The presence of conserved
domains in the CpGH3 proteins showed they were highly
similar to GH3 proteins of other model plant species (Staswick
et al., 2005; Jain et al., 2006). This similarity suggests that
GH3 proteins might function in the same manner in different
plant species. Furthermore, the phylogenetic analysis identified
three orthologous gene pairs with high bootstrap values (100%),
indicating a close relationship between the A. thaliana and
papaya GH3 gene families (Figure 1).

To identify potentially functional amino residues in the seven
CpGH3 proteins, we performed a multiple sequence alignment
using the sequences of the 19 AtGH3 proteins. We found that the
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FIGURE 4 | Analysis of CpGH3 gene expression patterns and IAA-amido synthetase activities during different postharvest stages. (A) Analysis of

expression of CpGH3 genes during different postharvest stages. (B) Enzymatic activities of IAA-amido synthetase. The data were obtained from by five independent

repeats, and standard deviations are shown with error bars. Significant differences (P < 0.05) between “stage 1” and the other postharvest stages are indicated by an

asterisk.

CpGH3 proteins could be grouped into three subfamilies with
different structures and different acyl acid substrate preferences
(Wang et al., 2010). Recently, the crystal structures of two
representative GH3 proteins, AtGH3.11 and AtGH3.12, were
determined, and several specific secondary structures, such as
the conserved motifs α5, α6, β8, and β9, were identified for
acyl acid preferences (Westfall et al., 2012). Our data showed
that five CpGH3 proteins, CpGH3.1a, CpGH3.1b, CpGH3.5,
CpGH3.6, and CpGH3.9, were grouped into subfamily II, and
might function as IAA-specific amido synthetases. Interestingly,
the α5 motif was absent from CpGH3.9, although the α6, β8,
and β9 motifs were present and residues 217 and 239 showed
high similarity to the other subfamily II GH3 proteins. The

acyl acid sites of IAA-using GH3 proteins have been reported
to display consistent residues in the α5 motif (Westfall et al.,
2012). Thus, the CpGH3.9 protein was grouped into subfamily
II as an IAA-specific amido synthetase. Previous studies have
identified the activities of several known GH3s in different plant
species. In grape berry, the activity of the indole-3-acetic acid-
amido synthetase GH3-1 has been identified (Böttcher et al.,
2010). Moreover, GH3-2 was also identified as an IAA-amido
synthetase with similar amino acid preferences as GH3-1 by
the same group (Böttcher et al., 2011). In pea, the IAA-amide
synthetase activity of PsGH3-5 was determined with aspartate
as a substrate (Ostrowski and Jakubowska, 2013). In our
study, five of the seven CpGH3 proteins showed IAA-specific
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FIGURE 5 | Involvement of ascorbic acid (AsA) in maintenance of shelf life in papaya fruit. (A) Morphological differences between control and AsA-treated

papaya fruit during the postharvest period. The changes in firmness (B), respiration rate (C), total soluble solids (D), and titratable acidity (E) between the control and

AsA-treated fruit after a 25 day postharvest storage period. Significant differences (P < 0.05) between the control and AsA-treated fruit at different postharvest stages

are indicated by an asterisk.

amido synthetase activities, indicating their major roles in IAA-
homeostasis.

Expression analyses suggest that GH3 genes in different plant
species have diverse roles in plant morphogenesis (Nakazawa
et al., 2001; Takase et al., 2004; Khan and Stone, 2007;
Kuang et al., 2011). Therefore, we analyzed the tissue-specific
expression pattern of CpGH3 genes to provide insights into
their putative functions in papaya. CpGH3.5 and CpGH3.6
predominantly expressed in fruit, suggesting a possible role
in auxin homeostasis during fruit development and ripening.
Transcripts of CpGH3.10 were virtually undetectable in fruit,

indicating that this gene had limited or no role during
postharvest stages of fruit development. In tomato, several SlGH3
genes show different patterns of expression in reproductive
tissues or fruit development stages. In particular, SlGH3.1 and
SlGH3.2 exhibit ripening-associated expression patterns (Kumar
et al., 2012). In papaya, expression of CpGH3.1a, CpGH3.6, and
CpGH3.11 exhibited a fruit softening-associated up-regulation;
the remaining CpGH3 genes showed a constant level of
expression during different postharvest stages (Figure 4A). The
differential expression ofCpGH3 genes in a stage-specificmanner
during fruit ripening and softening is a common characteristic
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FIGURE 6 | Differences in CpGH3 gene expression and IAA-amido synthetase activities between control and AsA–treated fruit. (A) Analysis of expression

of CpGH3 family genes during different postharvest stages in control and AsA-treated fruit. (B) Enzymatic activities of IAA-amido synthetase. The data were obtained

from five independent repeats, and standard deviations are shown with error bars. Significant differences (P < 0.05) between the control and AsA-treated fruit are

indicated by an asterisk.

of plant GH3 genes (Böttcher et al., 2010; Kuang et al.,
2011).

IAA is a well-studied inhibitor of ripening in both climacteric
and non-climacteric fruits. A decrease in endogenous IAA
levels is required for the initiation of ripening and has been
reported to be a prerequisite for ripening to occur (Purgatto
et al., 2002; Böttcher et al., 2010). It has been suggested that
IAA-amido synthetase has an essential role in the ripening

process through inactivation of endogenous IAA in pungent
pepper and grape vine (Liu et al., 2005; Böttcher et al., 2010).
We examined IAA-amido synthetase activities in papaya using
aspartate as a substrate for conjugation during postharvest stages.
A significant increase in enzyme activity was observed after
postharvest stage 3 (Figure 4B), although expression of only
three CpGH3 genes was up-regulated. The increased expression
of CpGH3.1a, CpGH3.6, and CpGH3.11 suggest they might
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FIGURE 7 | The IAA content measurements. The differences in IAA

contents between the controls and AsA-treated fruits during the postharvest

process. The data were analyzed by five independent repeats, and standard

deviations were shown with error bars. The significant (P < 0.05) differences

between the controls and AsA treatments are indicated by an asterisk.

play a dominant role in the increase in enzyme activity during
postharvest maturation. Interestingly, the mRNA levels of some
CpGH3 genes don’t really correspond to enzymatic activity,
suggesting the presence of diverse regulation manners in mRNA
and protein levels. In fleshy fruit, the levels of endogenous
IAA concentrations decline toward the onset of ripening (Buta
and Spaulding, 1994). Many studies have reported that IAA
levels are high at the early stages and then decrease to low
levels at later ripening stages in non-climacteric fruit (Zhang
et al., 2003; Symons et al., 2006). In V. vinifera, expression
of VvGH3.2 can be induced in pre-ripening berries by IAA
treatment, and is associated with an increase in IAA-Asp levels
and a decrease in free IAA levels (Böttcher et al., 2011). In
common with these reports, IAA levels in papaya fruit were
found to decline and to be relatively constant throughout the
later stages of the postharvest period (Figure 7). Conjugation of
IAA to amino acids is catalyzed by GH3 proteins, suggesting a
negative feedback loop to regulate auxin homoeostasis (Staswick
et al., 2005). The induced IAA-amido synthetase activities
provide a possible explanation for the maintenance of low levels
of endogenous IAA during the postharvest period in papaya
fruit.

AsA is a well-known antioxidant that effectively regulates
the enzymatic browning of fruits (Huang et al., 2014).
The application of AsA is a useful approach to improve
oxidative stress tolerance and to extend the shelf life
of fruit (Zoldners et al., 2005; Liu et al., 2014). Several
important postharvest physiological parameters, including
fruit firmness, respiration rate, soluble solids content, and
titratable acidity, were measured in the present study. Our
analyses confirmed that AsA application delayed softening of
papaya fruit (Figure 5). However, whether GH3 related IAA
homoeostasis participated in this AsA-mediated effect is still
largely unknown.

Analysis of CpGH3 gene expression and enzymatic activities
of CpGH3 proteins provided further insights into their possible

functions during postharvest fruit storage. The qRT-PCR data
showed that the expression of most CpGH3 genes was decreased
by the AsA treatment compared with the control, although
CpGH3.9, CpGH3.6, and CpGH3.10 showed evidence of a slight
induction effect. Clear differences were observed among the
CpGH3 genes in their responses to AsA treatment suggesting
variations in the transcriptional regulation of these genes
(Böttcher et al., 2015). On the basis of gene expression levels,
IAA-amido synthetase activities were reduced by AsA treatments
from 10 to 25 days compared to controls. Our data suggested
that AsA treatment regulated postharvest fruit ripening and
softening by promoting endogenous IAA levels. Moreover, fruits
treated with AsA showed a relatively lower production rate
of ethylene compared to the controls. It suggested that AsA
delayed ripening by regulating auxin-ethylene balance. The
higher IAA levels in AsA treated fruits would lead to lower
ethylene levels.

In this study, we identified seven CpGH3 genes in a
papaya genome database. Our study provides comprehensive
information on GH3 gene expression patterns in different tissues
and on the enzyme activities of IAA-amido synthetases
under different postharvest conditions. These results
further indicated an important role for GH3 genes in the
regulation of auxin-associated fruit postharvest changes.
Our findings may provide a way to develop novel strategies
for improving papaya fruit quality during postharvest
storage.
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