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Transcriptional Regulation of
Stearoyl-Acyl Carrier Protein
Desaturase Genes in Response to
Abiotic Stresses Leads to Changes in
the Unsaturated Fatty Acids
Composition of Olive Mesocarp
M. Luisa Hernández1,2* , M. Dolores Sicardo1, Miguel Alfonso2 and
José M. Martínez-Rivas1

1 Instituto de la Grasa (IG-CSIC), Seville, Spain, 2 Estación Experimental de Aula Dei (EEAD-CSIC), Zaragoza, Spain

In higher plants, the stearoyl-acyl carrier protein desaturase (SAD) catalyzes the first
desaturation step leading to oleic acid, which can be further desaturated to linoleic
and α-linolenic acids. Therefore, SAD plays an essential role in determining the overall
content of unsaturated fatty acids (UFA). We have investigated how SAD genes
expression and UFA composition are regulated in olive (Olea europaea) mesocarp
tissue from Picual and Arbequina cultivars in response to different abiotic stresses. The
results showed that olive SAD genes are transcriptionally regulated by temperature,
darkness and wounding. The increase in SAD genes expression levels observed in
Picual mesocarp exposed to low temperature brought about a modification in the
UFA content of microsomal membrane lipids. In addition, darkness caused the down-
regulation of SAD genes transcripts, together with a decrease in the UFA content of
chloroplast lipids. The differential role of olive SAD genes in the wounding response
was also demonstrated. These data point out that different environmental stresses can
modify the UFA composition of olive mesocarp through the transcriptional regulation of
SAD genes, affecting olive oil quality.

Keywords: Olea europaea, olive, abiotic stress, gene expression, unsaturated fatty acids, stearoyl-ACP
desaturase

INTRODUCTION

Unsaturated fatty acids not only serve as a major source of reserve energy in the form of
triacylglycerols, but also constitute complex lipids that are essential components of cellular
membranes. In plants, an increasing number of studies has also proposed UFA and their
derivatives as signaling molecules, which are involved in the response to biotic and abiotic stresses
(Kachroo and Kachroo, 2009).

Abbreviations: DGDG, digalactosyldiacylglycerol; FAD2, microsomal oleate desaturase; FAD3, microsomal linoleate
desaturase; FAD6, plastidial oleate desaturase; FAD7/8, plastidial linoleate desaturase; MGDG, monogalactosyldiacylglycerol;
SAD, stearoyl-acyl carrier protein desaturase; UFA, unsaturated fatty acids; WAF, weeks after flowering.
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In higher plants, de novo fatty acid biosynthesis starts in the
plastid by successive addition of two carbon atoms from acetyl-
CoA, mainly leading to the synthesis of palmitoyl-acyl carrier
protein (palmitoyl-ACP) and stearoyl-ACP (Harwood, 2005).
These products, which can be desaturated in different cellular
compartments, are the source of most of the fatty acids present in
plant lipids. The first desaturation takes place in the plastid by the
action of the 19 stearoyl-ACP desaturase (SAD), which produces
oleoyl-ACP, using ferredoxin as electron donor. The oleoyl-ACP
is then cleaved by specific thioesterases to free fatty acids, which
are then incorporated into glycerolipids, where can be further
desaturated to linoleic and α-linolenic acid by membrane-bound
fatty acid desaturases, that differ in their cellular localization, lipid
substrates, and electron donor system (Shanklin and Cahoon,
1998). The microsomal oleate desaturase (FAD2) and linoleate
desaturase (FAD3) are located in the endoplasmic reticulum, use
phospholipids as acyl substrates and NADH, NADH-cytochrome
b5 reductase and cytochrome b5 as electron donor system. On the
other hand, the plastidial oleate desaturase (FAD6) and linoleate
desaturase (FAD7/8) are located in the plastid, use glycolipids as
acyl carriers and NAD(P)H, ferredoxin-NAD(P) reductase and
ferredoxin as electron donor system (Supplementary Figure S1).

Plant fatty acid desaturases are regulated by different
environmental and physical stresses. Temperature is one of the
main environmental factors affecting fatty acid desaturases. The
plants ability to adjust membrane lipid fluidity in response
to temperature by changing the levels of UFA is allowed
by the regulated activity of fatty acid desaturases (Iba, 2002;
Upchurch, 2008). Several mechanisms have been described to
explain how temperature regulates fatty acids desaturation,
including transcriptional (Kargiotidou et al., 2008) and post-
transcriptional regulation (Matsuda et al., 2005), and through
the effect of temperature on oxygen availability (Rolletschek
et al., 2007). Light is a second environmental factor regulating
fatty acid desaturation. An increase in polyunsaturated fatty
acids have been reported in cucumber cotyledons (Murphy and
Stumpf, 1979), oat leaves (Ohnishi and Yamada, 1983), and
Arabidopsis callus cultures (Brockman et al., 1990) exposed
to light. Regarding the molecular mechanism by which light
regulates fatty acid desaturase, transcriptional (Kargiotidou et al.,
2008) and post-translational (Collados et al., 2006) regulation
have been reported. Plant fatty acid desaturases are also affected
by wounding or pathogen attack. In fact, plants have evolved
multiple mechanism to defend themselves against pathogens. It
has been widely described the key role of polyunsaturated fatty
acids in plants defense response, mainly as precursor of signal
molecules such as jasmonic acid (Farmer, 1994). Accordingly,
the transient induction of fatty acid desaturases in response to
wounding has been observed in several plants (Hamada et al.,
1996; Nishiuchi et al., 1997).

Olive (Olea europaea L.) is one of the first plants to be
cultivated for oil production, and olive oil is the one with most
impact in the Mediterranean region either at the economic,
social and cultural levels (Baldoni et al., 2009). Virgin olive
oil is a natural fruit juice, highly enriched in oleic acid (55–
83%), while linoleic acid accounts for 3.5–21%, and linolenic
acid for less than 1%. The relative contents of these UFA

depends mainly on the olive cultivar, but also on pedoclimatic
and culture conditions (Beltrán et al., 2004), affecting the
nutritional (Perona et al., 2005) and technological properties
(Aparicio et al., 1999) of the oil, and, therefore, the olive oil
quality. In olive, three genes encoding SAD have been reported
(Haralampidis et al., 1998; Parvini et al., 2016). SAD2 was
highly expressed in mesocarp and seed, whereas the transcript
of SAD3 was mainly detected in young drupes and leaves. In
contrast, SAD1 expression levels remained low in all tissues
studied. In addition, SAD2 gene has been suggested as the main
contributor to oleic acid synthesis in olive mesocarp (Parvini
et al., 2016). Regarding membrane desaturases, two genes
encoding microsomal (Hernández et al., 2005) and one plastidial
(Banilas et al., 2005; Hernández et al., 2011) oleate desaturases
have been described, identifying FAD2-2 as the main gene
responsible for the linoleic acid accumulation in olive mesocarp
(Hernández et al., 2009). Finally, four genes encoding linoleate
desaturases have been reported, two microsomal (Banilas et al.,
2007; Hernández et al., 2016) and two plastidial (Poghosyan et al.,
1999; Hernández et al., 2016), with FAD7-1 and FAD7-2 genes
being suggested to contribute mostly to the linolenic acid present
in the olive mesocarp (Hernández et al., 2016).

Early studies using olive callus cultures revealed that FAD2
is regulated by temperature and light intensity, while FAD7 is
affected by high temperature (Hernández et al., 2008). More
recently, transcriptional analysis conducted on olive mesocarp
exposed to low and high temperatures demonstrated the role
of FAD2, FAD6, and FAD7 genes in regulating UFA levels
in order to maintain the fluidity of the biological membranes
(Hernández et al., 2011; Matteucci et al., 2011; D’Angeli et al.,
2013). In the same way, RNAseq analysis has shown that FAD2-2
gene increased its expression in olive leaves in response to cold
(Leyva-Pérez et al., 2015). Furthermore, Hernández et al. (2011)
observed a decrease in oleate desaturase genes expression levels
when the olive fruit were incubated under darkness conditions.
On the other hand, a transient induction of oleate desaturases,
together with a slight increase in linoleic acid and the appearance
of palmitolinoleic acid, have been reported in olive mesocarp
subjected to wounding (Hernández et al., 2011) (Supplementary
Figure S1). In addition, Padilla et al. (2012, 2014) described
the transient induction of 13- and 9-lipoxygenases, and 13-
hydroperoxide lyase in mechanically damaged olive mesocarp.
These results showed the involvement of olive oleate desaturases
in plant defense response providing the substrates to the different
lipoxygenases pathways, including that of jasmonic acid synthesis
(Weber, 2002). Not only that, a transcriptomic approach has also
been performed to study the molecular interaction between the
olive fruit fly (Bactrocera oleae) and tolerant and susceptible olive
cultivars (Corrado et al., 2012; Grasso et al., 2017).

However, with the exception of a recent study on the effect
of irrigation in desaturase gene expression of olive mesocarp
(Hernández et al., 2018), there is still scarce information about
the regulation of SAD genes in response to environmental stresses
in plant tissues and, even more, in the case of the mesocarp
of oil fruits. This tissue possesses the remarkable characteristic
of having a high proportion of active chloroplasts together
with a high amount of oil (Sánchez, 1994). In addition, SAD

Frontiers in Plant Science | www.frontiersin.org 2 March 2019 | Volume 10 | Article 2516

https://www.frontiersin.org/journals/plant-science/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles


fpls-10-00251 March 1, 2019 Time: 18:54 # 3

Hernández et al. Abiotic Stresses Olive Oleate Desaturation

is of particular interest because is a key determinant of the
overall level of fatty acid desaturation (Shanklin and Somerville,
1991), since this enzyme carries out the first desaturation step
leading to oleic acid, which can be further desaturated to
linoleic acid and α-linolenic acid. Therefore, it has a significant
effect on the fluidity and rigidity of membrane system and
the relationship of this to the adaption of plants to various
environmental conditions.

For these reasons, we have studied in this work the
transcriptional regulation of SAD genes in olive fruit remaining
in branches incubated under different abiotic stresses, together
with its impact at the metabolite level on the UFA content
in different lipid classes of mesocarp tissue from Picual and
Arbequina cultivars.

MATERIALS AND METHODS

Plant Material and Stress Treatments
Olive (Olea europaea L. cv. Picual and Arbequina) trees were
grown in the experimental orchard of Instituto de la Grasa, Seville
(Spain), with drip irrigation and fertirrigation from the time of
complete flowering to fruit ripening.

Four olive branches carrying 100 olive fruit at 28 WAF
(turning stage) each one, were collected from different olive
trees located in the same field, and transferred to growth
chamber where they were incubated at 25◦C with a 12 h
light/12 h dark cycle, with a light intensity of 300 µmol
m−2 s−1. These incubation parameters attempted to simulate
physiological conditions of the tree, and were considered the
standard conditions. No significant alterations in the fatty acid
composition or SAD genes expression levels were observed in the
mesocarp tissue when olive fruits were incubated under the above
mentioned standard conditions (Supplementary Figure S2). For
stress treatments, a new set of four olive branches with the same
characteristics as previously mentioned were collected from the
different olive trees and transferred to growth chamber, where the
described standard conditions were altered to achieve the stress
conditions to be studied. To examine the effect of temperature,
the olive branches containing the fruits were incubated at
15◦C for the low temperature experiment and 35◦C for the
high temperature one, at the same standard light intensity. For
darkness treatment, light was turned off maintaining the same
standard temperature. To study the effect of wounding, the whole
surface of the olive fruit was mechanically damaged at zero
time exerting pressure using tweezers with serrated tips, so that
mesocarp tissue was affected. Each experiment corresponding to
a different treatment was carried out at a different day of the same
week, to ensure that the olive fruits of the different experiments
were in the same stage (28 WAF). Zero time was designated
2 h after the beginning of the light period in every experiment,
in order to maintain the natural photoperiod day/night of the
olive fruit. At the indicated times, 10 olive fruits were taken from
each olive branch, then 1–2 g of olive mesocarp was collected
from 5 different olive fruits for RNA isolation, and 1.5 g was
collected from the other 5 different olive fruits for lipid analysis.
Therefore, in each experiment we used approximately 60 olive

fruits from three olive branches, one branch for each biological
replicate. In all experiments we incubated four branches, so that
in case that we had a problem with a branch, to ensure we
had another branch with olives and we could continue with
the experiment. Olive mesocarp samples were frozen in liquid
nitrogen and stored at −80◦C.

Total RNA Extraction and cDNA
Synthesis
Total RNA isolation was carried out according to Hernández
et al. (2005) using 1–2 g of frozen olive fruit mesocarp tissue
collected from at least five different olive fruit per each of the
three biological replicates. Briefly, the frozen olive mesocarp
was ground in a pre-cooled mortar with liquid nitrogen and
homogenized with the extraction buffer, containing Tris-HCl,
NaCl, Na2EDTA and SDS, and 2-mercaptoethanol. Afterward,
nucleic acids were extracted with phenol/chloroform twice, and
precipitated with NaAc and ethanol. The nucleic acid pellet
was resuspended in DEPC treated water and LiCl was added
to precipitate the RNA. The pellet was washed twice with 70%
ethanol and resuspended in 25 µl DEPC-water. RNA quality
verification, removal of contaminating DNA and cDNA synthesis
were performed as described by Hernández et al. (2009), using the
TURBO DNA-free kit (Ambion, United States) and SuperScript
III First-Strand Synthesis System (Invitrogen, Carlsbad, CA,
United States) with oligo (dT)20.

Quantitative Real Time-PCR (qRT-PCR)
Gene expression analysis was performed by quantitative real time
PCR (qRT-PCR) using a CFX Connect real-time PCR System
and iTaq Universal SYBR Green Supermix (Bio-Rad, Hercules,
CA, United States). Primers for gene-specific amplification
were described by Parvini et al. (2016) and are shown in
Supplementary Table S1. Reaction mix (10 µL per well)
contained 1X iTaq-QPCR Master Mix, 100 nM forward and
reverse primers, and 2 µL of cDNA of appropriate dilution, which
was selected according to the primers amplification efficiency.
The thermal cycling conditions included an initial denaturation
step of 95◦C for 10 min, followed by 40 cycles of 95◦C for 30
s, 60◦C for 1 min, and 72◦C for 30 s. The melting reaction
from 55◦C through 95◦C, at 0.1◦C s−1, following the final step
of the PCR, was used to examine the specificity of the PCR
amplification and the presence of primer dimers. Additionally,
the purity of the PCR products were also checked by agarose
gel electrophoresis. PCR efficiencies (E) of all primers were
calculated using dilution curves with eight dilution points,
twofold dilution, and the equation E = [10(−1/slope)] – 1. For
normalization of the data, the olive ubiquitin2 gene (OeUBQ2,
AF429430) was used as an endogenous reference. The qRT-
PCR data were calibrated relative to the corresponding gene
expression level at zero time for each treatment and cultivar,
following the relative quantification by the 2−11Ct method
(Livak and Schmittgen, 2001). The data are presented as
means ± SD of the three biological replicates, each having two
technical replicates per 96 well plate.
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Lipid Extraction and Fatty Acid Analysis
For lipid analysis, 1.5 g of frozen olive mesocarp tissue collected
from at least five different olive fruits per each of the three
biological replicate, were used. Olive fruit mesocarp tissue was
firstly treated with isopropanol at 70◦C for 30 min to inactivate
endogenous lipase activity. Extraction of lipids was carried out
according to Hara and Radin (1978), followed by their separation
by thin layer chromatography as described by Hernández et al.
(2008). Acid-catalyzed transmethylation of the different lipid
preparations was performed to obtain the corresponding fatty
acid methyl esters (Garcés and Mancha, 1993), which were
analyzed by gas chromatography (Román et al., 2012). The
internal standard used to calculate the lipid and fatty acid content
in the samples was heptadecanoic acid. Results are expressed
in µg of the sum of UFA per mg of FW, and are presented as
means ± SD of three biological replicates.

RESULTS AND DISCUSSION

Olive SAD Genes Expression and
Unsaturated Fatty Acids Composition
Are Regulated by Temperature
To investigate how temperature regulates UFA synthesis in olive
mesocarp, olive branches from Picual and Arbequina cultivars
holding olive fruits at 28 WAF, which correspond to turning
stage, were incubated at low (15◦C) and high (35◦C) temperature
with a 12 h light/12 h dark cycle, for 24 h. Lipid and SAD genes
expression analysis were carried out using olive mesocarp at
different times after incubation at the aforementioned conditions.

The effect of low temperature (15◦C) on the UFA content and
SAD transcript levels was different in the two cultivars studied.
Low temperatures reduced the UFA content at the beginning of
incubation in both cultivars, and then recovered practically to the
initial levels at 6 h of incubation. These levels were maintained in
Arbequina mesocarp until the end of the experiment. However,
in Picual mesocarp the UFA levels increased during the 24 h
period, reaching about 20% more than at the beginning of the
treatment (Figure 1A). These results correlated well with the
expression levels of SAD genes in mesocarp tissue exposed to
the cold treatment. In this way, while Arbequina SAD transcripts
remained practically constant throughout the treatment, in
Picual mesocarp the expression levels of the three SAD genes
showed a transient and significant increase during the first 3 h
of incubation, with SAD1 undergoing a 10-fold increase in gene
expression compared to SAD2 and SAD3 with 6- and 3-fold
increase, respectively (Figure 1B). The effect of incubation at
15◦C observed in Picual mesocarp is the general response to low
temperature changes for desaturases, since there are numerous
reports describing that low temperature causes an increase in the
UFA content (Los and Murata, 1998). With only two exceptions
in lima bean (Zhang et al., 2011) and avocado (García-Rojas
et al., 2012), an induction of SAD genes by cold stress has been
reported in different plant species. For instance, Wang et al.
(2013) described that in Ginkgo biloba leaves, SAD mRNA levels
increased transiently, reaching a maximum at 6 h after incubation

FIGURE 1 | Effect of low temperature on the unsaturated fatty acids content
(A) and the relative expression levels of olive SAD1, SAD2, and SAD3 genes
(B) in the mesocarp tissue from cultivars Picual and Arbequina. Branches with
about 100 olive fruit (28 WAF) were incubated using standard conditions
except that the temperature was 15◦C. At the indicated times, fatty acid
composition was analyzed by gas chromatography, and relative expressions
levels were determined by qRT-PCR using the expression level of the
corresponding gene at zero time as calibrator. Data are presented as
means ± SD of three biological replicates. ∗ Indicates significantly different to
time 0 h (p < 0.05) by two-way ANOVA with a Bonferroni post-test.

at 4 or 15◦C, and then decreased after 24 h, analogous to what
we observed in the Picual olive mesocarp. Similarly, a transient
induction of SAD gene was observed in tea leaves incubated at 4
or −5◦C for 24 h (Ding et al., 2016). In a like manner, an increase
in SAD transcript in response to low temperature has been
described in avocado fruit (Madi et al., 2003), potato leaves (Vega
et al., 2004; De Palma et al., 2008), rape hypocotyl (Tasseva et al.,
2004), and soybean seed (Byfield and Upchurch, 2007), which
was also accompanied by an increment in the UFA content. The
role of SAD gene in plant cold stress has also been demonstrated
in transplastomic tobacco plants expressing a wild potato SAD
gene, that exhibited increased UFA content and improved cold
tolerance (Craig et al., 2008). Furthermore, the rice cold inducible
transcription factor Osmyb4, which is involved in the cold stress
response, has been shown to transactivate the wild potato SAD
gene promoter (Vannini et al., 2004).
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To gain further insight about the cold stress response observed
in olive mesocarp from Picual cultivar, we decided to analyze
the UFA content in the different lipids classes from this tissue
incubated at 15◦C for 24 h, to investigate whether the detected
increase in SAD genes expression leads to an increase in the
UFA content in membrane lipids. We observed that the UFA
content in triacylglycerol decreased throughout the incubation at
15◦C, while UFA levels increased significantly in the membrane
phospholipids (Table 1). In addition, we observed an increase
in all of the UFA, being oleic acid the one that increases the
most (Supplementary Table S2). These data suggested that low
temperature incubation induced a mobilization of UFA from
storage lipids into microsomal membrane lipids.

We have previously reported an induction of FAD2 genes
in mesocarp tissue incubated at 15◦C for 24 h, although non-
significant differences were detected in the linoleic acid content
of microsomal and plastidial membranes (Hernández et al.,
2011). In that study, we suggested that the timescale could be
too short to observe effects, although the existence of post-
transcriptional regulatory mechanism could not be discarded.
In this work (Supplementary Table S2), we noticed that the
increase in oleic acid in membrane phospholipids took place
from the beginning of the cold treatment (1 h after incubation),
whereas a very slight increase of linoleic acid was detected
in phosphatidic acid, phosphatidylserine, phosphatidylcholine,
and phosphatidylethanolamine at longer times (6–24 h after
incubation), suggesting that low temperature induced the
synthesis of oleic acid in the short–term, while the increase of
linoleic acid occurs at longer incubations periods. These results
indicate that the observed changes in the transcript levels of
SAD genes caused by low temperature are accompanied by the
adjustment of UFA content of microsomal membrane lipids and
modulation of membrane fluidity in olive mesocarp cv. Picual.

The fact that low temperatures did not increase either SAD
expression levels or the UFA levels in Arbequina mesocarp could
be related with a lower cold tolerance of this cultivar with respect
to Picual. In this sense, Vega et al. (2004) reported that the
expression of SAD gene increased during cold acclimation only in

Solanum commersonii, a species capable of cold acclimation, and
not in the cultivated non-cold acclimating Solanum tuberosum
species, although the latter had a greater amount of constitutive
SAD gene expression, indicating that the changes in transcript
accumulation observed in S. commersonii may be related to
its capacity to cold acclimate. However, these data contrast
slightly with those found by De Palma et al. (2008), which
provided evidence that the freezing tolerant S. commersonii
plants have a higher constitutive transcript levels of SAD gene.
Nevertheless, these results altogether suggest that SAD transcript
accumulation plays a key role in cold tolerance. This assumption
was further confirmed by Li et al. (2015), who reported that
SAD overexpression caused an increase in membrane linoleic
acid content, which improved the cold acclimation capacity of
transgenic potato plants.

With respect to high temperature, when we incubated the
olive branches with turning olive fruits at 35◦C for 24 h, we
observed a decreased in the UFA content 1 h after the incubation,
to subsequently recover to the initial values throughout the
incubation period in both cultivars, reaching even higher values
than the initial ones after 24 h of incubation (Figure 2A).
The changes observed in UFA content are mainly detected in
TAG for both cultivars (Supplementary Tables S3, S4). These
modifications in UFA levels did not correlate well with the SAD
genes expression pattern detected in mesocarp tissue exposed to
high temperature. We observed in Figure 2B that the expression
levels of the three SAD genes decreased during the incubation
at 35◦C, although SAD genes expression patterns were different
in both cultivars. Specifically, in cv. Picual, SAD1 and SAD2
transcripts slightly increased at 0.5 and 1 h of incubation, the
three genes expression levels were similar to initial values at
3 h, and then decreased considerably after 24 h of incubation.
However, in cv. Arbequina the three SAD transcripts decreased
from the beginning of the treatment. The downregulation of SAD
genes has been previously reported by Wang et al. (2013) in
leaves of ginkgo grown at 35 or 45◦C, and by Lu et al. (2013) in
Pinellia ternata leaves incubated at 35◦C for 24 h. In addition,
when soybean plants were incubated under warm conditions,

TABLE 1 | Effect of low temperature on the unsaturated fatty acids content of lipid classes from Picual mesocarp tissue.

Lipid class Unsaturated fatty acid content (µg/mg FW)

0 1 6 24

DAG 0.467 ± 0.064 0.481 ± 0.011 0.534 ± 0.065 0.562 ± 0.025

TAG 82.403 ± 1.165 68.520 ± 0.131∗ 66.309 ± 3.813∗ 56.945 ± 8.220∗

PI 0.010 ± 0.002 0.012 ± 0.002 0.014 ± 0.001 0. 024 ± 0.001

PS 0.004 ± 0.001 0.005 ± 0.001 0.011 ± 0.000 0. 011 ± 0.003

PC 0.049 ± 0.002 0.045 ± 0.004 0.070 ± 0.003 0. 068 ± 0.004

PE 0.005 ± 0.002 0.018 ± 0.000 0.021 ± 0.005 0. 021 ± 0.005

PA 0.027 ± 0.002 0.044 ± 0.002 0.052 ± 0.003 0. 046 ± 0.002

MGDG 0.045 ± 0.001 0.053 ± 0.002 0.037 ± 0.004 0.046 ± 0.003

DGDG 0.025 ± 0.002 0.049 ± 0.001 0.030 ± 0.002 0.040 ± 0.005

DAG, diacylglycerol; TAG, triacylglycerol; PI, phosphatidylinositol; PS, phosphatidylserine; PC, phosphatidylcholine; PE, phosphatidylethanolamine; PA, phosphatidate;
MGDG, monogalactosyldiacylglycerol; DGDG, digalactosyldiacylglycerol. Data are mean ± SD from three biological replicates. ∗ Indicates significantly different to time 0 h
(p < 0.05) by two-way ANOVA with a Bonferroni post-test.
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FIGURE 2 | Effect of high temperature on the unsaturated fatty acids content
(A) and the relative expression levels of olive SAD1, SAD2, and SAD3 genes
(B) in the mesocarp tissue from cultivars Picual and Arbequina. Branches with
about 100 olive fruit (28 WAF) were incubated using standard conditions
except that the temperature was 35◦C. At the indicated times, fatty acid
composition was analyzed by gas chromatography, and relative expressions
levels were determined by qRT-PCR using the expression level of the
corresponding gene at zero time as calibrator. Data are presented as
means ± SD of three biological replicates. ∗ Indicates significantly different to
time 0 h (p < 0.05) by two-way ANOVA with a Bonferroni post-test.

the SAD-A and SAD-B genes expression levels decreased in the
seeds, but with negligible effect on the seed stearate content
(Byfield and Upchurch, 2007). The lack of correlation between
the effect of high temperature on SAD genes expression levels
and the UFA content could be explained by several factors. In
particular, the high temperature regulation of oleic acid synthesis
may be mediated by post-transcriptional mechanism. Several
cases of temperature-related post-transcriptional mechanisms
have been reported for the oleate desaturases. In sunflower
seeds, it has been described that changes in temperature bring
about shifts in the very low endogenous oxygen concentration,
which affect FAD2 activity reversibly, without having an effect on
gene transcription (Rolletschek et al., 2007). Besides, Tang et al.
(2005) identified two domains that appear to be important in
mediating the temperature-dependent instability of the soybean
FAD2-1A isoform when expressed in yeast. However, to date, no
mechanism of post-transcriptional regulation by temperature has
been described for SAD enzymes.

Regulation of Olive SAD Transcript
Levels and Unsaturated Fatty Acids
Content by Darkness
To test whether darkness alters the UFA content and SAD
transcript levels in olive mesocarp, olive branches from Picual
and Arbequina cultivars holding olive fruits at 28 WAF (turning
stage) were incubated at 25◦C in the darkness, for 24 h. Although
we did not observe any significant difference in the total UFA
content during the incubation period, a decrease in the three SAD
genes expression levels was detected in both cultivars (Figure 3).
SAD1 and SAD3 transcripts levels decreased considerably in both
cultivars from the beginning of the treatment, so that after 24 h
of incubation reached a reduction of 90-fold in comparison to
the initial levels. However, the decrease in SAD2 expression levels
was about 50-fold after 3 h of incubation, maintaining these levels
in Picual cultivar and recovering the initial values in the case of
Arbequina (Figure 3B).

FIGURE 3 | Effect of darkness on the unsaturated fatty acids content (A) and
the relative expression levels of olive SAD1, SAD2, and SAD3 genes (B) in the
mesocarp tissue from cultivars Picual and Arbequina. Branches with about
100 olive fruit (28 WAF) were incubated at 25◦C under darkness conditions.
At the indicated times, fatty acid composition was analyzed by gas
chromatography, and relative expressions levels were determined by
qRT-PCR using the expression level of the corresponding gene at zero time as
calibrator. Data are presented as means ± SD of three biological replicates.
∗ Indicates significantly different to time 0 h (p < 0.05) by two-way ANOVA with
a Bonferroni post-test.
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FIGURE 4 | Effect of darkness on the galactolipids unsaturated fatty acid
content in the mesocarp tissue from cultivars Picual and Arbequina. Branches
with about 100 olive fruit (28 WAF) were incubated at 25◦C under darkness
conditions. At the indicated times, fatty acid composition of galactolipids were
analyzed by gas chromatography a Triangles, monogalactosyldiacylglycerol;
circles, digalactosyldiacylglycerol. Data are presented as means ± SD of three
biological replicates. ∗ Indicates significantly different to time 0 h (p < 0.05) by
two-way ANOVA with a Bonferroni post-test.

Several evidences indicate that light may play a regulatory
role for plant desaturases, although data are scarce in this area.
A light-dependent transcriptional regulation of oleate desaturase
genes has been described in olive mesocarp (Hernández et al.,
2011), similarly to that reported by Kargiotidou et al. (2008)
in cotton cotyledons, where FAD2 expression was reduced
after a 24 h incubation in the dark. In the same way, FAD7
and FAD8 are also transcriptionally regulated by light in
different plants (Nishiuchi et al., 1995; Horiguchi et al., 1996;

Collados et al., 2006). In general, it appears that increasing light
conditions are associated with an enhancement in desaturases
genes expression, with the converse also holding true in darkness
conditions. Although this is the first time that the effect of
darkness on SAD genes expression levels is reported in plants,
the regulatory role of light on 19 desaturase genes has been
studied before in other photosynthetic organism. Kis et al. (1998)
described that in the cyanobacteria Synechocystis PCC 6803
desaturases genes were strongly induced by light, except for the
19 desaturase, that was not significantly affected. On the other
hand, Ma et al. (2018) observed that the expression levels of
SAD gene from the green microalgae Haematococcus pluvialis
were significantly upregulated by light, which correlated well with
an increase in oleic acid. These results are in agreement with
the decrease in SAD genes expression levels observed in olive
mesocarp in darkness conditions, although we did not observe
a decrease in the total UFA content.

To further investigate the effect of darkness in oleic acid
synthesis, we decided to analyze the UFA content of the
different lipid classes in olive mesocarp subjected to darkness
conditions, in order to elucidate whether the decrease in the
expression levels of SAD genes affects the UFA content of a
specific lipid. Interestingly, we only observed a decrease in the
UFA content of the galactolipids, MGDG and DGDG, in both
cultivars (Figure 4), although with different behavior. While
in Picual mesocarp, the UFA content decreased considerably
during the 24 h of incubation under darkness conditions,
in Arbequina mesocarp, the UFA levels were reduced after
1 h of incubation, and then recovered, almost reaching the
levels detected at the beginning of the treatment. This effect
of the dark on the pattern of UFA content in galactolipids

TABLE 2 | Effect of darkness on the fatty acid composition of galactolipids from Picual and Arbequina mesocarp tissue.

Cultivar Lipid class Time (h) Fatty acid composition (µg/mg FW)

16:0 16:1 18:0 18:1 18:2 18:3

Picual MGDG 0 0.015 ± 0.002 0.002 ± 0.001 0.006 ± 0.000 0.054 ± 0.005 0.004 ± 0.000 0.000 ± 0.000

1 0.016 ± 0.002 0.002 ± 0.000 0.006 ± 0.001 0.065 ± 0.002∗ 0.005 ± 0.000 0.000 ± 0.000

6 0.014 ± 0.002∗ 0.001 ± 0.000 0.007 ± 0.001 0.044 ± 0.001∗ 0.003 ± 0.000 0.000 ± 0.000

24 0.010 ± 0.002 0.001 ± 0.000 0.008 ± 0.000 0.030 ± 0.002∗ 0.002 ± 0.000 0.000 ± 0.000

DGDG 0 0.027 ± 0.001 0.001 ± 0.000 0.010 ± 0.004 0.060 ± 0.010 0.003 ± 0.000 0.001 ± 0.000

1 0.021 ± 0.003 0.001 ± 0.000 0.007 ± 0.000 0.060 ± 0.004 0.003 ± 0.000 0.002 ± 0.000

6 0.014 ± 0.001∗ 0.001 ± 0.000 0.006 ± 0.000 0.029 ± 0.007∗ 0.002 ± 0.000 0.001 ± 0.000

24 0.016 ± 0.001∗ 0.001 ± 0.000 0.008 ± 0.001 0.025 ± 0.003∗ 0.001 ± 0.000 0.001 ± 0.000

Arbequina MGDG 0 0.007 ± 0.002 0.000 ± 0.000 0.018 ± 0.002 0.023 ± 0.003 0.003 ± 0.001 0.000 ± 0.000

1 0.008 ± 0.000 0.000 ± 0.000 0.012 ± 0.003 0.008 ± 0.002∗ 0.002 ± 0.001 0.000 ± 0.000

6 0.008 ± 0.000 0.000 ± 0.000 0.014 ± 0.001 0.014 ± 0.003∗ 0.004 ± 0.001 0.000 ± 0.000

24 0.010 ± 0.002 0.000 ± 0.000 0.012 ± 0.001 0.014 ± 0.006∗ 0.003 ± 0.002 0.000 ± 0.000

DGDG 0 0.008 ± 0.001 0.000 ± 0.000 0.016 ± 0.002 0.022 ± 0.002 0.001 ± 0.000 0.000 ± 0.000

1 0.008 ± 0.000 0.000 ± 0.000 0.011 ± 0.001 0.009 ± 0.002∗ 0.001 ± 0.000 0.000 ± 0.000

6 0.009 ± 0.002 0.000 ± 0.000 0.013 ± 0.001 0.012 ± 0.002∗ 0.002 ± 0.000 0.000 ± 0.000

24 0.009 ± 0.001 0.000 ± 0.000 0.012 ± 0.001 0.014 ± 0.003∗ 0.002 ± 0.001 0.000 ± 0.000

Data are presented as means ± SD of three biological replicates. MGDG, monogalactosyldiacylglycerol; DGDG, digalactosyldiacylglycerol. 16:0, palmitic acid;16:1,
palmitoleic acid; 18:0, stearic acid; 18:1 oleic acid; 18:2, linoleic acid; 18:3, linolenic acid. ∗ Indicates significantly different to time 0 h (p < 0.05) by two-way ANOVA with
a Bonferroni post-test.

Frontiers in Plant Science | www.frontiersin.org 7 March 2019 | Volume 10 | Article 25111

https://www.frontiersin.org/journals/plant-science/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles


fpls-10-00251 March 1, 2019 Time: 18:54 # 8

Hernández et al. Abiotic Stresses Olive Oleate Desaturation

correlated quite well with that of SAD2 expression levels
in both cultivars and not with SAD1 and SAD3, which
suggests, that the reduction of SAD2 transcript due to the
dark incubation could be the responsible for the decrease in
UFA in galactolipids. In fact, we noticed that the decrease
detected in the UFA content of MGDG and DGDG during
the dark incubation of olive mesocarp is mainly due to a
reduction in oleic acid content (Table 2). Therefore, we can
conclude that the down-regulation of SAD2 gene during the
dark incubation is the responsible for the reduction in the
UFA content in the main chloroplast lipids, MGDG and
DGDG. Furthermore, this light-dependent regulation detected
in olive mesocarp is cultivar-dependent, since the restoration of
SAD2 gene expression levels and UFA content in galactolipids
after 24 h of incubation observed in Arbequina cultivar, was
not detected in Picual mesocarp. The fact that the effect of
darkness was noticeable on chloroplast-localized lipids is not
unexpected. Gemmrich (1982) observed in Ricinus communis
cultures, that the light-induced changes in lipid composition
were associated with thylakoid formation. Strong light induces
ultrastructural changes in chloroplasts, so that the area of
thylakoid system on chloroplast sections increases, there is an
accumulation of chloroplast-localized lipids, like MGDG, and
the unsaturation index of fatty acids is elevated, being the
relative content of linolenic acid the one that increases the most
(Kislyuk et al., 2013).

Differential Transcriptional Regulation of
Olive SAD Genes in Response to
Wounding
The involvement of a 19 stearate desaturase in defense
mechanisms was firstly demonstrated by Xing and Chin (2000),
who reported that the expression of a yeast 19 desaturase
in eggplant enhanced its resistance to Verticillium dahliae. To
investigate possible changes in the UFA composition and SAD
genes expression of olive mesocarp in response to wounding,
olive branches from Picual and Arbequina cultivars holding
olive fruits at 28 WAF (turning stage) were incubated using
standard conditions except that olive fruit were mechanically
damaged at zero time. A slight increase in the UFA content
was observed when lipid analysis was performed at different
times of incubation after wounding, although with some cultivar
differences. While in cv. Picual the increase in UFA content after
wounding was slow and progressive, in Arbequina mesocarp the
UFA content increases rapidly after 1 h of incubation, continues
rising until 6 h and then, the levels were maintained until the end
of the incubation (Figure 5A).

In contrast, except in the case of Picual SAD3 gene, olive
SAD genes transcript levels decreased after wounding in both
cultivars (Figure 5B). It has been demonstrated that a mutation
in the Arabidopsis gene ssi2/fab2, which encodes a SAD, resulted
in the reduction of oleic acid levels, causing the constitutive
defense response in the mutant plant (Kachroo and Kachroo,
2009; Xia et al., 2009). Analogous results were observed in
OsSSI2-knockdown plants in rice (Jiang et al., 2009), and in
GmSAD-silenced soybean (Kachroo et al., 2008). In addition,

FIGURE 5 | Effect of wounding on the unsaturated fatty acids content (A) and
the relative expression levels of olive SAD1, SAD2 and SAD3 genes (B) in the
mesocarp tissue from cultivars Picual and Arbequina. Branches with about
100 olive fruit (28 WAF) were incubated using standard conditions except that
the olive fruit were mechanically damaged at zero time. At the indicated times,
fatty acid composition was analyzed by gas chromatography, and relative
expressions levels were determined by qRT-PCR using the expression level of
the corresponding gene at zero time as calibrator. Data are presented as
means ± SD of three biological replicates. ∗ Indicates significantly different to
time 0 h (p < 0.05) by two-way ANOVA with a Bonferroni post-test.

overexpression of the TaSSI2 in ssi2 Arabidopsis mutant plants
resulted in restoration of oleic acid and, thereby, rescued
other ssi2-associated phenotypes (Song et al., 2013). Further
studies revealed that the reduced oleic acid levels triggered the
transcriptional up-regulation of pathogenesis-related genes, the
genes governing synthesis of salicylic acid, and nitric oxide
responsive nuclear genes, thus activating disease resistance
(Venugopal et al., 2009; Mandal et al., 2012). In this sense, we
also detected in olive mesocarp a discrete reduction of 1.24% in
Picual and 2.88% in Arbequina in oleic acid levels after wounding
(Table 3). Since olive SAD2 has been reported to be the main gene
contributing to the oleic acid content in olive mesocarp (Parvini
et al., 2016), the down-regulation of olive SAD1 and SAD2 genes
observed in response to wounding could be responsible for the
decrease in the oleic acid proportion and, consequently, trigger
the defense response.
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TABLE 3 | Effect of wounding on the fatty acid composition of Picual and Arbequina mesocarp tissue.

Cultivar Time(h) Fatty acid composition (%)

16:0 16:1 16:2 18:0 18:1 18:2 18:3

Picual 0 13.41 ± 0.04 1.27 ± 0.04 0.10 ± 0.01 2.24 ± 0.00 80.19 ± 0.03 2.17 ± 0.01 0.62 ± 0.01

1 13.71 ± 0.06 ∗ 1.62 ± 0.03∗ 0.09 ± 0.00 2.17 ± 0.10 79.47 ± 0.04 ∗ 2.36 ± 0.05 ∗ 0.58 ± 0.01

6 13.86 ± 0.03∗ 1.65 ± 0.00∗ 0.10 ± 0.01 2.37 ± 0.01 ∗ 78.87 ± 0.04 ∗ 2.54 ± 0.01 ∗ 0.61 ± 0.00

24 13.57 ± 0.06 ∗ 1.51 ± 0.01∗ 0.11 ± 0.00 2.19 ± 0.01 78.95 ± 0.09 ∗ 3.13 ± 0.01 ∗ 0.55 ± 0.00

Arbequina 0 17.48 ± 0.40 2.02 ± 0.06 0.26 ± 0.02 1.83 ± 0.04 66.14 ± 0.83 11.70 ± 0.36 0.57 ± 0.03

1 18.53 ± 0.10 ∗ 2.33 ± 0.02 0.33 ± 0.01 1.75 ± 0.01 62.62 ± 0.32 ∗ 13.81 ± 0.10 ∗ 0.63 ± 0.11

6 18.15 ± 0.06 ∗ 2.38 ± 0.01 0.27 ± 0.02 1.81 ± 0.01 65.01 ± 0.04 ∗ 11.78 ± 0.03 0.59 ± 0.11

24 18.24 ± 0.10 ∗ 2.19 ± 0.03 0.33 ± 0.02 1.78 ± 0.00 63.26 ± 0.19 ∗ 13.62 ± 0.13 ∗ 0.59 ± 0.07

Data are presented as means ± SD of three biological replicates. 16:0, palmitic acid; 16:1, palmitoleic acid; 16:2, palmitolinoleic acid; 18:0, stearic acid; 18:1, oleic acid;
18:2, linoleic acid; 18:3, α-linolenic acid. ∗ Indicates significantly different to time 0 h (p < 0.05) by two-way ANOVA with a Bonferroni post-test.

Unlike SAD1 and SAD2 genes, SAD3 increased its transcript
levels transiently after 1 h in cv. Picual, and returned to
initial values at 24 h of treatment (Figure 5B). Remarkably,
SAD3 gene has been previously shown to be induced in
olive leaves infected by Spilocaea oleagina (Benítez et al.,
2005), and Verticillium dahliae and Fusarium spp. (Trabelsi
et al., 2017). Similar results to olive SAD3 gene induction
were observed in yellow lupine, avocado and tea. Zaborowska
et al. (2002) reported an increase in SAD gene transcripts
in yellow lupine nodules from 12 days after infection with
Bradyrhizobium sp. (Lupinus). In the same way, SAD expression
levels increased in response to wounding in avocado fruit
(Madi et al., 2003) and tea leaves (Ding et al., 2016).
Interestingly, we observed that the reduction in the oleic
acid levels was accompanied by an increase in palmitolinoleic
and linoleic acids at 24 h after wounding in both cultivars
(Table 3). We have reported before this increase in dienoic
fatty acids induced by wounding, showing that FAD2 genes
are involved in the wounding response of olive fruit mesocarp,
and causing an increase in the content of palmitolinoleic and
linoleic acids in microsomal lipids (Hernández et al., 2011).
In the same study, we also suggested that the synthesis of
palmitolinoleic acid is a consequence of the simultaneous
induction of SAD and FAD2 genes in olive fruit mesocarp in
response to wounding. Since, in this work, we have observed
a specific induction of the SAD3 gene (Figure 5B), it is
tempting to speculate that the SAD3 isoform is the one
involved in this response mechanism. These dienoic fatty acids
probably serve as precursors of a different set of oxylipins
involved in plant defense, generated by the lipoxygenase
pathway (Weber, 2002).

CONCLUSION

In the present study, we have demonstrated that low temperature
transcriptionally regulates SAD genes from olive mesocarp
in a cultivar-dependent manner, leading to a modification
of the UFA content in Picual microsomal membrane lipids,
in order to maintain membrane fluidity in the mesocarp
tissue. On the contrary, in the case of high temperature

SAD genes expression levels did not correlate well with
the UFA content in olive mesocarp. Our results have also
shown that the decrease of SAD gene transcripts caused by
darkness in olive mesocarp was accompanied by a reduction
in the UFA content of chloroplast lipids. In addition, the
differential transcriptional regulation of SAD genes after
wounding seems to have a crucial role in the olive defense
response, not only by reducing oleic acid levels, which triggers
the transcriptional up-regulation of defense related genes,
but also by promoting the increase of dienoic fatty acids,
that serve as precursors of oxylipins. Taken together, the
data presented in this work point out that the different
environmental stresses can modify the content of oleic acid
and its polyunsaturated derivatives in the olive mesocarp
through the transcriptional regulation of SAD genes, affecting
olive oil quality.
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Zea mays Brittle1-1 (ZmBT1-1) is an essential component of the starch biosynthetic

machinery in maize endosperms, enabling ADPglucose transport from cytosol to

amyloplast in exchange for AMP or ADP. Although ZmBT1-1 has been long considered

to be an amyloplast-specific marker, evidence has been provided that ZmBT1-1 is

dually localized to plastids and mitochondria (Bahaji et al., 2011b). The mitochondrial

localization of ZmBT1-1 suggested that this protein may have as-yet unidentified

function(s). To understand the mitochondrial ZmBT1-1 function(s), we produced and

characterized transgenic Zmbt1-1 plants expressing ZmBT1-1 delivered specifically to

mitochondria. Metabolic and differential proteomic analyses showed down-regulation

of sucrose synthase (SuSy)-mediated channeling of sucrose into starch metabolism,

and up-regulation of the conversion of sucrose breakdown products generated by cell

wall invertase (CWI) into ethanol and alanine, in Zmbt1-1 endosperms compared to

wild-type. Electron microscopic analyses of Zmbt1-1 endosperm cells showed gross

alterations in the mitochondrial ultrastructure. Notably, the protein expression pattern,

metabolic profile, and aberrant mitochondrial ultrastructure of Zmbt1-1 endosperms

were rescued by delivering ZmBT1-1 specifically to mitochondria. Results presented

here provide evidence that the reduced starch content in Zmbt1-1 endosperms is at

least partly due to (i) mitochondrial dysfunction, (ii) enhanced CWI-mediated channeling of

sucrose into ethanol and alaninemetabolism, and (iii) reduced SuSy-mediated channeling

of sucrose into starch metabolism due to the lack of mitochondrial ZmBT1-1. Our results

also strongly indicate that (a) mitochondrial ZmBT1-1 is an important determinant of
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the metabolic fate of sucrose entering the endosperm cells, and (b) plastidic ZmBT1-1

is not the sole ADPglucose transporter in maize endosperm amyloplasts. The

possible involvement of mitochondrial ZmBT1-1 in exchange between intramitochondrial

AMP and cytosolic ADP is discussed.

Keywords: ADPglucose, dual targeting, mitochondrial carrier family, mitochondrial retrograde signaling, starch,

sucrose synthase, Zea mays

INTRODUCTION

Mitochondria are the main sites of cellular respiration and ATP
supply. They also play important roles in diverse processes
such as redox homeostasis and provision of molecules that act
as metabolic intermediates in essential biosynthetic pathways
or as specific signals that modulate nuclear-encoded protein
expression (Chandel, 2014). To connect internalmetabolismwith
that of the surrounding cell, mitochondria possess solute carrier
proteins in the inner membrane which, due to their common
basic structure, are classed as members of the mitochondrial
carrier family (MCF) (Haferkamp and Schmitz-Esser, 2012;
Taylor, 2017). In plants, MCF proteins are involved in the
transport of nucleotides, phosphate, di- and tri-carboxylates,
amino acids, and cofactors across the mitochondrial membrane.
They are all presumed to be targeted to the mitochondrial inner
membrane, although some of them have been shown to occur
in peroxisomes, glyoxysomes, plasma membrane, and plastids
(Sullivan and Kaneko, 1995; Fukao et al., 2001; Bedhomme et al.,
2005; Palmieri et al., 2006; Bahaji et al., 2011a,b).

Brittle1 (BT1) proteins are members of the MCF that occur
only in plants. At the transcriptional level, maize plants express
two BT1 homologs: ZmBT1-1 and ZmBT1-2 (Kirchberger et al.,
2007). Whereas ZmBT1-2 shows a ubiquitous expression pattern
in heterotrophic and autotrophic tissues, ZmBT1-1 expression
is developmentally regulated, being high in maize endosperms
12–25 days after pollination (DAP) and undetectable in non-
endosperm tissues and suspension cultures (Sullivan et al., 1991;
Cao et al., 1995; Sullivan and Kaneko, 1995; Cao and Shannon,
1996; Kirchberger et al., 2007). ZmBT1-1 encodes a protein with
a predicted molecular mass of ca. 47 kDa (Sullivan et al., 1991).
In maize endosperms, ZmBT1-1 is present as three 39, 40, and
44 kDa proteins (Cao et al., 1995; Sullivan and Kaneko, 1995),
the former two being processing products generated within the
plastidial compartment (Li et al., 1992).

The bt1-1 locus of maize was identified in 1926 by mutations
that severely decreased the amount of starch deposition
in the endosperm and resulted in seeds with a collapsed
angular appearance at maturity that germinated slowly and
produced plants of low vigor (Mangelsdorf, 1926). Zmbt1-1
endosperms accumulate high levels of the starch precursor
molecule, ADPglucose (Shannon et al., 1996). Import studies

Abbreviations: AGP, ADPglucose pyrophosphorylase; CWI-2, Cell wall invertase
2; DAP, days after pollination; DEPs, differentially expressed proteins; FK,
fructokinase; G6P, glucose-6-phosphate; MCF, Mitochondrial carrier family; SuSy,
sucrose synthase; SSS, soluble starch synthase; SDH, sorbitol dehydrogenase; TP,
transit peptide; ZmBT1-1, Zea mays Brittle1-1.

using amyloplasts isolated from maize endosperms showed
that amyloplasts can transport ADPglucose in counter-exchange
with AMP and ADP (Shannon et al., 1998). These studies
also showed that the incorporation of externally applied
ADPglucose into starch in Zmbt1-1 amyloplasts was reduced
to about 25% compared with wild type (WT) amyloplasts
(Shannon et al., 1998). Overall, the data indicated that
ZmBT1-1 is an essential component of the starch biosynthetic
machinery in maize endosperms, enabling the transport into the
amyloplast of cytosolic ADPglucose produced by ADPglucose
pyrophosphorylase (AGP) and sucrose synthase (SuSy) (Bahaji
et al., 2014; Boehlein et al., 2018) in exchange with ADP
produced by starch synthase as schematically illustrated in
Supplemental Figure 1 (Kleczkowski, 1996) (Shannon et al.,
1996, 1998).

Although ZmBT1-1 has been long considered to be an
amyloplast-specific marker (Sullivan and Kaneko, 1995; Shannon
et al., 1998; Kirchberger et al., 2007), confocal fluorescence
microscopy studies using plants stably expressing GFP fusions
of ZmBT1-1, and electron microscopic immunocytochemical
analyses of maize endosperms, have provided evidence that
ZmBT1-1 is dually localized to plastids and mitochondria (Bahaji
et al., 2011b). These studies also showed that ZmBT1-1 N-
terminal extensions comprise targeting sequences recognized
exclusively by the plastidial compartment, whereas sequences
targeting to mitochondria are localized within the mature
part of ZmBT1-1. The mitochondrial localization of ZmBT1-
1 suggested that this protein may have as-yet unidentified
function(s). To get insights into the role(s) of mitochondrial
ZmBT1-1, in this work we conducted proteomic, metabolic,
and microscopic characterization of developing endosperms
of Zmbt1-1 plants and transgenic Zmbt1-1 plants expressing
ZmBT1-1 delivered specifically to mitochondria. Our findings
show that mitochondrial ZmBT1-1 is a decisive factor in primary
metabolism and mitochondrial function in developing maize
endosperms and raise important questions regarding the role of
BT1 in cereal endosperms.

MATERIALS AND METHODS

Plants, Growth Conditions, and Sampling
The work was performed using WT plants (the hybrid
W23/M14/W64A), a Zmbt1-1 mutant in a W23/M14/W64A
background provided by the Maize Genetics COOP Stock
Center (bt1-m1::dSpm, ref. 514N), which contains a ca. 3.3
kbp defective Suppressor-mutator (dSpm) in the third exon
of ZmBT1-1 (Sullivan et al., 1991) (Supplemental Figure 2A)
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and a Sh2 mutant in a OH43 background provided by the
Maize Genetics COOP Stock Center (sh2/OH43, ref. 333D).
The indentity of the Zmbt1-1 mutant was confirmed by PCR
using the O1 (5′-CGAGACGCTGAAGCGGCTCTAC-3′)
and O2 (5′-CACGATCCGGAAACACCACATC-3′) ZmBT1-
1 specific primers (the latter hybridizes with a genomic
sequence occurring downstream of the ZmBT1-1 stop codon,
Supplemental Figures 2A,B) as well as the dSpm-specific
O3 primer (5′-GGACTTGAACTTGTATGAATATTG-3′)
(Supplemental Figures 2A,B). We also used Zmbt1-1 plants
transformed with UBI-ZmBT1-1, UBI-1TP-ZmBT1-1, and
UBI-MitTPr-1TP-ZmBT1-1 (designated Zmbt1-1::ZmBT1-1,
Zmbt1-1::1TP-ZmBT1-1, Zmbt1-1::MitTPr-1TP-ZmBT1-1,
respectively) that were generated in two steps:

Step one: Production of HiII plants (Armstrong et al., 1991)
transformed with UBI-ZmBT1-1, UBI-1TP-ZmBT1-1 and
UBI-MitTPr-1TP-ZmBT1-1. To achieve this, HiII immature
embryo-derived callus cultures were transformed using the
biolistic gun-mediated method (Wang and Frame, 2009) and
the pAHC25-ZmBT1-1, pAHC25-1TP-ZmBT1-1 and pAHC25-
MiTPr-1TP-ZmBT1-1 plasmids (Supplemental Figure 3).
These plasmids were produced from the pAHC25 plasmid
(Christensen and Quail, 1996) by Gateway technology
(Invitrogen), and their identities confirmed by sequencing.
They contain, respectively, the ZmBT1-1, 1TP-ZmBT1-1, and
MitTPr-1TP-ZmBT1-1 genes, each under the transcriptional
control of the Ubi-1 promoter, and a selectable (bar) gene
(Supplemental Figure 3). Plantlets regenerated in medium
containing the herbicide glufosinate were transplanted into pots,
and further selected by spraying with the herbicide glufosinate
(0.1%). Herbicide selection and PCR analyses (see below) were
conducted for every generation, and the herbicide-resistant
and PCR-positive plants were self-pollinated until homozygous
transgenic HiII lines were generated. PCR-confirmation
of the integration of UBI-ZmBT1-1, UBI-1TP-ZmBT1-1,
and UBI-MitTPr-1TP-ZmBT1-1 into the plant genome was
conducted using the Ubi-1 promoter-specific O4 primer
(5′-GCATATGCAGCAGCTATATGTG-3′) and the ZmBT1-1-
specific O5 primer (5′-GGTGCGGGTTGGCGATCTTG-3′)
(Supplemental Figures 2C,D). Transformation with UBI-1TP-
ZmBT1-1 was further confirmed by PCR using O4 and the O6
primer (5′-GGGACCTGCAATGACGACCA-3′) specific for the
ZmBT1-1 TP encoding sequence (Supplemental Figures 2C,E).
Transformation with UBI-MitTPr-1TP-ZmBT1-1 was
further PCR-confirmed using O5 and the O7 primer (5′-
ATGGCTATGGCTGTTTTCCGC-3′) specific for the MitTPr
encoding sequence (Supplemental Figures 2C,F). All the
transformations were further confirmed by sequencing of the
amplicons obtained by PCR.

Step two: Crossing Zmbt1-1 plants with the transgenic
HiII plants generated as above. The seeds obtained were
germinated and plants selected by spraying with glufosinate.
Herbicide selection and PCR analyses were conducted, and
herbicide-resistant and PCR-positive plants were self-pollinated,
backcrossed to Zmbt1-1 for a total of three generations,
and self-pollinated until homozygous Zmbt1-1::ZmBT1-1,
Zmbt1-1::1TP-ZmBT1-1, and Zmbt1-1::MitTPr-1TP-ZmBT1-1
plants were generated.

For subcellular localization of GFP-tagged proteins, we
produced HiII plants transformed with UBI-1TP-ZmBT1-
1-GFP, UBI-MiTPr-GFP, and UBI-MitTPr-1TP-ZmBT1-
1-GFP (designated as 1TP-ZmBT1-1-GFP, MiTPr-GFP,
and MitTPr-1TP-ZmBT1-1-GFP, respectively) using
the pAHC25-1TP-ZmBT1-1-GFP, pAHC25-MiTPr-
GFP, and pAHC25MiTPr-1TP-ZmBT1-1-GFP plasmids
(Supplemental Figure 3).

Ten plants per line were grown in 35 L pots in greenhouse
conditions. For biochemical and proteomic analyses, seeds
were collected at the indicated developmental stage, and
endosperms immediately extracted, freeze-clamped, and
ground to a fine powder in liquid nitrogen with a pestle
and mortar.

Analytical Procedures
For measurement of glucose-6-phosphate (G6P), fructose-6-
phosphate, glucose-1-phosphate, UDPglucose and ADPglucose,
a 0.5 g aliquot of the frozen powdered endosperm (see above)
was resuspended in 1ml of 1M HClO4, left at 4◦C for 2 h
and centrifuged at 10,000 × g for 5min. The supernatant was
neutralized with K2CO3 and centrifuged at 10,000 × g. G6P,
fructose-6-phosphate, and glucose-1-phosphate in supernatants
were determined by HPLC with pulsed amperometric detection
on a DX-500 Dionex system with a CarboPac 10 column
according to the gradient separation application method
suggested by the supplier (100mM NaOH/100mM sodium
acetate to 100mM NaOH/500mM sodium acetate over 40min).
UDPglucose and ADPglucose were measured as described in
Li et al. (2013), by HPLC on a system obtained from Waters
Associates fitted with a Partisil-10-SAX column. Alanine and
GABA contents were measured as described by Loiret et al.
(2009). Ethanol was measured as described by Licausi et al.
(2010). Recovery experiments were carried out by adding
known amounts of metabolite standards to the frozen tissue
slurry immediately after the addition of extraction solutions.
The difference between the measurements from samples with
and without added standards was used as an estimate of the
percentage of recovery. All data were corrected for losses during
extraction. Starch from 24 DAP endosperms and dry seeds was
measured with an amyloglucosidase–based test kit (Boehringer
Mannheim, Germany).

Assays for Total Invertase and Sucrose
Synthase Activites
One g of the frozen powder (see above) was resuspended at 4◦C
in 5ml of 100mM HEPES (pH 7.5), 2mM EDTA, and 5mM
dithiothreitol (extraction buffer). The suspension was desalted,
resuspended in 5ml extraction buffer, and assayed for enzymatic
activities. We verified that this procedure did not result in
loss of enzymatic activity by comparing activity in extracts
prepared from the frozen powder with extracts prepared by
homogenizing fresh tissue in extraction medium. Total invertase
and SuSy activities were measured as described by Baroja-
Fernández et al. (2009). One unit (U) is defined as the amount
of enzyme that catalyzes the production of 1 µmol of product
per min.
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Western Blot Analyses
For immunoblot analyses, 100mg of the fine frozen endosperm
powder was resuspended in 300µl of 50mMHepes pH 7.0, 2mM
EDTA, and 10mM dithiothreitol, incubated 30min at 4◦C, and
centrifuged at 10,000 × g for 15min. Proteins occurring in the
supernatant were then separated on 15% SDS-PAGE, transferred
to PVDF filters, and immunodetected using the antisera raised
against recombinant ZmBT1-1 (Bahaji et al., 2011a), and a goat
anti-rabbit IgG alkaline phosphatase conjugate as secondary
antibody (Sigma).

Iodine Starch Staining
Thirty DAP seeds were stained in iodine solution [KI 2% (w/v),
I2 1% (w/v)] for 30min, rinsed briefly in deionized water
and photographed.

Isobaric Labeling-Based Differential
Proteomic Analyses
These analyses were conducted essentially as decribed in
Sánchez-López et al. (2016) for Arabidopsis leaves but with
the following modifications. For protein sample preparation
samples were prepared by grinding 200mg of endosperm
material from 24 DAP developing seeds into a fine powder
under liquid nitrogen using a pre-cooled mortar and pestle.
For the data analyses, MS/MS spectra were exported to
MGF format using Peak View v1.2.0.3 (Sciex, Redwood City,
CA) and searched using Mascot Server 2.5.1, OMSSA 2.1.9,
X!TANDEM 2013.02.01.1 and MyriMatch 2.2.140 against a
composite target/decoy database for maize built from the
85,535 sequences from UniProt Knowledgebase, together with
commonly occurring contaminants. The cut-off for differentially
regulated proteins was set at a FDR ≤ 5%. Functional
characterization of the differentially expessed proteins was
performed using theMapMan tool (https://mapman.gabipd.org/)
(Thimm et al., 2004).

Confocal Microscopy
Subcellular localization of GFP in 1TP-ZmBT1-1-GFP, MiTPr-
GFP, and MitTPr-1TP-ZmBT1-1-GFP plants was performed
using D-Eclipse C1 confocal microscope (Nikon, Japan)
equipped with standard Ar 488 laser excitation, BA515/30 filter
for green emission, and a BA650LP filter for red emission.

Transmission Electron Microscopy
We characterized samples from leaves and 24 DAP endosperms
of WT, Zmbt1-1, Sh2, and Zmbt1-1::MitTPr-1TP-ZmBT1-1
plants. Once excised, samples were immediately transferred to
aluminum sample holders, cryoprotected with 150mM sucrose,
frozen in a Leica electron microscopic HPM-100 high-pressure
freezer (Leica Microsystems, Vienna), transferred to liquid
nitrogen, and processed according to Seguí-Simarro (2015). In
brief, samples were freeze substituted with anhydrous acetone
+2% OsO4 at −80◦C for 4 days, followed by slow warming to
room temperature over a period of 24 h. After rinsing several
times in acetone, they were removed from the holders and
embedded with increasing concentrations of Spurr resin in
acetone according to the following schedule: 3 h in 2% resin, 3 h

in 5% resin, 15 h in 10% resin, 8 h in 25% resin, 15 h in 50% resin,
8 h in 75% resin, and 40 h in 100% resin. Resin polymerization
was performed at 70◦C for 30 h. Ultrathin (∼80 nm) sections
were then obtained using a Leica UC6 ultramicrotome, mounted
on formvar-coated, 150 mesh copper grids, stained with 2%
uranyl acetate for 6min and with lead citrate prepared as
described in Reynolds (1963) for 4min, and observed in a Jeol
JEM 1010 transmission electron microscope.

Statistical Analysis
The data are presented as the means of four independent
experiments, with 3–5 replicates for each experiment
(means ± SE). The significance of differences between WT,
Zmbt1-1::ZmBT1-1, Zmbt1-1::1TP-ZmBT1-1, and Zmbt1-
1::MitTPr-1TP-ZmBT1-1 endosperms was statistically evaluated
by Student’s t-test using the SPSS software. Differences were
considered significant at a probability level of P < 0.05.

RESULTS

Generation of Transgenic Zmbt1-1 Plants
Expressing ZmBT1-1 Delivered Specifically
to Mitochondria
We generated transgenic homozygous Zmbt1-1 maize plants
transformed with either UBI-ZmBT1-1 or UBI-1TP-ZmBT1-
1 as described in Methods. These plants express, respectively,
ZmBT1-1 and 1TP-ZmBT1-1 under the control of the Ubi-
1 promoter; the latter construct encodes a ca. 44 kDa
truncated form of ZmBT1-1 (designated as 1TP-ZmBT1-1) that
lacks 24 amino acids from the N-terminal extension which
potentially acts as a plastidial transit peptide (TP). We also
generated Zmbt1-1 plants transformed with UBI-MitTPr-1TP-
ZmBT1-1, which express a mitochondria-targeting pre-sequence
[the N-terminus of the F1-ATPase γ-subunit (Niwa et al.,
1999)] fused to 1TP-ZmBT1-1. The identities of the Zmbt1-1
mutant, and the homozygous Zmbt1-1maize plants transformed
with UBI-ZmBT1-1, UBI-1TP-ZmBT1-1, or UBI-MitTPr-1TP-
ZmBT1-1 (designated as Zmbt1-1::ZmBT1-1, Zmbt1-1::1TP-
ZmBT1-1, and Zmbt1-1::MitTPr-1TP-ZmBT1-1, respectively)
were confirmed by PCR and sequencing of the amplicons
obtained (Supplemental Figure 2).

Western blot analyses of ZmBT1-1 revealed bands of ca.
39, 40, and 44 kDa in WT endosperms (Figure 1), which is
consistent with previous reports (Cao et al., 1995; Sullivan and
Kaneko, 1995). As expected, no polypeptides cross-reacting with
the ZmBT1-1 antisera could be detected in Zmbt1-1 endosperms
(Figure 1). Similar to WT endosperms, Zmbt1-1::ZmBT1-1
endosperms expressed three proteins of ca. 39, 40, and 44 kDa
that cross-reacted with ZmBT1-1 antisera (Figure 1). In contrast,
Zmbt1-1::1TP-ZmBT1-1 and Zmbt1-1::MitTPr-1TP-ZmBT1-1
endosperms accumulated a single ca. 44 kDa protein that cross-
reacted with the ZmBT1-1 antisera (Figure 1). No plastidial
ZmBT1-1 processing product (e.g., 39 and 40 kDa proteins; Li
et al., 1992) could be detected in Zmbt1-1::1TP-ZmBT1-1 and
Zmbt1-1::MitTPr-1TP-ZmBT1-1 endosperms (Figure 1).
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FIGURE 1 | Western blot analysis of ZmBT1-1 in proteins extracted from 24

DAP WT (W23/M14/W64A), Zmbt1-1::ZmBT1-1, Zmbt1-1::1TP-ZmBT1-1,
Zmbt1-1::MitTPr-1TP-ZmBT1-1, and Zmbt1-1 endosperms. The gel was

loaded with 30 µg protein per lane.

TargetP (http://www.cbs.dtu.dk/services/TargetP/)
(Emanuelsson et al., 2000) predicts mitochondrial localization for
both 1TP-ZmBT1-1 and MitTPr-1TP-ZmBT1-1. To confirm
that 1TP-ZmBT1-1 was specifically targeted to mitochondria in
Zmbt1-1::1TP-ZmBT1-1 and Zmbt1-1::MitTPr-1TP-ZmBT1-1
endosperms we carried out confocal fluorescence microscopy
analyses of WT maize plants expressing 1TP-ZmBT1-1-GFP
and MitTPr-1TP-ZmBT1-1-GFP. We also analyzed fluorescence
distribution in plants expressing the mitochondrial-targeting
pre-sequence MitTPr fused with GFP (MitTPr-GFP). These
analyses revealed that the GFP fluorescence distribution and
motility patterns in 1TP-ZmBT1-1-GFP- and MitTPr-1TP-
ZmBT1-1-GFP- expressing plants were identical to those of
plants expressing the mitochondrial marker MitTPr-GFP (see
movies in Supplemental Videos 1–3), which is consistent with
previous studies using 1TP-ZmBT1-1-GFP- and MitTPr-
1TP-ZmBT1-1-GFP- expressing Arabidopsis plants (cf.
Figure 4, Bahaji et al., 2011b). These findings confirm that
1TP-ZmBT1-1-GFP has a mitochondrial localization in 1TP-
ZmBT1-1-GFP- and MitTPr-1TP-ZmBT1-1-GFP- expressing
maize plants.

Delivery of ZmBT1-1 Specifically to
Mitochondria Complements the Low
Starch Content Phenotype of
Zmbt1-1 Seeds
Zmbt1-1 seeds showed a collapsed, angular appearance at
maturity (Figure 2A) and were of reduced weight (Figure 2B)
and starch content (Figure 2C), a finding which is consistent
with previous reports (Mangelsdorf, 1926; Sullivan et al.,
1991). As expected, these phenotypes could be reverted to
WT by ectopic expression of ZmBT1-1 (Figure 2). Notably,
Zmbt1-1::1TP-ZmBT1-1 and Zmbt1-1::MitTPr-1TP-ZmBT1-1
seeds displayed a normal external appearance (Figure 2A),
and their weights and starch contents were like those of WT

seeds (Figures 2B,C). Iodine staining for starch localization in
excised 30 DAP seeds showed an even distribution of starch in
WT, Zmbt1-1::ZmBT1-1, Zmbt1-1::1TP-ZmBT1-1, and Zmbt1-
1::MitTPr-1TP-ZmBT1-1 endosperms, whereas in Zmbt1-1 seeds
starch accumulated exclusively in the upper part of the
endosperm (Figure 2D).

Zmbt1-1 seeds germinated slowly when compared with
WT seeds (Supplemental Figure 4A), which is consistent
with the findings of Mangelsdorf (1926). Slow germination
resulted in delayed growth of Zmbt1-1 plants when
compared with WT plants of various genetic backgrounds
(Supplemental Figure 4B). As expected, the slow germination
and delayed growth phenotype of Zmbt1-1 plants could
be complemented by the ectopic expression of ZmBT1-1
(Supplemental Figure 4). Zmbt1-1::1TP-ZmBT1-1 and Zmbt1-
1::MitTPr-1TP-ZmBT1-1 seeds displayed WT germination and
growth phenotypes (Supplemental Figure 4).

Delivery of ZmBT1-1 Specifically to
Mitochondria Restores the High
ADPglucose Content of Developing
Zmbt1-1 Endosperms to Wild Type Values
WT, Zmbt1-1, Zmbt1-1::ZmBT1-1, Zmbt1-1::1TP-ZmBT1-
1, and Zmbt1-1::MitTPr-1TP-ZmBT1-1 developing (24
DAP) endosperms were analyzed for contents of metabolic
intermediates of the sucrose-to-starch conversion process. As
expected, the starch content of Zmbt1-1 endosperms was lower
than that of WT endosperms. Levels of hexose-phosphates
(e.g., fructose-6-phosphate, G6P and glucose-1-phosphate)
in Zmbt1-1 endosperms were higher than those in WT
endosperms. UDPglucose and ADPglucose contents of Zmbt1-1
endosperms were ca. 2- and 12-fold higher, respectively, than
those of WT endosperms (Figure 3), an observation which
is consistent with Shannon et al. (1996). Notably, the low
starch content, and the high hexose-phosphate and nucleotide-
sugar contents of developing Zmbt1-1 endosperms could
be reverted to WT levels not only by ectopic expression of
ZmBT1-1, but also through expression of 1TP-ZmBT1-1 and
MitTPr-1TP-ZmBT1-1 (Figure 3).

Knocking Out ZmBT1-1 Promotes
Changes in the Proteome of Maize
Endosperms, Some of Which Can Be
Reverted by the Delivery of ZmBT1-1
Specifically to Mitochondria
The results presented above provided evidence that
mitochondrial ZmBT1-1 plays an important role in the
sucrose-to-starch conversion process in maize endosperms.
To obtain insights into the mechanisms influenced by the
mitochondrial ZmBT1-1, we carried out high-throughput,
isobaric labeling-based differential proteomic analyses of 24
DAP Zmbt1-1 and WT endosperms, and 24 DAP Zmbt1-1 and
Zmbt1-1::MitTPr-1TP-ZmBT1-1 endosperms.
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FIGURE 2 | Delivery of ZmBT1-1 specifically to mitochondria complements the collapsed angular appearance and the low endosperm starch content of Zmbt1-1
seeds. External appearance (A), weight (B), and starch content (C) of WT, Zmbt1-1, Zmbt1-1::ZmBT1-1, Zmbt1-1::1TP-ZmBT1-1, and
Zmbt1-1::MitTPr-1TP-ZmBT1-1 dry seeds. (D) Iodine staining of 30 DAP WT, Zmbt1-1, Zmbt1-1::ZmBT1-1, Zmbt1-1::1TP-ZmBT1-1, and
Zmbt1-1::MitTPr-1TP-ZmBT1-1 seeds. In (B,C), values represent the mean ± SD of determinations on four independent samples from three independent lines each

of Zmbt1-1::ZmBT1-1, Zmbt1-1::1TP-ZmBT1-1, and Zmbt1-1::MitTPr-1TP-ZmBT1-1. Asterisks indicate significant differences based on Student’s t-tests. (P <

0.05, Zmbt1-1 mutants vs. WT).

Differential Proteomic Analysis of Zmbt1-1 and

WT Endosperms

As shown in Supplemental Tables 1, 2, 414 out of the 2183
proteins identified were differentially expressed in Zmbt1-
1 and WT endosperms, 35 of them being annotated as
“uncharacterized proteins.” Among the population of 379
differentially expressed proteins (DEPs) with known functions,
191 were up-regulated, and 188 were down-regulated in Zmbt1-1

(Supplemental Table 1). By using the broad classifications
outlined byMapMan, the 379 proteins with known functions that
were differentially expressed in Zmbt1-1 and WT endosperms
were assembled into 25 functional groups (Figure 4). The
absence of ZmBT1-1 resulted in the down-regulation of the
expression of several soluble starch synthase (SSS) isoforms and
the major endosperm SuSy isoform, SH1 (Supplemental Table 1,
Figure 4), and up-regulation of the expression of the major
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FIGURE 3 | Delivery of ZmBT1-1 specifically to mitochondria reverts to WT the content of ADPglucose and other sucrose-to-starch biosynthetic intermediates in

developing Zmbt1-1 endosperms. The graphics represent the amounts of the metabolites indicated in 24 DAP endosperms from WT, Zmbt1-1,
Zmbt1-1::ZmBT1-1(1), Zmbt1-1::1TP-ZmBT1-1(1), and Zmbt1-1::MitTPr-1TP-ZmBT1-1(1) seeds. Values represent the mean ± SD of determinations on four

independent samples. Asterisks indicate significant differences based on Student’s t-tests. (P < 0.05, Zmbt1-1 mutants vs. WT).

Frontiers in Plant Science | www.frontiersin.org 7 March 2019 | Volume 10 | Article 24223

https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/plant-science#articles


Bahaji et al. The Role of Mitochondrial ZmBT1-1

0

2

4

6

8

10

12

14

16

100

102

G
ly

co
ly

si
s

H
o
rm

o
n
e
 m

e
ta

b
o
lis

m

S
tr
e
ss

T
e
tr
a
p
yr

ro
le

 s
yn

th
e
si

s

R
e
d
o
x 

re
g
u
la

tio
n

N
u
cl

e
o
tid

e
 m

e
ta

b
o
lis

m

M
is

ce
lla

n
e
o
u
s 

e
n
zy

m
e
 f
a
m

ily

R
N

A

D
N

A
P

ro
te

in
S

ig
n
a
lin

g

C
e
ll

D
e
ve

lo
p
m

e
n
t

T
ra

n
sp

o
rt

L
ip

id
 m

e
ta

b
o
lis

m

A
m

in
o
 a

ci
d
 m

e
ta

b
o
lis

m

S
e
co

n
d
a
ry

 m
e
ta

b
o
lis

m

M
e
ta

l h
a
n
d
lin

g

N
-m

e
ta

b
o
lis

m

C
e
ll 

w
a
ll

F
e
rm

e
n
ta

tio
n

O
P

P

T
C

A
/o

rg
a
n
ic

 a
ci

d
 t
ra

n
sf

o
rm

a
tio

n

M
a
jo

r 
C

H
O

 m
e
ta

b
o
lis

m

M
in

o
r 
C

H
O

 m
e
ta

b
o
lis

m

down-regulated

up-regulated

N
u

m
b

e
r 

o
f 

d
if
fe

re
n

ti
a

lly
 e

x
p

re
s
s
e

d
 p

ro
te

in
s

B6UD65

Q6XZ78

A0A096RP08

C4J164

K7VDR8

B6TBZ8

A0A096RCF3;B6TBZ8

B4FVH1

B4F832

B6TEC1

K7UBU3;P08735

B4FAK9;B6TDF8

B6SPZ2

B4FQM2

Q09054

A0A096TIB6

B6TXL9;Q8S4W9

B6SUD1;P00333

Q43274

B6T715

K7U1I2

B6T565;B6TQ36

K7VCQ4

B6TUA2;Q9SWR9

A0A096R737

B6SRL2

FIGURE 4 | Functional categorization of the proteins differentially expressed in endosperms of Zmbt1-1 and WT seeds. The number of proteins that are up- and

down-regulated in Zmbt1-1 endosperms is indicated by gray and black bars, respectively. Proteins are indicated by their accession numbers. Their descriptions are

shown in Supplemental Table 1. Proteins discussed here are boxed.

endosperm invertase isoform, the cell wall invertase 2 (CWI-
2), sorbitol dehydrogenase (SDH), fructokinase (FK), glycolytic
enzymes, and enzymes of the ethanolic fermentation pathway
and the TCA cycle (Supplemental Table 1, Figure 4).

Differential Proteomic Analysis of Zmbt1-1 and

Zmbt1-1::MitTPr-1TP-ZmBT1-1 Endosperms

One hundred and twenty-five out of the 2,152 proteins identified
were differentially expressed in Zmbt1-1 and Zmbt1-1::MitTPr-
1TP-ZmBT1-1 endosperms, 7 of them being annotated as
“uncharacterized proteins” (Supplemental Tables 3, 4). Among
the population of 118 DEPs with known functions, 60 were up-
regulated, and 58 were down-regulated in Zmbt1-1 endosperms.
When comparing the DEPs in Zmbt1-1 and Zmbt1-1::MitTPr-
1TP-ZmBT1-1 endosperms (Supplemental Table 3) with those
of Zmbt1-1 and WT endosperms (Supplemental Table 1) we
found that 53% of the proteins that were differentially
expressed in the Zmbt1-1 and Zmbt1-1::MitTPr-1TP-ZmBT1-
1 endosperms were also differentially expressed in the Zmbt1-
1 and WT endosperms (Supplemental Table 3). This indicates
that the absence of mitochondrial ZmBT1-1 largely accounts for
the differences in protein expression observed in ZmBT1-1 and
WT endosperms.

The 118 DEPs with known functions that were
differentially expressed in Zmbt1-1 and Zmbt1-1::MitTPr-1TP

-ZmBT1-1 endosperms were assembled into 17 functional
groups (Figure 5). Notably, mitochondrial delivery of ZmBT1-
1 in Zmbt1-1 strongly up-regulated the expression of SH1
and xylose isomerase, and down-regulated the expresions
of CWI-2, SDH, FK, glycolytic, and TCA cycle enzymes
(Supplemental Table 3, Figure 5). Also, mitochondrial-specific
delivery of ZmBT1-1 in Zmbt1-1 up-regulated the expression
of numerous starch metabolism enzymes [e.g., granule-bound
starch synthase, several SSS isoforms, starch phosphorylase,
and the small and large subunits of AGP (BT2a and SH2,
respectively)] (Supplemental Table 3, Figure 5).

Lack of Mitochondrial ZmBT1-1 Impedes
Down-Regulation of CWI-2 Expression and
Up-Regulation of SH1 Expression During
Endosperm Development
In maize, the level of expression of CWI-2 is greatest early during
seed development and it then drops from the 12 DAP stage
(Cheng et al., 1996; Prioul et al., 2008) whereas SH1 expression
increases from the 14 DAP developmental stage (Doehlert et al.,
1988; Méchin et al., 2007; Prioul et al., 2008; Li et al., 2013).
The results of the differential proteomic analyses described above
suggested that a lack of mitochondrial ZmBT1-1 could result in
impairment of the transition from CWI-2- to SH1- mediated
sucrose breakdown during endosperm development. To test
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FIGURE 5 | Functional categorization of the proteins differentially expressed in endosperms of Zmbt1-1::MitTPr-1TP-ZmBT1-1 and Zmbt1-1 seeds. The number of

proteins that are up- and down-regulated in Zmbt1-1::MitTPr-1TP-ZmBT1-1 endosperms is indicated by gray and black bars, respectively. Proteins are indicated by

their accession numbers. Their descriptions are shown in Supplemental Table 3. Proteins discussed here are boxed. Proteins that are differentially expressed in WT

and Zmbt1-1 seeds are highlighted in red.

this hypothesis we measured total invertase and SuSy activities
during the development of WT, Zmbt1-1 and Zmbt1-1::MitTPr-
1TP-ZmBT1-1 endosperms. As shown in Figure 6 these analyses
revealed that, unlike WT and Zmbt1-1::MitTPr-1TP-ZmBT1-1
endosperms, total invertase and SuSy activities did not varymuch
during development of Zmbt1-1 endosperms.

Lack of Mitochondrial ZmBT1-1 Promotes
the Accumulation of High Levels of Ethanol
and Alanine
The proteomic analyses suggested that a lack of ZmBT1-1
could promote the accumulation of ethanol and alanine from
glycolytically produced pyruvate, as expression of glycolytic
and ethanolic fermentation enzymes, and TCA cycle enzymes
involved in GABA shunt-mediated alanine production, were
higher in Zmbt1-1 endosperms than in WT endosperms. This
inference was corroborated by the analysis of the ethanol, GABA
and alanine contents of 24 DAP WT, Zmbt1-1, and Zmbt1-
1::ZmBT1-1 endosperms. As shown in Figure 7, the levels of these

compounds were higher in Zmbt1-1 endosperms than in WT
and Zmbt1-1::ZmBT1-1 endosperms. To test the possibility that
the absence of mitochondrial ZmBT1-1 causes ethanol, GABA,
and alanine over-accumulation in Zmbt1-1 endosperms we
characterized Zmbt1-1::MitTPr-1TP-ZmBT1-1 endosperms. We
observed that delivering ZmBT1-1 specifically to mitochondria
rescues the WT levels of ethanol, GABA, and alanine in Zmbt1-1
endosperms (Figure 7).

Lack of Mitochondrial ZmBT1-1 Is
Associated With Aberrant Ultrastructural
Development in the Mitochondria of
Maize Endosperms
Down-regulation of storage metabolism, up-regulation
of glycolytic and ethanolic fermentation, and alanine
accumulation promoted by the lack of mitochondrial
ZmBT1 resemble the responses of plants to conditions
in which mitochondrial functioning is compromised
(Miyashita and Good, 2008; Shingaki-Wells et al., 2014). Under
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such conditions, mitochondria fail to develop normally and
exhibit signs of degeneration such as loss of cristae, clarification
of the matrix and swelling (Shingaki-Wells et al., 2014). To
investigate whether the metabolic disorder observed in Zmbt1-
1 endosperms was associated with aberrant mitochondrial
development, we analyzed the ultrastructure of mitochondria
in 24 DAP WT and Zmbt1-1 endosperms using ultrafast
high-pressure freezing fixantion and transmission electron
microscopy. As a control, we also analyzed leaf mitochondria.

As shown in Figures 8A,C mitochondria of leaves from the
two genotypes exhibited a similar, conventional morphology,
being oval or elongated, and having conspicuous cristae
distributed throughout the matrix. In striking contrast,
whereas mitochondria of WT endosperms were elongated

and had cristae (Figure 8B, Supplemental Figure 5A), the
vast majority of mitochondria in Zmbt1-1 endosperms
were round-oval in shape and had no cristae in the matrix
(Figure 8D, Supplemental Figure 5B). In Zmbt1-1 endosperm
mitochondria, only small, round cristae-like invaginations
were identified at the organelle periphery closely apposed
to the inner membrane (Figure 8D). To investigate whether
the ultrastructural differences in mitochondria of Zmbt1-1
endosperms could be a consequence of reduced starch content,
we conducted high-pressure freezing and transmission electron
microscopy analyses of 24 DAP endosperms of Sh2, a starch-
deficient mutant lacking the large SH2 subunit of AGP (Bhave
et al., 1990).

As shown in Figures 8E,F mitochondria of Sh2 leaves and
endosperms exhibited conventional morphology, indicating that
the aberrant morphology of Zmbt1-1 endospermmitochondria is
not due to reduced starch.

We next addressed the possibility that the aberrant
ultrastructure of mitochondria in Zmbt1-1 endosperms might be
related to the absence of mitochondrial ZmBT1-1. To this end we
analyzed mitochondria from Zmbt1-1::MitTPr-1TP-ZmBT1-1
plants. As shown in Figures 8G,H Zmbt1-1::MitTPr-1TP-
ZmBT1-1 leaf and endosperm mitochondria exhibited a
ultrastructure indistinguishable from that of WT leaf and
endosperm mitochondria. Overall, the data showed that
a lack of mitochondrial ZmBT1-1 expression results in
aberrant development and architecture of the mitochondria in
maize endosperm.

DISCUSSION

ZmBT1-1 Is an Important Determinant of
the Metabolic Fate of Incoming Sucrose in
Developing Maize Endosperms
The channeling of incoming sucrose into sink metabolism in the
maize endosperm requires its cleavage by invertase and SuSy.
In maize, the major endosperm invertase, CWI-2, is involved in
the transport of photoassimilates into the developing kernel, and
its expression is highest early in seed development in the lower
endosperm (Cheng et al., 1996; Prioul et al., 2008). The main
SuSy isoform in maize endosperms, SH1, is involved in cellulose
and starch synthesis (Shannon et al., 1996; Chourey et al.,
1998; Thévenot et al., 2005). During seed development, SH1 is
expressed first in the upper endosperm; expression then extends
to the lower endosperm (Doehlert et al., 1988; Prioul et al., 2008).
Like that of ZmBT1-1, SH1 expression increases from the 14 DAP
developmental stage and parallels starch accumulation (Doehlert
et al., 1988; Méchin et al., 2007; Prioul et al., 2008; Li et al.,
2013). Increased SuSy activity during endosperm development
can therefore be regarded as a marker for the onset of endosperm
starch filling (Prioul et al., 2008).

Differential proteomic analysis of developing Zmbt1-1 and
WT endosperms indicated that glycolytic metabolism of sucrose
breakdown products generated by CWI-2, and their subsequent
conversion into ethanol and alanine, is more active in Zmbt1-1
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than in WT endosperms, as expression levels of CWI-2, SDH,
FK, and enzymes of glycolysis, ethanolic fermentation and the
TCA cycle were higher in Zmbt1-1 endosperms than in WT
endosperms (Supplemental Table 1, Figure 4). Furthermore,
expression level of alanine aminotransferase was lower in Zmbt1-
1 endosperms than in WT endosperms (Supplemental Table 1,
Figure 4). These analyses also indicated that channeling of
sucrose into starch metabolism is less active in Zmbt1-1 than
in WT endosperms, as expression levels of SH1 and several
SSS isoforms in Zmbt1-1 endosperms were lower than in WT
endosperms (Supplemental Table 1, Figure 4). It thus appears
that ZmBT1-1 expression is an important determinant of the
switch from invertase- to SuSy-mediated metabolism of the
incoming sucrose in maize endosperms. This idea, which is
schematically illustrated in Figure 9A, is supported by the fact
that the contents of ethanol, alanine and its precursor GABA in
developing Zmbt1-1 endosperms are higher than those in WT
endosperms (Figure 7). The hypothesis is given further weight by
the results of analyzing total invertase and SuSy activities during
the development of WT and Zmbt1-1 endosperms, which show
that, in contrast to WT endosperms, total invertase and SuSy
activities do not vary much during the development of Zmbt1-1
endosperms (Figure 6). The fact that starch accumulates only in
the upper part of developing Zmbt1-1 endosperms (Figure 2D)
would strongly indicate that the reduced starch content in this
mutant is partly due to impairments in the developmental
activation of SH1 expression in the lower part of the endosperm.

Mitochondrial ZmBT1-1 Is a Deciding
Factor in Endosperm Primary Metabolism
The results presented in Figure 2, which show that Zmbt1-
1::1TP-ZmBT1-1 and Zmbt1-1::MitTPr-1TP-ZmBT1-1

endosperms accumulate WT levels of starch, demonstrate that
the delivery of ZmBT1-1 specifically to mitochondria is enough
to complement the “low starch content” phenotype of Zmbt1-1
endosperms. Differential proteomic analysis of developing
Zmbt1-1 and Zmbt1-1::MitTPr-1TP-ZmBT1-1 endosperms
showed that mitochondrial expression of ZmBT1-1 in Zmbt1-1
endosperms up-regulates the expression of enzymes involved
in the sucrose-to-starch conversion process (i.e., SH1, AGP,
starch phosphorylase, SSS, and granule-bound starch synthase),
and down-regulates the expression of CWI-2, SDH, FK, and
glycolytic enzymes (Supplemental Table 3, Figure 5). These data
indicate that, as schematically illustrated in Figure 9B, delivery
of ZmBT1-1 specifically to mitochondria in Zmbt1 endosperms
reduces the glycolytic conversion of sucrose breakdown products
generated by CWI-2 into ethanol and alanine, and enhances
the SH1-mediated sucrose-to-starch conversion pathway. It
therefore appears that mitochondrial ZmBT1-1 plays a key role
in the transition from invertase- to SuSy-mediated metabolism of
the incoming sucrose during endosperm development and thus
acts as a major determinant of the metabolic fate of incoming
sucrose. In support of this view, analyses of enzymatic activities
during endosperm development revealed that the delivery of
ZmBT1-1 specifically to mitochondria restored the WT patterns
of total invertase and SuSy activities (Figure 6). Furthermore,
metabolic analyses showed that levels of ethanol, GABA, and
alanine in 24 DAP Zmbt1-1::MitTPr-1TP-ZmBT1-1 endosperms
were lower than those in Zmbt1-1 endosperms, and similar to
those of WT endosperms (Figure 7). Notably, these analyses
also revealed that mitochondrial expression of ZmBT1-1 rescued
WT contents of starch, ADPglucose, and other metabolic
intermediates of the sucrose-to-starch conversion process in
Zmbt1-1 endosperms (Figures 2, 3).
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Possible Involvement of an As-yet
Unidentified Plastidial ADPglucose
Transporter in the Sucrose-To-Starch
Conversion Process in Zmbt1-1

Endosperms Expressing ZmBT1-1
Delivered Specifically to Mitochondria
Zmbt1-1 endosperms accumulate high levels of ADPglucose
in the cytosol, which can be due to reduced ZmBT1-1-
mediated transport of ADPglucose from the cytosol to the
amyloplast (Shannon et al., 1996). Plastidial ZmBT1-1-lacking
Zmbt1-1::1TP-ZmBT1-1 and Zmbt1-1::MitTPr-1TP-ZmBT1-1
endosperms accumulate WT levels of ADPG and starch
(Figure 3), which indicates that plastidial ZmBT1-1 is not strictly
required for normal starch production in maize endosperms.
One explanation to this phenomenon could be that specific
delivery of ZmBT1-1 to mitochondria promotes the transit of
cytosolic G6P into the amyloplast for its subsequent conversion
to starch as schematically illustrated in Figure 9B. In such
case, however, high ADPG levels would be expected to occur
in Zmbt1-1::1TP-ZmBT1-1 and Zmbt1-1::MitTPr-1TP-ZmBT1-
1 endosperm cells. Alternatively, the enhancement of starch
content and the reduction of ADPG content to WT levels
in Zmbt1-1 endosperms by specific delivery of ZmBT1-1 to
mitochondria could be due to the fact that delivery of ZmBT1-1
to the mitochondrial compartment of Zmbt1-1 endosperm cells
causes the up-regulation of the expression (or the activation)
of an as-yet unidentified plastidial ADPglucose transporter
enabling the transport of ADPglucose from the cytosol to the
amyloplast. At present it is not possible to draw any firm
conclusions as to the class of the translocator responsible for
moving ADPglucose across the amyloplast envelope membrane
of Zmbt1-1::1TP-ZmBT1-1 and Zmbt1-1::MitTPr-1TP-ZmBT1-
1 endosperms. However, we must emphasize that amyloplasts
from plants and organs other than cereal endosperms are
capable of transporting ADPglucose (Pozueta-Romero et al.,
1991; Naeem et al., 1997). Furthermore, amyloplasts isolated
from bt1 maize and rice endosperms still possess 25% of
the capacity of WT amyloplasts to transport ADPglucose
(Shannon et al., 1998; Cakir et al., 2016). This residual activity
appears to be catalyzed by a uniporter system, as ADPglucose
incorporation into isolated amyloplasts of bt1 rice endosperms
is not stimulated by preincubation with ADP (Cakir et al.,
2016). Recent studies have shown that nucleoside transporters are
capable of transporting extracellular ADPglucose into bacteria
(Almagro et al., 2018). Therefore, it is tempting to speculate
that plastidial nucleoside transporters could be involved, at least
partly, in the transport of ADPglucose across the envelope
membrane of Zmbt1-1::1TP-ZmBT1-1 and Zmbt1-1::MitTPr-
1TP-ZmBT1-1 endosperms.

Mitochondrial ZmBT1-1 Plays an Important
Role in Mitochondrial Function and Its
Absence Invokes Retrograde Signaling
Mitochondria are sources of specific signaling molecules that
relay information on their energetic and metabolic status to the

FIGURE 8 | Ultrastructure of mitochondria (m) in leaves (A,C,E,G) and 24

DAP endosperms (B,D,F,H) of WT (A,B), Zmbt1-1 (C,D), Sh2 (E,F), and

Zmbt1-1::MitTPr-1TP-ZmBT1-1(1) seeds (G,H). Arrowheads point to

mitochondrial cristae. Note their absence in (D), where only round, peripheral

invaginations (arrows) are observed. chl, chloroplast; ct, cytoplasm; cw, cell

wall; v, vacuole. Bars: 100 nm.

nucleus. Under conditions in which mitochondrial functioning
is compromised, the cell is capable of modulating the expression
of nuclear-encoded proteins through a retrograde regulation
process, so as to partially counteract the energy crisis that ensues
(Rhoads and Subbaiah, 2007; Chandel, 2014). For instance,
under conditions of oxygen deprivation, or when the expression
of proteins that are important for proper mitochondrial function
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is compromised, plants down-regulate storage metabolism,
up-regulate glycolysis to maintain ATP synthesis, enhance
ethanolic fermentative metabolism to regenerate the NAD
necessary for glycolysis, and accumulate alanine to store
carbon and nitrogen, regulate intracellular pH balance or

prevent pyruvate and lactate accumulation (Wiseman et al.,
1977; Paumard, 2002; Miyashita and Good, 2008; Busi et al.,
2011; Shingaki-Wells et al., 2014). Under such conditions,
mitochondria fail to develop normally and exhibit signs of
degeneration (Shingaki-Wells et al., 2014). Results presented in
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this work provide strong evidence that mitochondrial ZmBT1-1
plays an important role in mitochondrial function, energy
provision and primary metabolism in maize endosperms, and
indicate that its absence invokes changes in the expression of
nuclear-encoded proteins to compensate for the associated
metabolic perturbations. This is supported by facts showing
that (i) vast majority of mitochondria in Zmbt1-1 endosperms
are aberrant (Figure 8), (ii) Zmbt1-1 endosperms accumulate
low levels of starch and high levels of ethanol and alanine in
Zmbt1-1 endosperms (Figures 3, 7) due to altered expression
of nuclear-encoded starch biosynthetic enzymes and enzymes
involved in glycolysis and ethanol and alanine production
(Figure 4, Supplemental Table 1); and (iii) delivering
ZmBT1-1 specifically to mitochondria reverts the Zmbt1-
1 phenotype and protein expression pattern (Figures 2–8,
Supplemental Table 3).

A Suggested Functional Role for
Mitochondrial ZmBT1-1 in Facilitating
Exchange Between Intramitochondrial
AMP and Cytosolic ADP in
Maize Endosperms
Dual targeting of proteins to mitochondria and plastids occurs
mainly when proteins have overlapping functions in the two
organelles (Smith et al., 1998; Peeters and Small, 2001; Goggin
et al., 2003; Christensen et al., 2005; Duchêne et al., 2005;
Kmiec et al., 2014), although dually targeted proteins may also
fulfill different roles in plastids and mitochondria. In some
cases, proteins with dual targeting play important roles in
mitochondria, but not in plastids (Tarasenko et al., 2016).

ZmBT1-1 and homologs in other cereal species are counter-
exchange transporters that recognize not only ADPglucose, but
also ADP and AMP (Shannon et al., 1998; Bowsher et al., 2007;
Cakir et al., 2016). Accordingly, as illustrated in Figure 10, we
propose that inmaize endosperms ZmBT1-1 could play a decisive
role in exporting AMP from mitochondria to the cytosol in
exchange for ADP. Such transporters are not without precedent,
since mitochondrial AMP exporters have been reported in
both yeast and mammals (Fiermonte et al., 2004; Todisco
et al., 2006). Possible sources of AMP in the mitochondrial
matrix include reactions leading to the activation of amino
acids for protein synthesis, and formation of various CoA-
derivatives (catalyzed by amino-acyl tRNA synthetases and acyl-
activating enzymes, respectively) (Shockey et al., 2003; Duchêne
et al., 2005; Igamberdiev and Kleczkowski, 2006). Although
it has been suggested that de novo purine biosynthesis that
leads to AMP production is exclusively located in plastids
(Zrenner et al., 2006), immunolocalization and proteomic
analyses have provided evidence that enzymes of the de novo
purine biosynthesis pathway are also localized tomitochondria in
several organs and species (Atkins et al., 1997; Goggin et al., 2003;
cf. Supplemental Table 3, Krath and Hove-Jensen, 1999; Huang
et al., 2009; cf. Supplemental Table 1, Lee et al., 2013).

ADP incorporated into the matrix by mitochondrial ZmBT1-
1 could be converted to ATP to be exported to the cytosol
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FIGURE 10 | Metabolic scheme illustrating the suggested roles of ZmBT1-1 in

the mitochondrion and in the amyloplast of maize endosperms. In amyloplasts,

ZmBT1-1 could play a role in facilitating the incorporation of cytosolically

produced ADPglucose in exchange for newly synthesized AMP or ADP

produced by the starch synthase reaction. In mitochondria, ZmBT1-1 could

play a decisive role in exporting AMP to the cytosol in exchange for ADP

which, once in the matrix, could be converted to ATP by oxidative

phosphorylation. ATP generated in the mitochondrion could be exported to

the cytosol by means of the ADP/ATP carrier. GBSS, granule-bound starch

synthase; PGM, phosphoglucomutase; SP, starch phosphorylase; UGP, UDP

glucose pyrophosphorylase.

by means of the ADP/ATP carrier (Figure 10). Thus, the net
balance inherent in the suggested mechanism of ZmBT1-1-
mediated adenylate transport in maize endosperms would imply
the export to the cytosol of one molecule each of mitochondrially
synthesized AMP and ATP in exchange for two molecules
of cytosolic ADP (Figure 10). Mitochondrial ZmBT1-1 could
therefore play a role in energy provision by mitochondria in
maize endosperms. In amyloplasts, ZmBT1-1 could participate
in facilitating the incorporation of cytosolic ADPglucose in
exchange for newly synthesized AMP or ADP produced by the
starch synthase reaction (Figure 10).
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PLANT SECONDARY SMALL INTERFERING RNAs

In plants, RNA silencing regulates key biological processes such as development, response to
stress, genome integrity, and antiviral resistance. RNA silencing functions through diverse classes
of small RNAs (sRNAs) that associate with ARGONAUTE (AGO) proteins to repress highly
sequence-complementary target transcripts (Baulcombe, 2004).

Small interfering RNAs (siRNAs) are a class of sRNAs arising from double-stranded RNA
(dsRNA) precursors. Secondary siRNAs are those siRNAs whose dsRNA precursor synthesis is
triggered by an upstream sRNA-guided transcript cleavage event followed by RNA-dependent RNA
polymerase (RDR) activity (for a recent review see de Felippes, 2019). Many secondary siRNAs are
produced in 21-nucleotide (nt) register with the sRNA-guided cleavage site by successive Dicer-Like
(DCL) processing and are therefore called phased secondary siRNAs (phasiRNAs). In contrast, only
a subset of secondary siRNAs act in trans to repress one or more targets distinct from their locus
of origin. These siRNAs are called trans-acting siRNAs (tasiRNAs), most of which are also phased
(Axtell, 2013).

CLASSES OF SECONDARY siRNA-BASED SILENCING TOOLS

While secondary siRNAs may be ultimately generated in classic RNA interference (RNAi)
approaches such as virus induced gene silencing (VIGS) or hairpin-based silencing after the
initial targeting of transgene-derived (primary) siRNAs (Ossowski et al., 2008), only two classes of
silencing tools operate primarily through the action of secondary siRNAs. These are (i) artificial or
synthetic tasiRNAs (atasiRNAs and syn-tasiRNAs, respectively, both terms are accepted), and (ii)
miRNA-induced gene silencing (MIGS). Both classes of secondary siRNA-based tools have been
extensively used in plants to induce selective gene silencing in basic gene function studies or to
improve agronomic traits.

atasiRNA/syn-tasiRNAs are expressed from transgenes including engineered TAS precursors
in which a region corresponding to various endogenous tasiRNAs is substituted by a fragment
containing multiple atasiRNA/syn-tasiRNA sequences (Figure 1A). In Arabidopsis thaliana
(Arabidopsis), modified TAS transcripts are cleaved by a specific microRNA (miRNA)/AGO
complex (e.g., miR173/AGO1 and miR390/AGO7 cleave TAS1- and TAS3-based precursors,
respectively), and one of the cleavage products is converted by RDR6 to dsRNA, which is
processed by DCL4 into phased tasiRNA duplexes in 21-nt register with the miRNA cleavage
site. atasiRNA/syn-tasiRNA guide strands, typically designed to contain an AGO1-preferred 5’
U, are incorporated into AGO1 to direct silencing of one or multiple transcripts at one or
multiple sites (Figure 1A). Importantly, the multiplexing of several atasiRNAs/syn-tasiRNAs in

33
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FIGURE 1 | Secondary siRNA-based silencing tools in plants. (A). The atasiRNA/syn-tasiRNA pathway. TAS1 precursor sequence is in black, with trigger miR173

target site (TS) in light gray. AtasiRNA/syn-tasiRNA sequences targeting RNA 1 are shown in dark and light blue; atasiRNA/syn-tasiRNA sequences targeting RNA 2

are shown in dark and light green; miR173 sequence is shown in yellow. Promoter and terminator sequences are shown with a dark gray arrow and box, respectively.

Participating proteins are represented with colored ovals. (B) The MIGS pathway. Sequences corresponding to gene fragments 1 and 2 are in diverse blue and green

tonalities, respectively. Other details are as in (A).

a single construct allows for the efficient and simultaneous
multitargeting of various sequence-related or unrelated genes.
Moreover, as for artificial miRNAs (amiRNAs), atasiRNAs/syn-
tasiRNAs can be computationally designed with user-friendly
web tools such as P-SAMS (http://p-sams.carringtonlab.org/)
(Fahlgren et al., 2016) to be highly specific and prevent the so-
called off-target effects characteristic of other RNAi approaches.
For instance, P-SAMS designs artificial sRNAs that contain (i)
an AGO1-preferred 5’ U, (ii) a C in position 19 to generate
a star strand with an AGO1 non-preferred 5’ G thus avoiding
competition for AGO1 loading, and (iii) an intentional mismatch
with the target transcript at position 21 to limit possible
transitivity effects (Carbonell, 2017). Initially, atasiRNAs/syn-
tasiRNAs were used to efficiently repress one or multiple

endogenous genes in gene function studies in Arabidopsis (de
La Luz Gutierrez-Nava et al., 2008; Montgomery et al., 2008a,b;
Carbonell et al., 2014) (Table 1). More recently, atasiRNAs/syn-
tasiRNAs have emerged as an effective approach to induce
resistance against viruses and viroids in several plant species
(Chen et al., 2016; Carbonell and Daròs, 2017; Carbonell et al.,
2019) (Table 1), and, more broadly, as a promising tool for
plant biology study and crop improvement (for a review see
Zhang, 2014).

MIGS was named (de Felippes et al., 2012) a few years
later than was first reported (Montgomery et al., 2008b;
Felippes and Weigel, 2009). Initial MIGS transgenes included
one or more fragments from one or more target genes fused
downstream of miR173 target site (Figure 1B) (de Felippes
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TABLE 1 | Uses of secondary siRNA-based tools in plants.

Secondary siRNA tool Precursor miRNA

trigger

Plant species Target(s)a References

atasiRNA/syn-tasiRNA TAS1a miR173 Arabidopsis thaliana SUL Felippes and Weigel, 2009

Baykal et al., 2016

TAS1c CPC, ETC2,
FT, TRY

Carbonell et al., 2014

FAD2 de La Luz Gutierrez-Nava et al., 2008

PDS Montgomery et al., 2008b

Nicotiana benthamiana PSTVd Carbonell and Daròs, 2017

TSWV Carbonell et al., 2019

TAS3 miR390 Arabidopsis thaliana PDS Montgomery et al., 2008a

CMV, TuMV Chen et al., 2016

MIGS – miR173 Arabidopsis thaliana AG, ELF3,
FT, GFP, LFY

de Felippes et al., 2012

CH42 Felippes and Weigel, 2009

GFP Martínez et al., 2016

miP1a, miP1b Graeff et al., 2016

PDS Sarrion-Perdigones et al., 2013

PGDH1 Benstein et al., 2013

PSAT1 Wulfert and Krueger, 2018

Capsella rubella RPP5 Sicard et al., 2015

Medicago truncatula CEP1 Imin et al., 2013

Oryza sativa GBSS, LAZY1,
PDS, ROC5

Zheng et al., 2018

Petunia hybrida CHS, PDS Han et al., 2015

miR390 Arabidopsis thaliana CH42 Felippes and Weigel, 2009

Nicotiana tabacum
Solanum lycopersicum

ToLCNDV,

ToLCGV

Singh et al., 2015

miR1514a.2 Glycine max NFR1α,
P450 CYP51G1

Jacobs et al., 2016

TAS1c miR173 Nicotiana benthamiana PPV Zhao et al., 2015

aAG, AGAMOUS; CEP1, C-TERMINALLY ENCODED PEPTIDE 1; CH42, CHLORINA 42; CHS, CHALCONE SYNTHASE; CMV, Cucumber mosaic virus; CPC, CAPRICE; ELF3, EARLY
FLOWERING 3; ETC2, ENHANCER OF TRIPTYCHON AND CAPRICE 2; FAD2, 1(12)-FATTY-ACID DESATURASE; FT, FLOWERING LOCUS T; GBSS, GRANULE BOUND STARCH
SYNTHASE 1; GFP, GREEN FLUORESCENT PROTEIN; LAZY1, shoot gravitropism gene; LFY, LEAFY; miP1a, microProtein 1a; miP1b, microProtein 1b; NFR1α, NODULATION FACTOR
KINASE 1α; P450 CYP51G1, putative cytochrome P450 CYP51G1; PDS, PHYTOENE DESATURASE; PGDH1, PHOSPHOGLYCERATE DEHYDROGENASE 1; PPV, Plum pox virus;
PSAT1, PHOSPHOSERINE AMINOTRANSFERASE 1; PSTVd, Potato spindle tuber viroid; ROC5, RICE OUTERMOST CELL-SPECIFIC 5; RPP5, RECOGNITION OF PERONOSPORA
PARASITICA 5; SUL, SULFUR; ToLCGV, Tomato leaf curl Gujarat virus; ToLCNDV, Tomato leaf curl New Delhi virus; TRY, TRIPTYCHON; TSWV, Tomato spotted wilt virus; TuMV, Turnip
mosaic virus.

et al., 2012). miR173, as other 22 nt miRNAs, possesses
the ability of triggering the production of phasiRNAs from
target transcripts (Chen et al., 2010; Cuperus et al., 2010). In
MIGS, miR173/AGO1-guided cleavage of the MIGS primary
transcript triggers RDR6-dependent synthesis of dsRNA which
is subsequently processed by DCL4 to release phased tasiRNAs
that lead to the efficient silencing of target genes (Figure 1B).
Interestingly, MIGS can also be triggered by other 22-nt
miRNAs such as miR1514a.2 (Jacobs et al., 2016), or by miR390
(Felippes and Weigel, 2009; Singh et al., 2015), a 21-nt miRNA
with unique properties for triggering tasiRNA formation from
TAS3 transcripts (Montgomery et al., 2008a) (Table 1). Because
miR173 is present only in Arabidopsis and closely-related
species, miR173 co-expression withMIGS transgenes is necessary
to trigger tasiRNA biogenesis in non-Arabidopsis species as

reported in Medicago truncatula (Imin et al., 2013), Petunia
(Han et al., 2015), soybean (Jacobs et al., 2016), and rice (Zheng
et al., 2018). Despite having been widely used in gene function
studies and also to confer antiviral resistance (Table 1), the MIGS
approach presents a significant risk of off-target effects due to
(i) the large number of tasiRNAs generated from the MIGS
construct (similarly to those from classic RNAi constructs), (ii)
the generation of out-of-phase siRNAs from MIGS constructs
that can accumulate to high levels as observed in Petunia (Han
et al., 2015), and (iii) the possibility that MIGS-derived tasiRNAs
induce transitivity as reported (Han et al., 2015). Finally, loading
of MIGS-derived tasiRNA into particular AGOs cannot be
controlled, and for instance only a subset of these tasiRNAs,
typically those with a 5’ U, will be loaded into AGO1 while others
may be loaded into different AGOs or degraded.
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APPROPRIATE TERMINOLOGY TO REFER
TO SECONDARY siRNA-BASED
SILENCING TOOLS

After having reviewed the literature, it seems necessary to make
some brief remarks to improve the proper and consistent use of
the terminology related to these secondary siRNA-based tools.
For example, the production of tasiRNAs from a transgene
including a gene fragment fused downstream to a miRNA trigger
target site should always be referred to as MIGS, and not to
as atasiRNA/syn-tasiRNA as observed in several works (Singh
et al., 2015; Zhao et al., 2015; Guo et al., 2016), even if the
MIGS cassette is inserted into a TAS precursor (Zhao et al.,
2015; Guo et al., 2016). Also, secondary siRNAs generated from
MIGS transgenes should be referred as phasiRNAs or, even better,
as tasiRNAs as they are expected to act in trans to target the
desired target gene(s), but not as atasiRNAs or syn-tasiRNAs as
reported (Singh et al., 2015; Zhao et al., 2015). I suggest to use the
term “artificial” or “synthetic” when referring to those transgene-
derived tasiRNAs that are incorporated into precursors (TAS
or others) as individual 21-nt guide sequences that may have
been designed computationally to be highly specific in silencing
the corresponding target transcript(s), to be preferentially and
selectively loaded by AGO1 or to avoid transitivity effects.

CONCLUSIONS AND FUTURE
PERSPECTIVES

Still in the genome editing era dominated by CRISPR/CAS9-
based technologies, we anticipate that secondary sRNA-based
silencing tools will continue to be broadly used because of their
unique features in allowing (i) highly specific silencing (e.g.,
atasiRNAs/syn-tasiRNAs), (ii) the study of genes whose complete
knock-out induces lethality, (iii) multitargeting, as well as the
targeting of duplicated genes, antisense transcripts and individual
isoforms, and (iv) the spatio-temporal control of silencing when

transgene expression is regulated with tissue specific or inducible

promoters. Moreover, as gene knock-down tools, it might be
possible to develop secondary siRNA-based strategies for the
fine-tuning regulation of secondary siRNA activity to induce the
desired degree of target gene silencing.

The atasiRNA/syn-tasiRNA approach seems especially
attractive due to its multiplexing capability and high specificity,
as well as for the availability of high-throughput cloning
strategies and automated design tools for the simple generation
of atasiRNA/syn-tasiRNA constructs (Carbonell et al., 2014;
Carbonell, 2019). In particular, antiviral atasiRNAs/syn-tasiRNAs
designed to target multiple sites in viral RNAs should induce a
more effective and durable resistance compared to single target
site targeting approaches such as amiRNAs, as the possibility
that the virus mutates all target sites to break the resistance
seems highly improbable. Still, a deeper knowledge of the basic
mechanisms governing secondary siRNA biogenesis, mode of
action, and targeting efficacy is needed to further refine these
secondary siRNA-based silencing tools in view of accelerating
studies of gene function and crop improvement.

AUTHOR CONTRIBUTIONS

The author confirms being the sole contributor of this work and
has approved it for publication.

FUNDING

This work was supported by grants RYC-2017-21648 and
RTI2018-095118-A-100 from the Ministerio de Ciencia,
Innovación y Universidades (MCIU, Spain), Agencia Estatal de
Investigación (AEI, Spain), and Fondo Europeo de Desarrollo
Regional (FEDER, European Union) to AC.

ACKNOWLEDGMENTS

AC acknowledge support of the publication fee by the CSIC
Open Access Publication Support Initiative through its Unit of
Information Resources for Research (URICI).

REFERENCES

Axtell, M. J. (2013). Classification and comparison of small
RNAs from plants. Annu. Rev. Plant Biol. 64, 137–159.
doi: 10.1146/annurev-arplant-050312-120043

Baulcombe, D. (2004). RNA silencing in plants. Nature 431, 356–363.
doi: 10.1038/nature02874

Baykal, U., Liu, H., Chen, X., Nguyen, H. T., and Zhang, Z. J. (2016).
Novel constructs for efficient cloning of sRNA-encoding DNA and
uniform silencing of plant genes employing artificial trans-acting small
interfering RNA. Plant Cell Rep. 35, 2137–2150. doi: 10.1007/s00299-016-
2024-9

Benstein, R. M., Ludewig, K., Wulfert, S., Wittek, S., Gigolashvili, T.,
Frerigmann, H., et al. (2013). Arabidopsis phosphoglycerate dehydrogenase1
of the phosphoserine pathway is essential for development and required
for ammonium assimilation and tryptophan biosynthesis. Plant Cell 25,
5011–5029. doi: 10.1105/tpc.113.118992

Carbonell, A. (2017). “Artificial small RNA-based strategies for effective
and specific gene silencing in plants,” in Plant Gene Silencing:

Mechanisms and Applications, ed T. Dalmay (CABI Publishing), 110–127.
doi: 10.1079/9781780647678.0110

Carbonell, A. (2019). Design and high-throughput generation of artificial
small RNA constructs for plants. Methods Mol. Biol. 1932, 247–260.
doi: 10.1007/978-1-4939-9042-9_19

Carbonell, A., and Daròs, J. A. (2017). Artificial microRNAs and synthetic trans-
acting small interfering RNAs interfere with viroid infection.Mol. Plant Pathol.

18, 746–753. doi: 10.1111/mpp.12529
Carbonell, A., López, C., and Daròs, J. A. (2019). Fast-forward identification

of highly effective artificial small RNAs against different tomato
spotted wilt virus isolates. Mol. Plant Microbe Interact. 32, 142–156.
doi: 10.1094/MPMI-05-18-0117-TA

Carbonell, A., Takeda, A., Fahlgren, N., Johnson, S. C., Cuperus, J. T., and
Carrington, J. C. (2014). New generation of artificial MicroRNA and synthetic
trans-acting small interfering RNA vectors for efficient gene silencing in
Arabidopsis. Plant Physiol. 165, 15–29. doi: 10.1104/pp.113.234989

Chen, H. M., Chen, L. T., Patel, K., Li, Y. H., Baulcombe, D. C., and Wu, S.
H. (2010). 22-Nucleotide RNAs trigger secondary siRNA biogenesis in plants.
Proc. Natl. Acad. Sci. U.S.A. 107, 15269–15274. doi: 10.1073/pnas.1001738107

Frontiers in Plant Science | www.frontiersin.org 4 May 2019 | Volume 10 | Article 68736

https://doi.org/10.1146/annurev-arplant-050312-120043
https://doi.org/10.1038/nature02874
https://doi.org/10.1007/s00299-016-2024-9
https://doi.org/10.1105/tpc.113.118992
https://doi.org/10.1079/9781780647678.0110
https://doi.org/10.1007/978-1-4939-9042-9_19
https://doi.org/10.1111/mpp.12529
https://doi.org/10.1094/MPMI-05-18-0117-TA
https://doi.org/10.1104/pp.113.234989
https://doi.org/10.1073/pnas.1001738107
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/plant-science#articles


Carbonell Secondary siRNA-Based Silencing Tools

Chen, L., Cheng, X., Cai, J., Zhan, L., Wu, X., Liu, Q., et al. (2016). Multiple virus
resistance using artificial trans-acting siRNAs. J. Virol. Methods 228, 16–20.
doi: 10.1016/j.jviromet.2015.11.004

Cuperus, J. T., Carbonell, A., Fahlgren, N., Garcia-Ruiz, H., Burke, R. T., Takeda,
A., et al. (2010). Unique functionality of 22-nt miRNAs in triggering RDR6-
dependent siRNA biogenesis from target transcripts in Arabidopsis.Nat. Struct.
Mol. Biol. 17, 997–1003. doi: 10.1038/nsmb.1866

de Felippes, F. F. (2019). Gene regulation mediated by microRNA-triggered
secondary small RNAs in plants. Plants 8:112. doi: 10.3390/plants8050112

de Felippes, F. F.,Wang, J.W., andWeigel, D. (2012). MIGS: miRNA-induced gene
silencing. Plant J. 70, 541–547. doi: 10.1111/j.1365-313X.2011.04896.x

de La Luz Gutiérrez-Nava, M., Aukerman, M. J., Sakai, H., Tingey, S.
V., and Williams, R. W. (2008). Artificial trans-acting siRNAs confer
consistent and effective gene silencing. Plant Physiol. 147, 543–551.
doi: 10.1104/pp.108.118307

Fahlgren, N., Hill, S. T., Carrington, J. C., and Carbonell, A. (2016). P-SAMS: a web
site for plant artificial microRNA and synthetic trans-acting small interfering
RNA design. Bioinformatics 32, 157–158. doi: 10.1093/bioinformatics/btv534

Felippes, F. F., and Weigel, D. (2009). Triggering the formation of tasiRNAs in
Arabidopsis thaliana: the role of microRNA miR173. EMBO Rep. 10, 264–270.
doi: 10.1038/embor.2008.247

Graeff, M., Straub, D., Eguen, T., Dolde, U., Rodrigues, V., Brandt, R., et al.
(2016). MicroProtein-mediated recruitment of CONSTANS into a TOPLESS
trimeric complex represses flowering in Arabidopsis. PLoS Genet. 12:e1005959.
doi: 10.1371/journal.pgen.1005959

Guo, Q., Liu, Q., Smith, N. A., Liang, G., andWang, M. B. (2016). RNA silencing in
plants: mechanisms, technologies and applications in horticultural crops. Curr.
Genomics 17, 476–489. doi: 10.2174/1389202917666160520103117

Han, Y., Zhang, B., Qin, X., Li, M., and Guo, Y. (2015). Investigation of a
miRNA-induced gene silencing technique in petunia reveals alterations in
miR173 precursor processing and the accumulation of secondary siRNAs
from endogenous genes. PLoS ONE 10:e0144909. doi: 10.1371/journal.pone.
0144909

Imin, N., Mohd-Radzman, N. A., Ogilvie, H. A., and Djordjevic, M. A. (2013).
The peptide-encoding CEP1 gene modulates lateral root and nodule numbers
inMedicago truncatula. J. Exp. Bot. 64, 5395–5409. doi: 10.1093/jxb/ert369

Jacobs, T. B., Lawler, N. J., Lafayette, P. R., Vodkin, L. O., and Parrott, W. A. (2016).
Simple gene silencing using the trans-acting siRNA pathway. Plant Biotechnol.
J. 14, 117–127. doi: 10.1111/pbi.12362

Martínez, G., Panda, K., Köhler, C., and Slotkin, R. K. (2016). Silencing in sperm
cells is directed by RNAmovement from the surrounding nurse cell.Nat Plants
2:16030. doi: 10.1038/nplants.2016.30

Montgomery, T. A., Howell, M. D., Cuperus, J. T., Li, D., Hansen, J. E., Alexander,
A. L., et al. (2008a). Specificity of ARGONAUTE7-miR390 interaction anddual

functionality in TAS3 trans-acting siRNA formation. Cell 133, 128–141.
doi: 10.1016/j.cell.2008.02.033

Montgomery, T. A., Yoo, S. J., Fahlgren, N., Gilbert, S. D., Howell, M. D.,
Sullivan, C. M., et al. (2008b). AGO1-miR173 complex initiates phased
siRNA formation in plants. Proc. Natl. Acad. Sci. U.S.A. 105, 20055–20062.
doi: 10.1073/pnas.0810241105

Ossowski, S., Schwab, R., and Weigel, D. (2008). Gene silencing in plants
using artificial microRNAs and other small RNAs. Plant J. 53, 674–690.
doi: 10.1111/j.1365-313X.2007.03328.x

Sarrion-Perdigones, A., Vazquez-Vilar, M., Palací, J., Castelijns, B., Forment,
J., Ziarsolo, P., et al. (2013). GoldenBraid 2.0: a comprehensive DNA
assembly framework for plant synthetic biology. Plant Physiol. 162, 1618–1631.
doi: 10.1104/pp.113.217661

Sicard, A., Kappel, C., Josephs, E. B., Lee, Y. W., Marona, C., Stinchcombe, J. R.,
et al. (2015). Divergent sorting of a balanced ancestral polymorphism underlies
the establishment of gene-flow barriers in Capsella. Nat. Commun. 6:7960.
doi: 10.1038/ncomms8960

Singh, A., Taneja, J., Dasgupta, I., and Mukherjee, S. K. (2015). Development
of plants resistant to tomato geminiviruses using artificial trans-acting small
interfering RNA.Mol. Plant Pathol. 16, 724–734. doi: 10.1111/mpp.12229

Wulfert, S., and Krueger, S. (2018). Phosphoserine aminotransferase1 is part
of the phosphorylated pathways for serine biosynthesis and essential for
light and sugar-dependent growth promotion. Front. Plant Sci. 9:1712.
doi: 10.3389/fpls.2018.01712

Zhang, Z. J. (2014). Artificial trans-acting small interfering RNA: a tool
for plant biology study and crop improvements. Planta 239, 1139–1146.
doi: 10.1007/s00425-014-2054-x

Zhao, M., San León, D., Mesel, F., García, J. A., and Simón-Mateo, C. (2015).
Assorted processing of synthetic trans-acting siRNAs and its activity in antiviral
resistance. PLoS ONE 10:e0132281. doi: 10.1371/journal.pone.0132281

Zheng, X., Yang, L., Li, Q., Ji, L., Tang, A., Zang, L., et al. (2018). MIGS as a
simple and efficient method for gene silencing in rice. Front. Plant Sci. 9:662.
doi: 10.3389/fpls.2018.00662

Conflict of Interest Statement: The author declares 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 © 2019 Carbonell. 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) and

the copyright owner(s) 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 5 May 2019 | Volume 10 | Article 68737

https://doi.org/10.1016/j.jviromet.2015.11.004
https://doi.org/10.1038/nsmb.1866
https://doi.org/10.3390/plants8050112
https://doi.org/10.1111/j.1365-313X.2011.04896.x
https://doi.org/10.1104/pp.108.118307
https://doi.org/10.1093/bioinformatics/btv534
https://doi.org/10.1038/embor.2008.247
https://doi.org/10.1371/journal.pgen.1005959
https://doi.org/10.2174/1389202917666160520103117
https://doi.org/10.1371/journal.pone.0144909
https://doi.org/10.1093/jxb/ert369
https://doi.org/10.1111/pbi.12362
https://doi.org/10.1038/nplants.2016.30
https://doi.org/10.1016/j.cell.2008.02.033
https://doi.org/10.1073/pnas.0810241105
https://doi.org/10.1111/j.1365-313X.2007.03328.x
https://doi.org/10.1104/pp.113.217661
https://doi.org/10.1038/ncomms8960
https://doi.org/10.1111/mpp.12229
https://doi.org/10.3389/fpls.2018.01712
https://doi.org/10.1007/s00425-014-2054-x
https://doi.org/10.1371/journal.pone.0132281
https://doi.org/10.3389/fpls.2018.00662
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/
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/plant-science#articles


fpls-10-00657 May 31, 2019 Time: 10:3 # 1

METHODS
published: 31 May 2019

doi: 10.3389/fpls.2019.00657

Edited by:
Andrea Chini,

Centro Nacional de Biotecnología
(CNB), Spain

Reviewed by:
Tina Kyndt,

Ghent University, Belgium
Krzysztof Wieczorek,

University of Natural Resources
and Life Sciences Vienna, Austria

*Correspondence:
Carolina Escobar

carolina.escobar@uclm.es

Specialty section:
This article was submitted to

Plant Physiology,
a section of the journal

Frontiers in Plant Science

Received: 16 February 2019
Accepted: 01 May 2019
Published: 31 May 2019

Citation:
Silva AC, Ruiz-Ferrer V,

Martínez-Gómez Á, Barcala M,
Fenoll C and Escobar C (2019) All
in One High Quality Genomic DNA

and Total RNA Extraction From
Nematode Induced Galls for High

Throughput Sequencing Purposes.
Front. Plant Sci. 10:657.

doi: 10.3389/fpls.2019.00657

All in One High Quality Genomic
DNA and Total RNA Extraction From
Nematode Induced Galls for High
Throughput Sequencing Purposes
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Carmen Fenoll1 and Carolina Escobar1,2*
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Meloidogyne spp. are plant-parasitic nematodes that form a very complex pseudo-
organ, called gall, which contains the giant cells (GCs) to nourish them. During the last
decade, several groups have been studying the molecular processes accompanying
the formation of these structures, combining both transcriptomics and cellular biology.
Among others, it was confirmed that a generalized gene repression is a hallmark of early
developing GCs formed by Meloidogyne javanica in Arabidopsis and tomato. One of
the main mechanisms behind this gene repression involve small RNAs (sRNAs) directed
gene silencing. This is supported not only by the described action of several microRNAs
differentially expressed in galls, but by the differential abundance of 24-nucleotide sRNAs
in early developing Arabidopsis galls, particularly those rasiRNAs which are mostly
involved in RNA-directed DNA methylation. Their accumulation strongly correlates to
the repression of several retrotransposons at pericentromeric regions of Arabidopsis
chromosomes in early galls. However, the contribution of this global gene repression
to GCs/galls formation and maintenance is still not fully understood. Further detailed
studies, as the correlation between gene expression profiles and the methylation
state of the chromatin in galls are essential to raise testable working hypotheses.
A high quality of isolated DNA and RNA is a requirement to obtain non-biased and
comprehensive results. Frequently, the isolation of DNA and RNA is performed from
different samples of the same type of biological material. However, subtle differences
on epigenetic processes are frequent even among independent biological replicates
of the same tissue and may not correlate to those changes on the mRNA population
obtained from different biological replicates. Herein, we describe a method that allows
the simultaneous extraction and purification of genomic DNA and total RNA from the
same biological sample adapted to our biological system. The quality of both nucleic
acids from Arabidopsis galls formed by M. javanica was high and adequate to construct
RNA and DNA libraries for high throughput sequencing used for transcriptomic and
epigenetic studies, such as the analysis of the methylation state of the genomic DNA in
galls (MethylC-seq) and RNA sequencing (RNAseq). The protocol presents guidance on
the described procedure, key notes and troubleshooting.

Keywords: Arabidopsis thaliana, genomic DNA, Meloidogyne javanica, nucleic acids integrity, simultaneous
RNA/DNA extraction, total RNA
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INTRODUCTION

Plant sedentary endoparasitic nematodes from Meloidogyne spp.
genus (root-knot nematodes), represent a serious threat to
the agricultural production (McCarter, 2009). These obligate
parasites are attracted by their hosts and after penetration and
migration, they establish within the vascular cylinder forming
a pseudo-organ, called gall, that include the giant cells (GCs)
used for feeding (Escobar et al., 2015). Both molecular and
cell biology studies have contributed to a better understanding
of the modifications occurring in galls and GCs, where a
generalized gene repression takes place in an early-developing
stage (Jammes et al., 2005; Barcala et al., 2010; Portillo et al.,
2013; Cabrera et al., 2016). However, the mechanisms that
contribute to this gene silencing in early developing GCs are
still not clear (Cabrera et al., 2018; Siddique and Grundler,
2018). The involvement of several microRNA-mediated gene
silencing of particular gene targets, such as TCP4, ARF3, TOE1,
and MYB33 has been recently reported during the root-knot
nematode interaction (Zhao et al., 2015; Cabrera et al., 2016;
Medina et al., 2017; Díaz-Manzano et al., 2018). Additionally,
the accumulation of rasiRNAs (repeat associated small interfering
RNAs; Medina et al., 2018; Ruiz-Ferrer et al., 2018) strongly
correlates to the repression of several retrotransposons at
pericentromeric regions of Arabidopsis chromosomes in early
galls (Ruiz-Ferrer et al., 2018). However, mechanisms mediated
by epigenetic processes such as RNA-directed DNA methylation
(RdDM) in this system are still poorly understood. Deep
transcriptomic and methylome analysis will be crucial for a
detailed information of those putative mechanisms. For this
reason, it is essential to obtain RNA and DNA with high
integrity and reproducibility among extractions of independent
replicates. Moreover, the possibility to simultaneously extract
RNA and DNA from the same biological sample constitutes
a great advantage for a suitable correlation analysis between
transcriptomic and epigenetic changes in the DNA. Furthermore,
it minimizes enormously sample collection, which is a tedious
and time consuming procedure due to the small size of galls at
early infection stages.

Transcriptome analysis, genome sequencing and bisulphite
sequencing are examples of a broad list of molecular studies
that are performed routinely nowadays. So far, several protocols
of simultaneous purification of DNA and RNA have been
published on many research fields as, for example, human
tissue and blood (Evans et al., 1998; Radpour et al., 2009),
cell culture (Vorreiter et al., 2016), fish embryos (Triant
and Whitehead, 2009), microbes (Mcllroy et al., 2008; Hill
et al., 2015) or infections by viral pathogens in humans
(He et al., 2017). However, there is still scarce information
about simultaneous extraction of DNA and RNA on the
plant field (Xiong et al., 2011; Oliveira et al., 2015; Hazarika
and Singh, 2018). Nevertheless, this procedure remains ill-
defined for the structures and tissues formed during the
plant-pathogens interaction, and particularly for the nematode-
induced galls.

Here, we present a protocol that allows a simultaneous
extraction and purification of genomic DNA and total RNA

from the same plant tissue sample, focused on feeding structures
formed by a plant-parasitic nematode, Meloidogyne javanica,
in Arabidopsis, and its respective control roots.

PROTOCOL OVERVIEW

In order to obtain galls induced by M. javanica and their
respective equivalent control root segments from Arabidopsis,
Columbia-0 (Col-0), plants are infected with M. javanica
juveniles, samples are hand dissected, collected and quickly
frozen in liquid nitrogen. Tissue disruption is performed in a
mortar and pestle with a buffer containing 2-mercaptoethanol
and homogenized using a QIAshredder

R©

spin column
(QIAGEN

R©

). After the homogenization procedure, the lysate is
transferred to an AllPrep

R©

DNA Mini spin column (QIAGEN
R©

)
and centrifuged. We proceed with the RNA purification after a
chloroform extraction followed by an incubation with proteinase
K. The total RNA is then bound to an RNeasy

R©

Mini spin column
(QIAGEN

R©

), washed and incubated with DNase. It is finally
washed several times and eluted. The genomic DNA extraction
is then initiated using the remaining AllPrep

R©

DNA Mini spin
column (QIAGEN

R©

). The DNA is incubated with proteinase K
and RNase (RNase A, QIAGEN

R©

, Hilden, Germany), washed
and eluted. The genomic DNA is finally concentrated using a
vacuum concentrator. Quantification and analysis of the RNA
and DNA integrity is then performed using a spectrophotometer
(NanoPhotometer

R©

Classic, Implen, Munich, Germany), an
electropherogram and a gel electrophoresis.

Description of Plant Material
and Collection
Nematode populations are maintained in vitro under sterile
conditions as described in Díaz-Manzano et al. (2016).
Arabidopsis thaliana (L.) Heynh. Col-0 seeds are surface
sterilized by soaking in 30% commercial bleach with 0.1% v/v
Triton

R©

X-100, for 12 min, sown (at a density of 10 seeds per
dish) in 90 mm Petri dishes containing Gamborg B5 medium
(Gamborg et al., 1968) supplemented with 15 g L−1 sucrose and
0.6% Daishin Agar (Duchefa Biochemie, Haarlem, Netherlands),
pH 7.0, and kept in the dark at 4◦C for 48 h for stratification.
Plants are then placed in a growth chamber at 23◦C, 30% relative
humidity and a long-day photoperiod (16h/8h; light:dark) where
they germinate and grow for 5 days vertically. Roots are then
inoculated with 10–15 freshly hatched M. javanica second stage
juveniles (J2). Infections are checked every 24 h under a Leica
Mz125 (Leica Microsystems, Switzerland) stereomicroscope in
order to establish a penetration and infection timeline (described
in Portillo et al., 2013). During the first 48 h of infection
monitoring, the plates are maintained horizontally in the dark
and then placed again vertically and covered with a gauze to
avoid excess of light (Olmo et al., 2017). Galls and uninfected
root segments are collected as described in Figure 1, according
to Portillo et al. (2013). At 3 days post infection (dpi), 300
galls and 1000 control root segments (RCs) were used for each
biological independent replicate. For late time points (14 dpi), we
collected 250–300 galls and 500 RCs per replicate. This protocol
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FIGURE 1 | Flowchart of the RNA/DNA extraction procedure. Schematic flowchart for the simultaneous extraction of genomic DNA and total RNA from galls
induced by Meloidogyne javanica and its respective control root regments (RC). (A) Plant material is collected, disrupted in a mortar and pestle and homogenized
using a QIAshredder

R©
spin column followed by the total RNA purification. The primary root segments of uninfected plants in equivalent positions to that of the galls

in infected plants are considered as control root tissue (steps 1–3). (B) RNA purification is followed by purification of the genomic DNA (steps 4–46). Assessment of
DNA and RNA purity, quality and integrity is performed in steps 47–49.

focuses on the extraction and purification of DNA and RNA
from root tissues and galls in A. thaliana from in vitro cultures.
It could potentially be used for the interaction of Arabidopsis
with other root pathogens, symbionts or other parasites, yet,
specific changes will probably be necessary to adapt it to other
plant species or tissues.

Optimization of the Starting Material
Before the nucleic acid’s extraction from any plant tissue it is
important to optimize the amount of starting plant material
which might influence the time, concentrations, volumes, column
size and temperature used in all steps. Therefore, it is important
to perform an initial experiment to determine the minimum
starting material needed. Herein, we have tested different
amounts of starting material as well as different tissue disruption
methods, TissueLyser II from QIAGEN

R©

or mortar and pestle
(data not shown). In our hands, the best amount of starting
material for a good quality RNA and DNA, accomplishing the
requirements for RNA sequencing (RNAseq) and Whole Genome

Bisulphite Sequencing analysis (WGBS), was 300 galls and 1000
RCs per biological replicate at 3 dpi and 250 galls and 500 RCs
at 14 dpi. The best extraction method was using a mortar and a
pestle as shown in Portillo et al. (2006). Taking into consideration
the difficulty in collecting the material, we have also measured
the weight of a single RC of approximately 1 cm length (Figure 1,
Steps 1–3; Collection of plant material) from Arabidopsis in order
to have a reference (0.06 mg). 150 galls and 500 RC at 3 dpi
are enough to obtain around 5.8 and 5.7 µg of total RNA from
galls and RC, respectively, and 1.1 and 1.3 µg of genomic DNA
from galls and RC, respectively. This amount of total RNA is
suitable to perform some expression analysis as quantitative-real-
time-PCR (qRT-PCR; Supplementary Figure S1), yet we do not
recommend using this protocol from less than 100 galls and 300
RC as RNA and DNA yield is variable and DNA is hardly detected
from small samples. However, in order to have enough DNA
and RNA for downstream high throughput procedures and later
validation, we recommend at least 1000 pieces of RCs and 300
hand dissected 3 dpi galls.
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Disruption and Homogenization
RNA and DNA are purified from galls and RCs using the
AllPrep

R©

DNA/RNA/miRNA Universal Kit from QIAGEN
R©

GmbH (Hilden, Germany) customized protocol (as detailed in
AllPrep

R©

DNA/RNA/miRNA Universal Handbook) with several
adaptations. These include the disruption, homogenization,
RNase A-treated DNA and elution; as this protocol is originally
optimized for animal tissue and human whole blood, but not
for plant tissue.

Complete disruption of galls and roots are performed using
a mortar and pestle. The mortar and pestle are firstly cooled
down using liquid nitrogen. When the liquid nitrogen is almost
evaporated, the galls or root segments from uninfected plants
are placed on the mortar using a sterile spatula and the tissue is
grinded thoroughly using the pestle. 300 µL of RLT Plus Buffer
(QIAGEN

R©

) supplemented with 2-mercaptoethanol (10 µL per
mL of RLT Plus Buffer) is added to a liquid nitrogen-frozen
mortar with the biological sample and grinded until forming
an homogenous paste. When thaw, the lysate is transferred to
a 2 mL microcentrifuge tube and the tissue left on the mortar
walls is recovered with 50 µL of the same buffer. The lysate is
pipetted directly into a QIAshredder

R©

spin column (QIAGEN
R©

)
and centrifuged for 2 min at 18000 × g (centrifugal force). The
supernatant is transferred, without disturbing the pellet, to an
AllPrep

R©

DNA Mini spin column (QIAGEN
R©

) and centrifuged
for 30 s at 18000 × g. RNA extraction (from the flow-through)
is performed immediately and the column containing the DNA
is kept in the fridge at 4◦C (Figure 1, Steps 4–12; Disruption
and homogenization).

RNA Extraction Procedure
For RNA extraction, the customized protocol proposed by
the manufacturer is followed using the upper aqueous phase
obtained, after adding 90 µL of chloroform to the flow-through
of the AllPrep

R©

DNA Mini spin column (QIAGEN
R©

; see
former section). A 10 min incubation with 50 µL Proteinase K
(QIAGEN

R©

) and 100% ethanol is performed before transferring
the samples to an RNeasy Mini spin column (QIAGEN

R©

). The
column is washed with 500 µL of RPE Buffer (QIAGEN

R©

) and
a 15 min on-column DNase digestion (10 µL DNase I stock
solution, included in the kit) is performed. The column is then
washed with several solutions including Buffer FRN (QIAGEN

R©

),
Buffer RPE (QIAGEN

R©

) and ethanol, following manufacturer’s
instructions. To elute the RNA, 30 µL RNase-free water is added
directly to the spin column membrane and centrifuged for 1 min
at 9000 × g and this step is repeated at least a second time
using a new microcentrifuge tube (Figure 1, Steps 13–34; Total
RNA purification).

DNA Extraction Procedure
The spin column kept at 4◦C is washed with Buffer AW1
(QIAGEN

R©

) and incubated with a mix of 20 µL Proteinase
K (QIAGEN

R©

) and 0.6 µL RNase A (100 mg/mL, QIAGEN
R©

)
in Buffer AW1 (QIAGEN

R©

) for 5 min at room temperature.
Consecutively, washes with Buffer AW1 and AW2, following
manufacturer’s instructions, are carried out and the genomic

DNA is eluted by adding 100 µL of elution buffer. This step is
repeated twice. The three tubes containing 100 µL of eluted DNA
each are placed in a vacuum concentrator at room temperature
at 40–60 kPa for 6 h, until the volume is reduced approximately
to 30 µL. The three eluates are pooled in the same tube if
the concentration of the first elution is not sufficient for the
experiment (Figure 1, Steps 35–46; Genomic DNA purification).

Concentration and Quality of Genomic
DNA and Total RNA
Concentration and purity of genomic DNA and total RNA
is assessed in a spectrophotometer (NanoPhotometer Classic

R©

,
Implen, Munich, Germany), using a 3 µL aliquot of the total
solutions (Figure 1, Step 47; Assess DNA and RNA concentration
and ratios). DNA and RNA purity is estimated from the
A260/A280 and A260/A230 ratios obtained (Figure 2) and by
gel electrophoresis of 100–150 ng of RNA and 50–100 ng of
DNA (Figure 3).

DNA integrity is checked through electrophoresis (Figure 1,
Step 48; Integrity of RNA and DNA by gel electrophoresis),
using an agarose 1% gel. A high molecular weight size band
and a very light smear below the bands is indicative of high
genomic DNA integrity.

RNA integrity is evaluated with an Agilent 2100 Bioanalyzer
using the RNA Bioanalyzer Pico 6000 chip (Agilent Technologies,
Inc., Santa Clara, CA, United States). In order to obtain the
electropherograms, 1 µL of total RNA solution from each sample
is used (Figure 1, Step 49; Integrity of RNA by electropherogram).
The ratio of the peak areas (25S/18S), corresponding to the 25 and
18S ribosomal RNA (rRNA), the RNA Integrity Number (RIN)
and the presence of peaks representing small size RNA bands, are
used to assess RNA integrity (Figure 4).

MATERIALS AND EQUIPMENT

Reagents
(1) 2-mercaptoethanol (Sigma-Aldrich

R©

, cat. no. M6250).
(2) 2-Propanol (Isopropanol, EMSURE

R©

, Merck,
cat. no. 109634).

(3) Acetone (VWR
R©

, cat. no. 20066.321).
(4) Agarose D1 Medium EEO (Conda, cat. no. 8019.00).
(5) Agilent

R©

High Sensitivity DNA Kit (Agilent Technolo-
gies, cat. no. 5067-4626).

(6) AllPrep
R©

DNA/RNA/miRNA Universal Kit (50 preps,
QIAGEN

R©

, cat. no. 80224). Includes: Buffer RLT Plus;
Buffer RPE; Buffer FRN; Buffer AW1; Buffer AW2;
Buffer EB and RNase-free water.

(7) Chloroform (analysis grade, stabilized with ethanol,
Scharlau, cat. no. CL02031000).

(8) DNA Gel Loading Dye (6X; Thermo ScientificTM,
cat. no. R0611).

(9) Ethanol absolute (VWR
R©

, cat. no. 20821.330).
(10) Ethidium bromide solution (BioReagent, for molecular

biology, 10 mg/mL in H2O; Sigma-Aldrich
R©

,
cat. no. E1510).
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FIGURE 2 | DNA and RNA extraction efficiency for gall and control roots. (A) At 3 days post infection (dpi), (B) at 14 dpi. Y-values represent the amount of total
genomic DNA and total RNA, obtained from all eluates. Below the graphic, the A260/A280 (upper line) and A260/A230 (lower line) ratios are indicated for each sample
(when the eluates were not pooled together, the ratios represented are from the first eluate). From left to right – Black bars represent the total amount of genomic
DNA or RNA, as indicated, from 300 galls at 3 dpi to 250 galls at 14 dpi. White bars represent the total amount of genomic DNA or RNA, as indicated, extracted
from 1000 segments of control uninfected root tissue equivalent to galls at 3 dpi and 500 equivalent to galls at 14 dpi.

FIGURE 3 | Integrity assessment by gel electrophoresis of total RNA and genomic DNA extracted from galls at 3 days post infection (dpi) and 14 dpi and uninfected
control root samples. From the left to the right: samples loaded were RNA and DNA from galls (G) and control roots (RC) samples either at 3 dpi or at 14 dpi, as
indicated. A high molecular weight genomic DNA band (>10000 bp) is indicated by a white arrow. Two ribosomal bands are distinguished in the RNA samples and a
low molecular weight band, corresponding to the small RNAs represented by an asterisk below the 200 bp marker band (∗). 1% Agarose gels were stained with 6%
ethidium bromide; run at 70 V for 40 min for DNA and 30 min for RNA. The gel of DNA samples at 14 dpi was run at 100 V for 30 min. (a) Thermo ScientificTM

GeneRulerTM 1 kb Plus DNA Ladder; (b) 1 kb (+) DNA Ladder; bp, base pairs.

(11) GeneRuler 1 kb Plus DNA Ladder (Thermo
ScientificTM, cat. no. SM1331).

(12) Liquid nitrogen.
(13) Proteinase K [included in the AllPrep

R©

DNA/RNA/
miRNA Universal Kit, QIAGEN

R©

, 2 mL,
>600 mAU/mL, solution, QIAGEN

R©

(cat. no. 19131,
when sold separately)].

(14) RNase A (2.5 mL, 100 mg/mL, 7000 units/mL,
QIAGEN

R©

, cat. no. 19101).
(15) RNase-Free DNase Set [with Buffer RDD, included

in the AllPrep
R©

DNA/RNA/miRNA Universal Kit,
QIAGEN

R©

, 1500 Kunitz units, 50 reactions (cat. no.
79254, when sold separately)].

(16) RNase-free water.
(17) TAE Buffer (Tris-Acetate-EDTA, 50× Solution; Fisher

BioReagents, Thermo ScientificTM, cat. no. BP1332-1).

Optional
(18) RNaseZapTM RNase Decontamination Solution

(InvitrogenTM, cat. no. AM9780).

Reagent Setup
All buffers (AW1, AW2, FRN, RLT Plus, RPE) and the
RNase-Free DNase (including Buffer RDD) should be
prepared previously accordingly to the manufacturer’s protocol
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FIGURE 4 | Integrity assessment of RNA samples using electropherograms. Electropherograms of RNA samples for three independent biological replicates of galls,
G1–G3, and control roots, RC1–RC3, at 14 days post infection (dpi). Standard size ladder in nucleotides (nt) is shown at the X-axis at the bottom of each graph. FU,
fluorescent units at the Y-axis. The electrophoresis column generated by the program is located at the right side of each sample graph. Red arrow indicates the
peak of small RNAs. The positions of 18 and 25S of the ribosomal RNA are indicated by a blue and green arrow, respectively. The electropherograms were
performed by an external company (Macrogen, Inc., South Korea) using an Agilent

R©
2100 Bioanalyzer, RNA Bioanalyzer Pico 6000 chip (Agilent Technologies, Inc.,

Santa Clara, CA, United States).

instructions (available at AllPrep
R©

DNA/RNA/miRNA Universal
Handbook, QIAGEN

R©

).

Equipment List
(1) Aerosol filter pipet tips 1–100 µL, 1–200 µL,

100–1000 µL (VWR
R©

, cat. no. 732-1103, 732-0541, and
732-0534, respectively).

(2) Agarose gel electrophoresis cell Mini-Sub
R©

Cell GT
(Bio-Rad Laboratories, Inc., cat. no. 1664270EDU).

(3) Agilent
R©

2100 Bioanalyzer instrument (Agilent
Technologies, cat. no. G2939BA).

(4) Carbon steel scalpel blade n◦11 (B BraunTM,
cat. no. BB511).

(5) Centrifuge (refrigerated, Hettich
R©

Mikro 220R, cat.
no. Z724173EU-1EA).

(6) Electrophoresis power supply Power Pac 300 (Bio-Rad
Laboratories, Inc., discontinued).

(7) Eppendorf
R©

tubes 1.5 and 2 mL (Eppendorf
R©

Safe-Lock tubes, cat no. 0030120086 and
0030120094, respectively).

(8) Fume hood.

(9) Microcentrifuge EppendorfTM 5424 (non-refrigerated,
EppendorfTM, cat. no. 022620401).

(10) Mortar 25 mL (JIPO, cat. no. 641331211000).
(11) Pestle 115 mm (JIPO, cat. no. 641331213100).
(12) Pipettes Eppendorf

R©

Research
R©

plus 2–20 µL, 20–
200 µL, 100–1000 µL (Eppendorf

R©

, cat. no. 3123000039,
3123000055 and 3123000063, respectively).

(13) QIAshredder
R©

columns (50 units, QIAGEN
R©

,
cat. no. 79654).

(14) Spatulas (210 mm, BochemTM, cat. no. 10420441).
(15) Spectrophotometer (NanoPhotometer

R©

Classic,
Implen, discontinued).

(16) Stereomicroscope Leica MZ125 (Leica Microsystems,
phased out).

(17) Thermoblock (Thermostat dry block, JP SelectaTM,
cat. no. 7471200).

(18) Tube racks.
(19) Tweezers Dumoxel

R©

115 mm (Electron Microscopy
Sciences

R©

, Dumont, style 5A, cat. no. 72720-D).
(20) Vacuum concentrator: centrifuge (RC 10-09, Thermo

Electron Industries, model no. 111767780) coupled to
a vacuum pump (R-300, Boeco, cat. no. BOE 8830000).
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Equipment Setup
(1) Mortars and pestles (are previously cleaned with pure

bleach overnight, abundantly rinsed with distilled water
and then autoclaved): prepare a recipient with liquid
nitrogen, which will be used to cool down the mortars
and pestles during the extraction.

(2) Non-refrigerated centrifuge: set it at 18000× g.
(3) Refrigerated centrifuge: set it at 4◦C, 3 min, 18000× g.
(4) Thermoblock: set it at 70◦C and place the Eppendorf

R©

tube with Buffer EB (QIAGEN
R©

) with enough volume
for the three elution steps from the DNA column,
100 µL for each elution.

(5) Vacuum concentrator: in order to get around 30 µL per
tube from the 100 µL elution volume (genomic DNA),
place the opened tubes in the centrifuge at 1800× g and
the vacuum pump at 40–60 kPa for around 6 h. In any
case, it is important to check the remaining volume
from time to time.

STEPWISE PROCEDURES

The all in one protocol presented here allows the simultaneous
extraction of genomic DNA and total RNA, including small
RNAs from plant root tissues. As the major procedures during
this protocol are related with the extraction and purification of
nucleic acids, including RNA, the use of gloves during all stages is
recommended. To avoid the presence of RNases we recommend
the use of sterile tubes, a clean benchtop and a solution to clean
your benchtop, pipettes and other material such as RNaseZapTM

RNase Decontamination Solution, as well as aerosol filter pipet
tips, especially for RNA to avoid RNase contaminated aerosols.
A fume hood should be used at least in the extractions steps where
2-mercaptoethanol is used. The procedure for the extraction and
purification of nucleic acids should not take longer than 3 h.
In any case, it always depends on the amount of samples used.

STAGES OF THE PROTOCOL

The presented protocol is divided in four main stages
including: (A) collection of plant material; (B) disruption and
homogenization of the plant tissue; (C) total RNA purification;
(D) genomic DNA purification; and (E) assessment of DNA and
RNA concentration, quality and integrity (Table 1).

STAGE A. COLLECTION OF
PLANT MATERIAL

Time: Depending on the type and quantity of plant material
During this stage, all materials and reagents should be cleaned

and sterilized beforehand. Be cautious in order to make sure that
all material and reagents are RNase and DNase-free.

(1) Use RNaseZapTM or similar to clean all equipment,
including the stereomicroscope and the tube racks.

(2) When the biological material comes from in vitro
culture, it is recommended to drain the excess of water
before handling the biological material.

(3) Hand dissect the galls and the control root segments
(1 cm) using a scalpel and transfer them, one by one,
to the corresponding Eppendorf

R©

tube immersed in
liquid nitrogen using tweezers in order to freeze the
tissues immediately.

KEY NOTES TO KEEP IN
MIND DURING STAGE A

(i) Due to its price, RNaseZapTM can be replaced by a low-
cost alternative as acetone.

(ii) This is a laborious stage which can take hours. Keep in
mind that the material should be always free of RNases
and DNases. For this reason, it is important to clean
or substitute the scalpels and tweezers frequently (after
handling 40–70 samples).

STAGE B. DISRUPTION AND
HOMOGENIZATION OF THE
PLANT TISSUE

Time: approximately 10 min per sample
During the disruption and homogenization, all steps,

including the centrifugation, should be performed at room
temperature. At this stage, the thermoblock should be set up at
70◦C and the refrigerated centrifuge at 4◦C. 2-mercaptoethanol
must be added to the Buffer RLT Plus (QIAGEN

R©

) just
before use (10 µL 2-mercaptoethanol per 1 mL Buffer
RLT Plus, QIAGEN

R©

).

Disruption
(4) Cold down the mortar and pestle using liquid nitrogen.
(5) When the liquid nitrogen is evaporated, place the

sample on the mortar and grind thoroughly using
the pestle (a spatula can be used to help placing the
tissue on the mortar).

(6) Add 300 µL of Buffer RLT Plus (QIAGEN
R©

) to the
mortar and grind thoroughly using the pestle in order
to get a paste while thawing.

TABLE 1 | Timing overview of each stage of the protocol.

Stage Steps Procedure Runtime

A 1–3 Collection of plant material Depending on the
quantity of material

B 4–12 Disruption and homogenization ∼7 min per sample

C 13–34 Total RNA purification ∼1 h

D 35–46 Genomic DNA purification ∼25 min

E 47–49 Assessment of DNA and RNA
concentration, quality and
integrity

∼1 h for the gel
electrophoresis N/A
for the rest of steps
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(7) When completely thawed, transfer it to a cooled 2 mL
microcentrifuge tube.

(8) Clean the mortar walls with 50 µL of Buffer RLT Plus
(QIAGEN

R©

) and immediately decant the solution into
the same tube as in step 7. This step minimizes the loss
of biological material on the mortar walls.

(9) Proceed to the next step.

Homogenization
(10) Transfer the solution into a QIAshredder

R©

spin column
(QIAGEN

R©

) fixed in a collection tube and centrifuge for
2 min at 18000× g.

(11) Add the homogenized solution, in the collection tube
from the previous step, to an AllPrep

R©

DNA Mini spin
column (QIAGEN

R©

) and centrifuge for 30 s at 18000× g.
(12) Transfer the flow-through into a new 2 mL micro-

centrifuge tube for the following RNA purification and
keep the AllPrep

R©

DNA Mini spin column (QIAGEN
R©

)
at 4◦C for later DNA purification.

KEY NOTES TO KEEP IN MIND
DURING STAGE B

(i) A small recipient (for instance, 5 mL microcentrifuge
tubes) can be used to cool down the mortar and pestle
by pouring the liquid nitrogen on them. If a high
volume of liquid nitrogen is added to the mortar at once,
the biological sample can be splashed out of the mortar.
For this reason, it is also important to add the tissue only
when all liquid nitrogen is evaporated. It is also possible
to cool the mortar by immersion.

(ii) In the case the mortar is too cold, the buffer might get
frozen. Start grinding only when a white paste is present
and until is thawed.

(iii) After the homogenization, a pellet might be formed at
the bottom of the collection tube. Do not disturb it.

STAGE C. TOTAL RNA PURIFICATION

Time: approximately 1 h
All the following steps are based on the manufacturer’s

protocol provided by QIAGEN GmbH (Hilden, Germany) in
its AllPrep

R©

DNA/RNA/miRNA Universal Kit’s Handbook. As
proposed by the manufacturer, the initial steps’ volumes were
adjusted accordingly to the amount of the starting material.

(13) Add 90 µL chloroform to the flow-through from
step 12, coming from the homogenization steps, and
vortex. Then, centrifuge it using the refrigerated
centrifuge at 4◦C for 3 min at 18000 × g in order to
separate the phases.

(14) Transfer the aqueous phase to a new microcentrifuge
tube.

(15) Add 50 µL Proteinase K and mix with a pipette.
(16) Add 200 µL of 100% ethanol and mix gently by repeated

tube inversion without centrifuging.

(17) Incubate the sample for 10 min at room temperature.
(18) Add another 400 µL of 100% ethanol and mix gently by

repeated tube inversion without centrifuging.
(19) Transfer 700 µl of the sample to a RNeasy Mini spin

column (QIAGEN
R©

) placed in a 2 mL collection tube
and centrifuge for 15 s at 18000× g.

(20) After centrifugation, discard the flow-through.
(21) Repeat the previous step, if necessary, with the

remaining sample volume in the same column.
(22) Add 500 µl of Buffer RPE (QIAGEN

R©

) to the spin
column membrane and centrifuge for 15 s at 18000× g.

(23) After centrifugation, discard the flow-through.
(24) Apply a mix of 10 µl DNase I (QIAGEN

R©

) stock
solution and 70 µl of Buffer RDD (QIAGEN

R©

). Add it
directly into the spin column membrane.

(25) Incubate it at room temperature for 15 min.
(26) Add 500 µl of Buffer FRN (QIAGEN

R©

) to the spin
column membrane and centrifuge for 15 s at 18000× g.

(27) After centrifugation, discard the flow-through
(Important: see note ii) from Key Notes from
Stage C).

(28) Add 500 µl of Buffer RPE (QIAGEN
R©

) to the spin
column membrane and centrifuge for 15 s at 18000× g.

(29) After centrifugation, discard the flow-through.
(30) Add 500 µl of 100% ethanol to the spin column

membrane and centrifuge for 2 min at 18000× g.
(31) In order to better wash the column membrane, place

the RNeasy Mini spin column (QIAGEN
R©

) in a new
2 mL collection tube after discarding the old one with
the flow-through and centrifuge for 2 min at 18000× g.

(32) For the final elution, remove the RNeasy Mini
spin column (QIAGEN

R©

) from the collection
tube and place it in a new RNase-free 1.5 mL
microcentrifuge tube.

(33) Add 30 µl of RNase-free water directly to the column
membrane and centrifuge for 1 min at 9000× g.

(34) Repeat the last step at least once using another 30 µl
RNase-free water and using another microcentrifuge
tube for a second/third elution.

KEY NOTES TO KEEP IN MIND
DURING STAGE C

(i) Be careful in step 14 not to mix the phases. If it
occurs, in order to get clean purified RNA, you might
centrifuge it again to get a sharper separation of organic
and aqueous phases.

(ii) In accordance to the manufacturer’s instructions
(QIAGEN

R©

), between steps 26 and 28, the flow-through
from step 27, which is enriched in small RNAs (sRNAs),
can be applied again in the spin column and centrifuged
in order to enrich the total RNA samples with sRNAs.
Alternatively, the eluate of step 27 could be kept as it
will be enriched in sRNAs.

(iii) In the case that the concentration of the first eluate is
low, several eluates can be combined together in the
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same tube. In some instances, the second/third elution
can show lower A260/A280 ratios than the first elution.

(iv) After extraction, the RNA should be kept on ice for
further processing or stored at −80◦C for later studies
in order to preserve its integrity.

STAGE D. GENOMIC DNA PURIFICATION

Time: approximately 25 min
As for the RNA purification, all the following steps are

based on the manufacturer’s protocol provided by QIAGEN
GmbH (Hilden, Germany) in its AllPrep

R©

DNA/RNA/miRNA
Universal Kit’s Handbook. In the present protocol for
DNA purification, the use of RNase and the optimized
elution procedure represent the major changes from the
manufacturer’s protocol.

(35) Add 350 µl of Buffer AW1 (QIAGEN
R©

) to the AllPrep
R©

DNA Mini spin column (QIAGEN
R©

) containing the
tissue homogenate from step 12 and centrifuge for 15 s
at 18000× g.

(36) After centrifugation, discard the flow-through.
(37) Apply the following mixture to the spin column

membrane: 20 µl Proteinase K (QIAGEN
R©

) and 0.6 µL
RNase (QIAGEN

R©

) to 60 µl Buffer AW1 (QIAGEN
R©

).
(38) Incubate the spin column with the mixture for 5 min at

room temperature.
(39) Add 350 µl of Buffer AW1 (QIAGEN

R©

) to the spin
column membrane and centrifuge for 15 s at 18000× g.

(40) After centrifugation, discard the flow-through.
(41) Add 500 µl of Buffer AW2 (QIAGEN

R©

) to the
spin column membrane and centrifuge for 2 min at
18000× g.

(42) After centrifugation, discard the flow-through.
(43) For the final elution, remove the AllPrep

R©

DNA Mini
spin column (QIAGEN

R©

) from the collection tube and
place it in a new 1.5 mL microcentrifuge tube.

(44) Add 100 µl Buffer EB (QIAGEN
R©

), preheated to 70◦C,
directly to the spin column membrane. Incubate at
room temperature for 1 min and then centrifuge for
1 min at 9000×g.

(45) Repeat step 44 twice with 100 µl of preheated
Buffer EB (QIAGEN

R©

) each time and using new
microcentrifuge tubes.

(46) Place the samples in a vacuum concentrator at room
temperature and at 40–60 kPa for 6 h until the solutions
reached approximately 30 µL.

KEY NOTES TO KEEP IN MIND
DURING STAGE D

(i) The mixture from step 37 should be prepared in a
separate microcentrifuge tube, vortexed and centrifuged
before being applied to the spin column membrane. In
this step, the RNase incubation is performed to avoid
RNA contamination.

(ii) It is important that the Buffer EB (QIAGEN
R©

),
from step 44, is preheated to 70◦C before the final
elution. It should be maintained in the thermoblock
between elutions.

(iii) In the case that the concentration of the first eluate
is low, several eluates can be combined together in
the same tube and concentrated in a speed vacuum
concentrator. In some instances, the second and the
third elution can show lower A260/A280 ratios than
the first elution.

(v) After extraction, the DNA should be kept on
ice for further processing or stored at −20◦C to
preserve its integrity.

STAGE E. ASSESSMENT OF DNA AND
RNA CONCENTRATION, QUALITY
AND INTEGRITY

(47) Assess the DNA and RNA concentration and quality
using a spectrophotometer (Figure 2).

(48) To check the integrity of the DNA and RNA by
electrophoresis, run a 1% agarose gel (in TAE buffer)
at 70–90 V for 40 min for DNA and at 70–80 V for
20–30 min for RNA. Load 100–150 ng of RNA and
50–100 ng of DNA from each sample (Figure 3).

(49) Assess RNA integrity of the RNA on electropherograms
by checking the 25S/18S rRNA ratio and the
RIN (Figure 4).

KEY NOTES TO KEEP IN MIND
DURING STAGE E

(i) It is important to check either the A260/A280 and
A260/A230 ratios given by the spectrophotometer.
An A260/A280 ratio of 2.0 is accepted as indicative
of highly pure RNA. An A260/A280 ratio of 1.8 is
accepted as indicative of highly pure DNA. Pure
nucleic acids usually show an A260/A230 ratio
of around 2–2.2.

(ii) It is accepted that pure RNA in the electropherograms
show a RIN higher than 6.5, the closest to 10 the
best, and a 25S/18S rRNA ratio close to 2 or higher.
Also, peaks of low molecular weights, indicative of
degradation products, should not be present, expect for
the population of sRNAs.

(iii) Be careful not to run the gel electrophoresis with your
RNA samples for a long time as the RNA integrity might
be influenced by the high temperatures reached during
the electrophoresis.

(iv) The electrophoresis cell and combs should be
cleaned previously with a normal soap-based
detergent and rinsed with distilled water, in
order to eliminate any residues and/or nucleic
acids-degrading enzymes.
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RESULTS AND DISCUSSION

Here, we present a protocol that allows the simultaneous
extraction of DNA and total RNA with high quality and enough
yield for high throughput sequencing purposes (Figure 1) from
the same biological sample of M. javanica-induced galls and its
respective control root segments.

Due to the banning of nematicides (Ec No1107/2009, 2009),
there is an urgent need to search for new control strategies.
The study of the mechanisms governing the plant-nematode
interaction could bring some light on tools as, e.g., genes
or epigenetic signatures that could be used in a future as
biotechnological tools. In this respect, an emerging topic
coming from the molecular analyses combining transcriptomics
with cell biology, such as laser microdissection of giant cells
of different plant species, is that early developing GCs are
characterized by widespread, but specific, gene repression
that includes many microRNAs (Barcala et al., 2010; Portillo
et al., 2013; Cabrera et al., 2016; Medina et al., 2017).
However, the gene silencing mechanism/s involved is/are not
completely understood. One hypothesis is that this gene
repression is partially mediated by sRNAs either directly (by
RNA interference) or indirectly by RdDM. Studies to reveal
important clues on the mechanisms behind this gene repression
should consider holistic approaches combining genome wide
analysis and gene expression such as the methylome, RNAseq,
sRNAseq, etc., of nematode feeding sites compared to uninfected
tissues. Subtle differences on epigenetic processes are frequent
among independent biological replicates of the same tissue
and they may not correlate with changes on the mRNAs
or sRNAs population also obtained from different replicates
of the same tissue. Therefore, the method described here
allows the simultaneous extraction and purification of genomic

DNA and total RNA from the same biological sample
(from Figures 1–4).

We optimized different steps from the manufacturer’s protocol
including the amount of the starting material, the volumes
used in the disruption, the elution steps and the use of
RNase during the DNA purification. For the homogenization,
we have also included the QIAshredder

R©

spin column, which
is given as an alternative for this step by the manufacturer.
DNA and RNA suitable for library construction (Figures 5, 6),
for sequencing, and for qRT-PCR analyses (Supplementary
Figure S1) and possibly other molecular analysis, were obtained
from around 250–300 M. javanica galls induced in Arabidopsis
roots and 500–1000 control root segments. The DNA and
RNA yields ranged from 2 to 2.7 µg; 3.2 to 4.2 µg;
respectively for galls at 3 dpi and from 2.8 to 4.1 µg; 12.2
to 18.3 µg; respectively for 14 dpi galls (Figure 2). In all
cases A260/A280 ratios were around 2 for both 3 and 14 dpi
samples (Figure 2). However, in some cases, the A260/A230 ratio
obtained was quite low. Some contaminants might contribute
to this low ratio, such as salts, carbohydrates or phenol among
others. According to the manufacturer of the Kit used, the
A260/A230 ratio of an RNA sample can be reduced even when
guanidine thiocyanate, within the extraction buffer, is present at
submillimolar concentrations (von Ahlfen and Schlumpberger,
2010). However, the authors claim that in their study, the
concentrations of guanidine thiocyanate up to 100 mM in an
RNA sample did not compromise the reliability of RT-PCR (von
Ahlfen and Schlumpberger, 2010). In our hands, qRT-PCR or
libraries for RNAseq were not altered even in the case of this
low ratio in the samples used (Supplementary Figure S1 and
Figure 5, respectively).

It is important to point that DNA and RNA of good
quality could be obtained from lower amount of biological

FIGURE 5 | Electropherograms of RNA sequencing (RNA-seq) libraries. TruSeq Stranded mRNA Library Prep Kit from Illumina
R©

was used to prepare the libraries of
the 3 days post infection (dpi) samples, strictly following the manufacturer’s instructions. The fragment size distribution of the libraries were checked in the Agilent

R©

2100 Bioanalyzer using the Agilent
R©

High Sensitivity DNA Kit (Agilent Technologies, Inc., Santa Clara, CA, United States). Gall samples: G1 to G3; Control roots
samples: RC1 to RC3. Standard size ladder in nucleotides (bp) is shown at the X-axis at the bottom of each graph. FU, fluorescent units at the Y-axis. A clear major
peak of 300 bp size fragments is observed. The libraries and electropherograms were performed by an external sequencing company (AllGenetics & Biology SL,
A Coruña, Spain).
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FIGURE 6 | Electropherograms of Whole Genome Bisulfite Sequencing (WGBS) libraries. NEXTflex
R©

Bisulfite-Seq Library Prep Kit (Bioo Scientific) was used to
prepare the libraries of the 3 days post infection (dpi) samples, strictly following the manufacturer’s instructions. The fragment size distribution of the libraries was
checked in the Agilent

R©
2100 Bioanalyzer using the Agilent

R©
High Sensitivity DNA Kit (Agilent Technologies, Inc., Santa Clara, CA, United States). Gall samples: G1

to G3; Control roots samples: RC1 to RC3. Standard size ladder in nucleotides (bp) is shown at the X-axis at the bottom of each graph. FU, fluorescent units at the
Y-axis. A clear abundant major peak of around 360 bp size fragments is observed. The libraries and electropherograms were performed by an external sequencing
company (AllGenetics & Biology SL, A Coruña, Spain).

TABLE 2 | Troubleshooting: list of recommendations to overcome any artifacts or pitfalls during the whole procedure.

Problem Step (s) Possible reason Recommendation (s)

Fail to pour the sample in the
mortar

5 Tissues are already thawed; Tissues are
too thin and stick to the tubes

Keep the sample tube frozen until pouring; Use a sterile spatula
to help

Low total RNA yield 13–34 Insufficient disruption; Low starting
material; RNA is still bound in the
column

Use the pestle with concentric movements vigorously; Try to
weight the material and increase the starting material following
our recommendations described in the protocol; Incubate the
column a few minutes with the elution solution and centrifuge

Low genomic DNA yield 35–46 The same as described for “low total
RNA yield”

The same as described for “low total RNA yield”

DNA contaminated with RNA 37–38 Insufficient incubation with RNase Extend incubation time or RNase concentration

Degraded RNA 1–34 Frozen samples not well preserved at
−80◦C; Handling material in an
inappropriate way; RNase
contamination of the biological samples

Before disruption, keep your samples always frozen; Handle
carefully your samples using during all procedure RNase-free and
sterilized material and wear gloves; Use a different pipette set and
tips when extracting DNA or RNA; Keep RNA on ice for further
processing or stored at −80◦C for later studies

Low A260/A230 ratio 47 Contamination with guanidine
thiocyanate

During the washes and elutions, try to reduce the contact of the
buffers and solution with the spin column walls

Cannot visualize bands in the
gel electrophoresis

48 Low concentration of DNA and/or RNA Increase the concentration of DNA and/or RNA loaded in the gel

samples as mentioned in the section “optimization of the
starting material,” but, in our hands, nucleic acids obtained
from lower amount of tissue did not accomplish requirements
for high throughput sequencing, particularly, enough DNA
yield for the analysis and later validation. Representative
electropherograms of 14 dpi galls show the high quality
of RNA obtained either from galls or their control tissues
(Figure 4) as RIN numbers were never lower than 9.4 and
most of them close to 10 in all samples and replicates. In
addition, the 25S/18S ratio values ranged from 2.2 in replicate
3 of RC (RC3) to the highest value in replicate 1 of galls
(G1; 2.7) indicative of a high RNA integrity. Accordingly,
no peaks corresponding to low molecular weight RNAs,
indicative of partial degradation, were detected in the

electropherograms (Figure 4). However, a major peak was
observed between 25 and 200 base pairs (bp) that is likely
due to an enrichment of sRNAs in the total RNA (Figure 4).
This is in agreement with the gel electrophoresis which shows
that the ribosomal RNA was intact with no evident smear and
also a prominent band just below the ladder band of 200 bp,
presumably corresponding to the sRNAs peak observed in
the electropherograms (compare Figure 3 and Figure 4). As
explained in the “Key notes to keep in mind during stage C,”
an intermediate step can be performed to enrich the sample
in small RNAs. However, even if omitted, some of those small
RNAs are still present in the sample (Figure 3, 14 dpi; and
Figure 4). Additionally, the 3 dpi gall RNA was used to amplify
a gene by qRT-PCR, the CHROMOMETHYLASE 2 (CMT2),
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and its corresponding normalizer, GLYCERALDEHYDE-3-
PHOSPHATE DEHYDROGENASE C2 (GAPC2). Clear bands of
60 and 86 bp for CMT2 and GAPC2, respectively, were observed
(Supplementary Figure S1) and reproducible in all 3 technical
replicates used, indicating that the RNA obtained is suitable for
qRT-PCR analysis.

In respect to the DNA quality, the gel electrophoresis indicated
that a high molecular weight band was present in all samples
either at 3 dpi or 14 dpi (Figure 3). The incubation with RNase
during the genomic DNA purification (Stage D) allowed us to
obtain RNA-free genomic DNA as bands of low molecular weight
were not detected (Figure 3).

After construction of the RNA and DNA libraries for RNAseq
and WGBS, electropherograms show a fragment size distribution
with a major peak around 300 bp in the RNA libraries and around
360 bp in the DNA libraries (Figures 5, 6) indicative of good
quality libraries for subsequent RNAseq and WGBS, respectively.
Additionally, the genomic DNA extracted and purified with
this method was also appropriate to use in an ELISA based
Kit (MethylFlashTM Global DNA Methylation (5-mC) ELISA
Easy Kit (Colorimetric), EpiGentek) to measure the global DNA
methylation state of galls and control roots. Both independent
biological and technical replicates gave reproducible results
(data not shown).

Although, the use of this protocol has led us to reliable
results, during the course of the protocol optimization,
we have encountered several problems (see Table 2 for
troubleshooting). The main limiting problem was the amount
of starting material. For that, as mentioned above, we
weighted the material and optimized the minimum amount
needed for the extraction. When the amount of starting
material was low, the quantity and quality of the DNA
and RNA was affected, which could lead to deficient library
construction. During the optimization, we have also used
different disruption methods as a TissueLyser II (QIAGEN

R©

)
and a mortar and pestle. The second option, in addition of
being cheaper and consequently available in all laboratories,
resulted more efficient (data not shown), as mentioned
also by Portillo et al. (2006). Therefore, with the changes
introduced, this protocol could be also helpful to obtain
high quality nucleic acids from other Arabidopsis tissues, and
could be easily extended to other structures produced after
the infection of other plant-parasitic nematodes, as well as
other plant-pathogens.

Available methods to extract and purify nucleic acids from
plants are numerous, yet, this is the first time that a simultaneous
extraction and purification of both genomic DNA and total RNA
from the same biological sample of galls and plant roots of
high quality and suitable for current high throughput sequencing
methods, is described. The importance of this protocol relies on
the fact that obtaining RNA and DNA of high quality from the
same biological sample is a great advantage for studies combining
gene expression and epigenetics. Therefore, it is particularly
helpful, to study changes in the genomic DNA leading to
changes in gene expression as the cells of the tissues used for
RNA and DNA extraction are exactly the same as well as their
cellular status.

CONCLUSION

The method herein described was successfully adapted for
the simultaneous extraction of nucleic acids, genomic DNA
and total RNA, from the same biological sample. Here we
describe the case of the M. javanica galls formed in Arabidopsis
roots as compared to control root segments. Understanding
the mechanisms leading to changes in gene expression during
the formation and maintenance of the feeding sites induced
by these pathogens, nowadays entangle combined studies at
the transcriptomic and epigenomic level. In this context, the
importance of this protocol relies on the fact that obtaining RNA
and DNA of high quality from the same biological sample is
a great advantage for the study of epigenetic alterations in the
DNA, related to changes in gene expression within the same
tissue. One of the main reasons is that the cellular status of the
tissue used for RNA and DNA extraction is exactly the same as
they are obtained simultaneously. Therefore, we believe that this
method can be also extended for the simultaneous extraction of
high quality RNA and DNA from other Arabidopsis tissues or
other structures induced by other plant-parasitic nematodes or
even possibly other pathogens/symbionts interactions.
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FIGURE S1 | Agarose gel electrophoresis of quantitative-real-time-PCR (qRT-
PCR) products of the CHROMOMETHYLASE 2 gene (CMT2). qRT-PCR products
of CMT2 (AT4G19020) and GAPC2 (GLYCERALDEHYDE-3-PHOSPHATE

DEHYDROGENASE C2; AT1G13440), used frequently as a normalizer for
qRT-PCR. 12.5 ng of the initial total RNA from galls was used in each of the three
technical replicates (1–3) for the two tested genes. The corresponding cDNAs
were amplified with the primers in Supplementary Table S1 and single clean
amplicon bands (60 bp in the case of CMT2 and 86 bp in the case of GAPC2) can
be observed. Ethidium bromide-stained agarose gel electrophoresis. NTC, No
template control; Ladder, Thermo ScientificTM GeneRulerTM 1 kb Plus DNA
Ladder; bp, base pairs.

TABLE S1 | List of primers used for qRT-PCR.
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The plant defense responses to pests results in the synchronized change of a complex
network of interconnected genes and signaling pathways. An essential part of this
process is mediated by the binding of transcription factors to the specific responsive
cis-elements within in the promoters of phytophagous-responsive genes. In this work,
it is reported the identification and characterization of a bidirectional promoter that
simultaneously co-regulate two divergent genes, At5g10300 and At5g10290, upon
arthropod feeding. Computational analysis identified the presence of cis-elements
within the intergenic region between two loci, mainly from the DOF but also from the
AP2/ERF, Golden 2-like and bHLH families. The function of the bidirectional promoter
was analyzed using two enhanced variants of the GFP and CherryFP reporter genes,
in both orientations, in transient tobacco and stably transformed Arabidopsis plants.
Promoter activity was tested in response to feeding of Tetranychus urticae and Pieris
brassicae, as well as wounding, flagellin and chitin treatments. Using RT-qPCR assays
and confocal microscopy, it was shown that all treatments resulted in the induction of
both reporter genes. Furthermore, our findings revealed the asymmetric character of the
promoter with stronger activity in the forward than in the reverse orientation. This study
provides an example of a bidirectional promoter with a strong potential to be used in
plant biotechnology in pest control that requires stacking of the defense genes.

Keywords: bidirectional promoter, cis-elements, defense genes, inducible promoter, reporter gene expression,
Tetranychus urticae, Pieris brassicae

INTRODUCTION

A bidirectional promoter is the intergenic region between two divergent genes located on
complementary strands of the DNA which drives their coordinated transcription in opposite
directions. These promoters control of the expression of gene pairs usually involved in the same
or in related physiological processes (Mitra et al., 2009; Singh et al., 2009; Oropeza-Aburto
et al., 2017). Most of the known bidirectional promoters have been found during the research of
single genes, but the development of sequencing technologies and bioinformatics tools discovered
that bidirectional nuclear gene promoters are very abundant in eukaryotes, including plants
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(Wang et al., 2009, 2016; Dhadi et al., 2013). In a first search
of bidirectional promoters in the Arabidopsis genome, Wang
et al. (2009) identified near 2,500 gene shared intergenic regions,
enriched in regulatory elements essential for transcription. The
characterization of some of them showed that the majority drove
gene pairs within same functional category. Comparative analysis
of bidirectional promoters, performed in rice, Arabidopsis
and Populus (Dhadi et al., 2009) and in three grass species
such as maize, sorghum, and Brachypodium (Krom and
Ramakrishna, 2010) provided very useful information about
common cis-elements, regulatory mechanisms, co-expression
and evolutionary dynamics.

The first characterized bidirectional promoter from plants
was identified in maize. Shwarz et al. (1981) found that
two genes overlapped by few nucleotides in the maize
chloroplast chromosome were transcribed divergently from
complementary DNA strands. Since then, bi-directionality of
promoters controlling genes in a head-to-head fashion has been
described in many species. Some intergenic regions drive an equal
expression of the two genes in both directions. One example is the
co-expression of two chymotrypsin protease inhibitor encoding
genes from rice, OCPI2 and OCPI1, with 1,126 bp distance
between their transcription initiation sites in reverse orientations.
OCPI2 and OCP1 transcripts were coordinately regulated and
induced in an almost identical manner by salt, ABA, low
temperature and mechanical wounding treatments in roots and
shoot tissues of seedlings (Singh et al., 2009). In other cases,
the transcription of some genes under a bidirectional promoter
is dependent on the orientation. An example is the tissue-
expression profile shown by the two divergent At4g35985 and
At4g35987 Arabidopsis genes, encoding a senescence associated
protein and a calmodulin methyltransferase, respectively, that
shared a 1,258 bp intergenic region. While the genes were
highly expressed in apical meristem and shoot and root tips in
one orientation, in the opposite strand they were very active
in mature tissues (Banerjee et al., 2013). Expression assays
of this bidirectional promoter fused to Green Fluorescence
Protein (GFP) and β-glucuronidase (GUS) reporter genes
in both orientations in stable transformed Arabidopsis and
tobacco plants corroborated the tissue specificity, and pointed-
out a specific up-regulation under salt and pathogen stresses
dependent on the orientation, strength and the exposure time
of the stress. Generally, most bidirectional promoters direct the
asymmetric transcription of the gene pair under their control,
even when they are expressed in the same plant tissue. This is the
case of two Arabidopsis genes, At1g71850 (ubiquitin carboxyl-
terminal hydrolase) and At1g71860 (tyrosine-specific protein
phosphatase) separated by a 347 bp intergenic sequence which
exhibited an orientation-dependent expression profile (Liu et al.,
2015). Likewise, the intergenic region of the maize defensin-
like protein genes Def1 and Def2 determined embryo- and
aleurone-specific expression but displayed asymmetric activity
(Liu et al., 2016). The deletion of the cis-acting elements
contained in this promoter evidenced that the transcription
polarity and differential strength were dependent on the presence
of specific cis-motifs. Recently, the functional analysis of a
bidirectional promoter (1,429 bp) shared by a gene pair

from Gossypium hirsutum, Ghrack1 (receptor for activated C
kinase1), and Ghhrf1 (E3 ubiquitin-protein ligase), has also
showed an orientation dependence (Yang et al., 2018). Using
series of expression vectors containing GUS and GFP reporter
genes in forward and reverse orientations of the promoter
to transform Arabidopsis and tobacco, they found differences
on spatial and temporal gene expression controlled by the
promoter orientation.

The selection of a promoter is essential for the successful
expression for multigene engineering strategies. Bidirectional
promoters offer certain advantages including: (i) coordinated
expression of two genes; (ii) reduction in time-consuming
construction of expression vectors; (iii) prevention of silencing of
multigene expression based on the non-repetitive use of the same
unidirectional promoter; (iv) stability of the DNA based on the
reduced amount of foreign DNA in genetically engineered plants.
In this context, to transform a unidirectional promoter into a
bidirectional one, or to design artificial bidirectional promoters
has been considered as an alternative adapted to transcribe genes
under specific physiological and environmental stimuli. Current
bioinformatics tools, databases and technologies allow the design
and the introduction of cis-elements in bidirectional promoters as
an artwork of cis-engineering (Mehrotra et al., 2011). Moreover,
changes in the core and flanking sequences of the cis-motifs
may lead to alterations in the gene expression in both native
and synthetic promoters (Zhang et al., 2019). Xie et al. (2001)
created the first artificial plant bidirectional promoter based
on the 35S minimal promoter (51 bp from transcription start
point) from the cauliflower mosaic virus (CaMV) by fusing the
35S mini-promoter at its 5’ end in the opposite orientation.
The same strategy was used by Zheng et al. (2011) to generate
a bidirectional methyl jasmonate-inducible promoter derived
from poplar. Kumar et al. (2015) combined the construction
of bidirectional promoters and a biscistronic approach for
coordinated multi-gene expression in maize. They integrated
the polyprotein processing T2A ACD sequence from Thosea
asigna virus into a synthetic bidirectional promoter derived from
the Ubiquitin-1 promoter from Zea mays to improve transgene
stacking strategy. Expression analysis of transgenic maize plants
confirmed the coordinated expression of four genes conferring
insect and herbicide resistance based on this combined approach.
More recently, Vogl et al. (2018) generated a library of 168
synthetic bidirectional promoters in the yeast Pichia pastoris by
using its natural histone promoters as an engineered template.
The rapid screening of expression profiles to optimize gene co-
expression suggested the potential of this approach for other
eukaryotes, including plants.

In this work, we report the identification and characterization
of a bidirectional promoter shared by two divergent genes,
At5g10300 and At5g10290, simultaneously transcribed and
induced by the two-spotted spider mite feeding. The promoter
function was tested by fusing mGFP and mCherryFP reporter
genes in both orientations in transiently agroinfiltrated tobacco
leaves and in stably transformed Arabidopsis plants. These
plants were used to analyze their responses to arthropod feeding
and other related defense-treatments by RT-qPCR assays and
confocal microscopy.
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MATERIALS AND METHODS

In silico Analysis of the Bifunctional
Promoter
The VISTA plots of multiple genomic comparisons of
Brassicaceae species different from Arabidopsis thaliana
were visualized in the VISTA-Point tool using the pairwise
precomputed alignments from the VISTA platform (Frazer
et al., 2004). The VISTA plots of pairwise comparisons of
putative bifunctional promoter sequences of Arabidopsis lyrata
and Arabidopsis halleri species to A. thaliana were generated
by the zPicture tool (Ovcharenko et al., 2004) using the
sequences retrieved from the Araport11 annotation (Cheng
et al., 2017). Multiple sequence alignment was prepared using the
MUSCLE program in the SeaView4 platform (Gouy et al., 2010).
Transcription factors sites were obtained using the binding site
prediction tool in the PlantRegMap and the PlantTFDB 4.0
database (Jin et al., 2017).

Plant Material and Growth Conditions
Arabidopsis thaliana Columbia (Col-0) plants were used as wild-
type plants. A. thaliana T-DNA mutants (Salk_022713C and
Salk_015889C) were obtained from the Arabidopsis Biological
Resource Centre and the European Arabidopsis Stock Centre
(NASC).1 For in vitro growth, seeds were surface sterilized with
70% (V/V) ethanol for 2 min, followed by incubation in a solution
containing 5% (V/V) sodium hypochlorite and 5% (W/V) SDS
for 10 min, and then washed with sterilized distilled H2O.
Seeds were plated onto Petri dishes containing 1/2 MS semisolid
medium (Sigma-Aldrich), adjusted to pH 5.7 with KOH. For soil
growth, a mixture of peat moss and vermiculite (3:2, V/V) was
used. Sterilized seeds were stratified in the dark at 4◦C for 5 days.
Plates and pots were grown in growth chambers (Sanyo MLR-
351-H, Sanyo, Japan) under control conditions (23± 1◦C, >70%
relative humidity and a 16◦h/8◦h day/night photoperiod).

Nicotiana benthamiana plants were grown in greenhouse
under controlled conditions (22 ± 1◦C, >70% relative humidity
and a 16h/8h day/night photoperiod).

Phytophagous Arthropod Maintenance
A colony of the two-spotted spider mite Tetranychus urticae,
London strain (Acari: Tetranychidae), kindly provided by Dr.
Miodrag Grbic (Department of Biology, Western Ontario
University, Canada), was reared on beans (Phaseolus vulgaris)
and maintained in growth chambers (Sanyo MLR-351-H, Sanyo,
Japan) at 25 ± 1◦C, >70% relative humidity and a 16◦h/8◦h
day/night photoperiod. A Pieris brassicae colony supplied by
Prof. Dr. Marcel Dicke and Dr. Pieter Rouweler (Laboratory of
Entomology, Wageningen University, Netherlands), was reared
on Brussels sprouts (Brassica oleracea L. var. gemmifera) and
maintained on growth chambers (Sanyo MLR-350-H, Sanyo,
Japan) at 21 ± 1◦C, 50% relative humidity and a 16◦h/8◦h
day/night photoperiod.

1http://arabidopsis.info/BasicForm

Construction of Bidirectional
Promoter-Reporter Gene Fusions and
Plant Transformation
The intergenic region, between At5g10290 and At5g10300 genes
(named in figures BP), was amplified using A. thaliana Col-0
genomic DNA as a template following the design schematized
in Supplementary Figure 2 and the primers indicated in
Supplementary Table 1. The mCherryFP ORF was amplified
from the psmRS-mCherryFP plasmid (Barrero-Sicilia et al.,
2011). PCRs were performed with Phusion Hot Start II High
Fidelity DNA Polymerase according to the manufacturer’s
instructions (Thermo Scientific), under the following reaction
conditions: 30 s at 98◦C, followed by 30 cycles of 10 s at
98◦C, 20 s at 55◦C for 25 s (bidirectional promoter) or 53◦C
for 20 s (mCherryFP) at 72◦C, and 5 min at 72◦C. The
target DNA fragments of the forward and reverse orientations
of the bidirectional promoter and the mCherryFP gene were
ligated into the cloning vector pENTRY3C (Invitrogen). The
mCherryFP::BP fusion were inserted in the pmdc107 vector
containing the mGFP gene driven by a minimal promoter (Curtis
and Grossniklaus, 2003), by homologous recombination using LR
Clonase II enzyme mix (Invitrogen). Resultant fusion plasmids
mCherryFP::BP::GFP and GFP::BP::mCherryFP, enclosed the two
reporter genes driven by the BP in both orientations. The
pmdc107, named here pmdc107ø, was used as control vector for
all transformation events.

The fusion-constructs were first introduced into the
Agrobacterium tumefaciens strain C58C1 Rif (GV3101) by
using the freeze-thaw method (Weigel and Glazebrook, 2002).
Then, 3-week old N. benthamiana leaves were transiently
transformed by Agroinfiltration as described Santamaria et al.
(2019), with the fusion-constructs mCherryFP::BP::mGFP,
mGFP::BP::mCherryFP and the control pmdc107ø vector.
Transient assays were performed after 3 and 4 days of infiltration
(dpi). To generate stable transgenic plants, the fusion-constructs
and the control vector pmdc107ø were also introduced into
A. thaliana Col-0 plants using the Agrobacterium floral dip
method (Clough and Bent, 1998). Transformants were selected
on MS medium supplemented with 40 mg/L hygromicin.
Homozygous lines with one single transgene copy coming
from independent transformation events were selected from
the T3 generation.

Plant Infestation Assays
To analyse the phenotype of the promoter T-DNA insertion
lines in response to spider mites, infestation assays were
performed. Three-week-old Arabidopsis T-DNA Salk lines and
Col-0 control plants were infested with 20 T. urticae female
adults per plant. After 4 days of infestation, leaf damage was
assessed by scanning the entire rosette (HP Scanjet 5590 Digital
Flatbed Scanner series), according to Cazaux et al. (2014).
Leaf damage was calculated in mm2 using Adobe Photoshop
CS software. Six replicates were used for each genotype. The
experiment was carried out in duplicate. To determine how
the bidirectional promoter controls the expression of the
two reporter genes in both orientations, feeding assays were
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performed with T. urticae and P. brassicae. Twenty spider mite
female adults or five freshly hatched neonate caterpillar were
placed on 3-week old Arabidopsis plants (pmdc107ø control and
mCherryFP::BP::mGFP, mGFP::BP::mCherryFP lines), allowing
a continuous feeding for 24◦h, in growth chambers (Sanyo
MLR-351-H, Sanyo, Japan) at 25 ± 1◦C, >70% relative
humidity and a 16◦h/8◦h day/night photoperiod. Six replicates
of each plant genotype were performed per treatment and
control. From these six plants, three were collected and
frozen in liquid N2 for RT-qPCR and the other three
plants were observed under the confocal microscopy. All the
experiments were repeated three times, as is indicated in
Supplementary Figure 3.

Wounding, Flagellin, and Chitin
Treatments
Arabidopsis plants (pmdc107ø control and mCherryFP::BP::
mGFP, mGFP::BP::mCherryFP transgenic lines) were also used
to analyse the two reporter gene expression in response to
mechanical wounding, flagellin (Flg22) and chitin treatments.
For wounding, approximately 20% of the leaf area of two
leaves, of 3-week old Arabidopsis plants, were pierced with
a needle and their leaves were collected 1◦h after. In the
case of the Flg22 treatment, plants were sprayed with 200 µl
of the flagellin-derived Flg22 peptide (AnaSpec) at a final
concentration of 5 µM. Control plants were sprayed with the
same amount of water. Plants were collected after 12◦h of
treatment. Chitin stock solution were prepared by dissolving
chitin from shrimp shells (Sigma-Aldrich) in DMSO at a
concentration of 25 mg/mL and subsequently diluted in H2O to
a 100 µg/mL concentration for the experiment. The solvent used
to solubilize the elicitor (DMSO) was used as control treatment
at a final concentration of 0.4% (V/V). Plants were sprayed
using 200 µl per plant and leaves were collected after 24◦h of
treatment. Growth conditions were the same mentioned above
and experimental design and replicates were done according to
Supplementary Figure 3.

Nucleic Acid Analysis
Genomic DNA was isolated from Arabidopsis T-DNA insertion
lines and Col-0 plants, essentially as described by Sambrook
and Russell (2001). The T-DNA homozygous status and
gene expression levels of the Salk lines was analyzed by
conventional PCR and quantitative PCR (RT-qPCR) analyses
(Supplementary Figures 4A–C). Conventional PCR conditions
were: 3 min at 94◦C, followed by 30 cycles for 30 s at
94◦C, 40 s at 55◦C, and 1 min 20 s at 72◦C, and finally
7 min at 72◦C.

For RT-qPCR studies, total RNA was isolated from 3-week
old rosettes from Arabidopsis T-DNA insertion and Col-
0 plants, and from different tissues (seedlings, rosettes,
roots and mature seeds) of Arabidopsis plants (pmdc107ø
control and mCherryFP::BP::mGFP, mGFP::BP::mCherryFP
transgenic lines) after different treatments. Total RNA from
seedlings, 3-weel-old-rosettes and roots was extracted by
the phenol/chloroform method, followed by precipitation

with 8 M LiCl according to Oñate-Sánchez and Vicente-
Carbajosa (2008). RNA form mature seeds was isolated by
the hot borate method described by Santamaria et al. (2010).
Regarding N. benthamiana assays, total RNA was extracted
from plants agroinfiltrated with the control vector pmdc107ø,
the mGFP::BP::mCherryFP and the mCherryFP::BP::mGFP
constructs, by the TRIZOL reagent following manufacturer
instructions (Ambion Austin TX). Complementary DNAs
(cDNAs) were synthesized from 2 µg of RNA using the
Revert AidTM H Minus First Strand cDNA Synthesis Kit
(Fermentas) as indicated manufacturer’s instructions. The
RT-qPCR conditions used were 40 cycles with 15 s at 95◦C,
1 min at 60◦C and 5 s at 65◦C using LightCycler 480 SYBR
Green I Master (Roche). RT-qPCR was performed in three
samples coming from three independent experiments as
previously described by Santamaria et al. (2012), using a SYBR
Green Detection System (Roche) and the LightCycler480
Software release 1.5.0 SP4 (Roche). mRNA quantification,
expressed as relative expression levels (2−dCt), was normalized
to ubiquitin or actin for Arabidopsis and Nicotiana samples,
respectively. For mRNA quantification referred as fold change
(2−ddCt) in Arabidopsis samples, ubiquitin as housekeeping
gene and untreated control sample as internal calibrator were
used (Livak and Schmittgen, 2001). Specific primers were
designed through PRIMER3.2 Primer sequences are listed in
Supplementary Table 1.

Confocal Images
All images were obtained with the TCS-SP8 confocal microscope
(Leica). For transient expression experiments, N. benthamiana
leaves were observed under the microscope after 3 and 4 days
of the agroinfiltration (dpi). Confocal images of Arabidopsis
leaves were taken after arthropod feeding assays, mechanical
wounding and elicitor treatments in stable transformed
Arabidopsis plants. Three independent leaves of each genotype,
for control and treatments, were observed. In all experiments,
mGFP and mCherryFP signals were sequentially acquired
using the following settings: mGFP, excitation 488 nm
and emission 491–550 nm; mCherryFP, excitation 561 nm,
emission 591–638 nm.

Statistical Analysis
The statistical analysis was performed using
GraphPadPrismv6.01 and IBM SPSSv25 statistics. In order
to perform the proper statistical analysis, normality and
homoscedasticity of the data were previously analyzed. In the
case of the foliar damage, data fulfill both assumptions so,
one-way ANOVA followed by Tukey’s multiple comparisons test
were used. In the case of the gene expression, analysis generalized
linear models stats was performed. Wald χ2 followed by LSD
test was applied in all the RT-qPCR experiments. In figures,
significant differences (P < 0.05) among transgenic lines are
reported with different letters.

2http://bioinfo.ut.ee/primer3-0.4.0/

Frontiers in Plant Science | www.frontiersin.org 4 July 2019 | Volume 10 | Article 93055

http://bioinfo.ut.ee/primer3-0.4.0/
https://www.frontiersin.org/journals/plant-science/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles


fpls-10-00930 July 16, 2019 Time: 15:43 # 5

Arnaiz et al. Bidirectional Promoter Involved in Defense to Pests

RESULTS

Structure and Sequence Analysis of an
Arabidopsis Intergenic Region Between
Two Genes Involved in Defense to
T. urticae
Zhurov et al. (2014) analyzed the transcriptional response to
spider mite infestation in resistant Bla-2 and susceptible Kondara
Arabidopsis accessions. From this analysis, many differentially
expressed genes were identified. Looking at the genomic context
of some genes up-regulated in Bla-2 upon mite feeding, we
found that one induced gene, At5g10300, shared its potential
promoter region with a second gene, At5g10290, annotated in
the opposite direction. The At5g10300 and At5g10290 genes
encoded a hydroxynitrile lyase and a LRR receptor kinase,
respectively. A region of only 645 bp was found between the

putative transcription start sites of both genes. To get a first
insight on the relevance of this genomic arrangement, a genomic
comparison of this region among Brassicaceae species was
performed (Supplementary Figure 1). From this comparison, a
strong conservation between the genes flanking the promoter was
observed (Supplementary Figure 1A). However, conservation
in the promoter sequences was mainly restricted to the
promoters from Arabidopsis species, with minor similarities
with the promoters of Brassicaceae species from other genera
(Supplementary Figure 1B). Then, the nucleotide sequences of
the promoters from the three Arabidopsis species were aligned
to detect conserved functional motifs (Figure 1A). The putative
location of TATA boxes was dissimilar between A. thaliana and
the other two species. The TATA motifs were located more
internally in A. thaliana which reflected in the lower number of
bp flanked by the TATA motif in this species (385 bp) than in
A. lyrata and A. halleri (764 and 602 bp, respectively). In any

FIGURE 1 | Sequence characteristics of the region spanning the interval between putative TATA sequences in the bifunctional promoter. (A) Alignment of the
nucleotide sequences of the selected interval. Names of transcription factor families mark their putative binding sites. TATA predicted sites are boxed in red. Insertion
points for the T-DNA lines used are marked by gray arrows. Transcription factors sites were obtained using the binding site prediction tool in the PlantRegMap and
the PlantTFDB 4.0 database. Alignment was prepared using the MUSCLE program in the SeaView4 platform. (B) The VISTA plots of pair-wise comparisons of
putative bifunctional promoter sequences of A. lyrata and A. halleri species to A. thaliana as generated by the zPicture tool. Filled portions of the graphs indicate
conservation of more than 50% with a width of at least 100 bp. Approximate locations of conserved binding sites for transcription factors are marked by arrows
(dark blue, DOF; light blue, G2-like; dark green, ERF; light green, bHLH). TATA predicted sites for A. thaliana are marked by red arrows. Insertion points for the T-DNA
lines used are marked by gray arrows.
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case, the strongest conserved region was located in the sequence
flanked by the most internal TATA boxes (Figure 1B). Many
binding sequences for transcription factors (TFs) were identified
in this region. Among them, it is remarkable the presence of
several conserved DOF-binding motifs (AAAG/CTTT), as well as
some cis-elements potentially recognized by defense-related TFs
from the AP2/ERF (GCC box), Golden 2-like (GAATCT) and
basic Helix-Loop-Helix, bHLH (CACGTG) TF families.

Expression Analysis of At5g10290 and
At5g10300 Genes and Responses to
Spider Mite Feeding
To determine whether the bidirectional promoter controls the
simultaneous transcription of the gene pair At5g10290 and
At5g10300, RT-qPCR assays were carried out in Arabidopsis
rosettes of Col-0 plants and two T-DNA insertion lines. Results
demonstrated that both genes were transcribed at the same time
but the relative transcript abundance of the At5g10290 gene
was higher compared to the relative expression of At5g10300
gene in the opposite strand (Supplementary Figure 4D).
The alleles generated by the insertion of T-DNA in the
promoter (Salk_015889C and Salk_022713C lines) corroborated
the promoter bi-directionality. A reduction in the expression
levels of the two divergent genes in the mutant lines were
observed in comparison to the expression found in Col-0 plants.
These data indicated the double knock-down character for
At5g10290 and At5g10300 genes of these mutant lines.

The homozygous T-DNA insertion lines and the Col-0 plants
were used to test the involvement of the bidirectional promoter
in the plant response to T. urticae feeding. Plants were infested
with T. urticae adults and leaf damage was quantified 4 days
after infestation. The damage intensity, measured as the chlorotic
foliar area, was approximately twofold higher in the knock-
down lines than the damage quantified in Col-0 plants after
mite infestation (Figure 2). Thus, greater leaf damage parallel
to a lower pair gene expression, reflected not only the potential

FIGURE 2 | Plant damage of Arabidopsis Col-0 and T-DNA insertion lines
infested with T. urticae. Damaged foliar area was measured after 4 days of
spider mite infestation. Data are means ± SE of six replicates. Different letters
indicate significant differences (P < 0.05, One-way ANOVA followed by
Tukey’s multiple comparisons test).

defensive role of the genes located on the opposite strands but
also the precise control of the bidirectional promoter.

Functional Analysis of the Bidirectional
Promoter in Transiently Transformed
N. benthamiana Plants
The intergenic region between At5g10290 and At5g10300
genes was used to make transcriptional fusions to mGFP
and mCherryFP genes in the opposite orientations. Transient
expression assays in agroinfiltrated N. benthamiana leaves
revealed that both reporter genes were co-expressed and the
emitted fluorescence was localized in the nuclei, membrane
and some cytoplasmic areas, independent on the orientation
(Figure 3A). No detectable florescence was found under the
confocal microscope when the vector pmdc107ø was used
(data not shown).

Transcript analysis of the reporter genes performed by RT-
qPCR assays, at 3 and 4 dpi, corroborated the simultaneous
expression of both genes (Figure 3B). The mGFP gene
presented higher expression levels than the mCherryFP gene,
independently on the gene orientation. Basal expression levels
of the mGFP gene were obtained with the pmdc107ø control
vector due to the presence of the minimal promoter contained
in the control plasmid. As expected, no detection of the
mCherryFP gene was found.

Functional Analysis of the Bidirectional
Promoter in Stably Transformed
A. thaliana Plants
To investigate the role of the bidirectional promoter in response
to different stresses, the same fusion-constructs were used to
stably transform A. thaliana plants. The characterization of the
homozygous lines with one single transgene copy coming from
independent transformation events allowed the selection of lines
(1.1 and 2.4 for the mGFP::BP::mCherryFP construct, and 1.3
and 4.6 for the mCherryFP::BP::mGFP construct) for further
studies (data not shown). The expression profile of the two
reporter genes was studied in T3 plants by using different tissue
samples (seedlings, rosettes, roots and mature seeds). Results
confirmed the simultaneous transcription of the pair of genes
controlled by the bidirectional promoter in all tested plant
tissues, independently of the gene location on the complementary
strands. Generally, a higher content of mRNAs derived from the
mGFP gene than from mCherryFP gene was quantified in all
tested tissue samples. Root and seed tissues presented the lowest
accumulation of transcripts. As expected, plants transformed
with the control pmdc107ø vector had basal expression levels
of the mGFP gene but did not express the mCherryFP gene
(Supplementary Figure 5).

Arabidopsis transformed plants were used to perform feeding
bioassays with T. urticae and P. brassicae and the expression of
the reporter genes was evaluated under the confocal microscope
and/or by RT-qPCR analysis after 24◦h of infestation. Confocal
images showed that the two phytophagous arthropods clearly
induced the emission of fluorescence of both reporter genes
and in both orientations. No detectable fluorescence was found
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FIGURE 3 | Schematic representation of fusion-constructs and transient expression assays in N. benthamiana leaves. (A) Scheme of mCherryFP and mGFP genes
under the bidirectional promoter (BP) and confocal stacks spanning tobacco epidermal cells of transient transformed leaves at 3 and 4 post-infiltration days (dpi).
Projections are from mCherryFP (a,d,i,l), mGFP (c,f,g,j) and the corresponding Nomarski snap-shots (b,e,h,k). Scale bars represent 50 µm. (B) Relative expression
levels (2−dCt ) of mCherryFP and mGFP genes in agroinfiltrated N. benthamiana leaves with the control vector (pmdc107ø) or with the constructs including the
bidirectional promoter fused to the two reporter genes. Data are means ± SE of three replicates. Different letters indicate significant differences (P < 0.05 Wald χ2

followed by LSD test). Primers used for this experiment are listed in Supplementary Table 1.

under the confocal microscope in Arabidopsis transformed with
the control vector either in non-infested or in infested plants
(Figures 4A, 5A). According to the images, the bidirectional
promoter played a coordinated control of the expression of
the gene pair, although the intensity of the fluorescence was
always stronger when the reporter genes were located at the
forward orientation in comparison to the location in the
reverse orientation. High levels of fluorescence emitted by
Arabidopsis leaves in response to spider mite and caterpillar
feeding correlated with increased content of reporter transcripts
after infestation (Figures 4B, 5B). Once more, the accumulation
of mGFP mRNAs was higher than the mCherryFP mRNAs,
independently on the gene orientation and on the feeding stress.
In addition, similar gene expression patterns and comparable
confocal images were observed when transformed Arabidopsis

plants were mechanically wounded (Figure 6). Likewise, basal
expression levels of the mGFP gene were observed in the
transformed control plants (pmdc107ø), but its expression was
not up-regulated by biotic or wounding stress.

Arabidopsis plants were also treated with two elicitors,
flagellin and chitin, and showed a differential response to each
one. The Flg22 elicited the expression of the two reporter
genes as well as the emission of the fluorescence under
confocal microscope as the biotic and wounding treatments
did (Figure 7). In contrast, no significant differences were
detected after the chitin treatment between treated and non-
treated plants (Figure 8). RT-qPCR assays of the two divergent
genes, At5g10290 and At5g10300, were also carried out in
Arabidopsis rosettes after T. urticae and P. brassicae feeding,
as well as under wounding, Flg22 and chitin treatments.
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FIGURE 4 | Schematic representation of fusion-constructs and expression assays in stably transformed Arabidopsis plants in response to T. urticae infestation.
(A) Scheme of mCherryFP and mGFP genes under the bidirectional promoter (BD) and confocal stacks spanning Arabidopsis epidermal cells of transformed leaves
under control conditions, and after T. urticae infestation. Projections are from mCherryFP (b,d,f,h,i,k,m,o,r,t) and mGFP (a,c,e,g,j,l,n,p,q,s). Bars are 50 µm.
(B) Quantitative analyses of mGFP and mCherryFP gene expression in stably transformed Arabidopsis plants in control, and after 24 h of T. urticae infestation. Bars
in green and red colors correspond to mGFP and mCherryFP gene expression, respectively. Data are ±SE of three biological replicates. Different letters indicate
statistical differences (P < 0.05 Wald χ2 followed by LSD test). Arabidopsis transformed lines for mGFP::BP:mCherryFP construct were 1.1 and 2.4, and for
mCherryFP:BP::mGFP were 1.3 and 4.6. Primers used for this experiment are listed in Supplementary Table 1.

Results corroborated that both genes were simultaneously
transcribed and induced by all treatments except by chitin
(Supplementary Figure 6).

Since both, the reporter genes under the control of the
bidirectional promoter and the divergent At5g10290 and
At5g10300 genes, were up-regulated in response to pest feeding,
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FIGURE 5 | Schematic representation of fusion-constructs and expression assays in stably transformed Arabidopsis plants in response to P. brassicae infestation.
(A) Scheme of mCherryFP and mGFP genes under the bidirectional promoter (BD) and confocal stacks spanning Arabidopsis epidermal cells of transformed leaves
under control conditions, and after P. brassicae infestation. Projections are from mCherryFP (b,d,f,h,i,k,m,o,r,t) and mGFP (a,c,e,g,j,l,n,p,q,s). Bars are 50 µm.
(B) Quantitative analyses of mGFP and mCherryFP gene expression in stably transformed Arabidopsis plants in control, and after 24 h of P. brassicae infestation.
Bars in green and red colors correspond to mGFP and mCherryFP gene expression, respectively. Data are ±SE of three biological replicates. Different letters indicate
statistical differences (P < 0.05 Wald χ2, followed by LSD test). Arabidopsis transformed lines for mGFP::BP:mCherryFP construct were 1.1, 2.4, and for
mCherryFP:BP::mGFP were 1.3 and 4.6. Primers used for this experiment are listed in Supplementary Table 1.

wounding and Flg22 treatments but not with chitin, defense
signaling pathways in transgenic plants and in T-DNA insertion
lines were tested. The expression levels of three genes associated

with hormonal pathways such as the plant defensin PDF1.2,
the vegetative storage VSP2 and the pathogenesis related
PR1, involved in ethylene/jasmonic acid (JA) and salicylic
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FIGURE 6 | Schematic representation of fusion-constructs and expression assays in stably transformed Arabidopsis plants in response to wounding. (A) Scheme of
mCherryFP and mGFP genes driven by the bidirectional promoter (BD) and confocal stacks spanning Arabidopsis epidermal cells of transformed plants after 1 h of
wounding. Projections are from mCherryFP (b,d,f,h,i,k,m,o,r,t) and mGFP (a,c,e,g,j,l,n,p,q,s). Bars are 50 µm. (B) Quantitative analyses of mGFP and mCherryFP
expression by RT-qPCR in Arabidopsis transformed plants after 1 h of wounding. Bars in green and red colors correspond to mGFP and mCherryFP gene
expression, respectively. Data are ±SE of three biological replicates. Differential letters indicate statistical differences (P < 0.05 Wald χ2 followed by LSD test).
Arabidopsis selected lines for mGP::BBP::mCherryFP construct were 1.1. and 2.4, and for mCherryFP::BD::mGFP were 1.3 and 4.6. Primers used for this
experiment are listed in Supplementary Table 1.

acid (SA) responses, were quantified. Interestingly, the PDF1.2
gene was highly over-expressed in response to spider mite
in the Arabidopsis lines transformed with the bidirectional

promoter in contrast to the no significant induction quantified
in the plants transformed with the control pmdc107ø vector.
Besides, mite infestation induced the expression of VSP2 and
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FIGURE 7 | Schematic representation of fusion-constructs and expression assays in stably transformed Arabidopsis plants in response to flagellin treatment.
(A) Scheme of mCherryFP and mGFP genes driven by the bidirectional promoter (BD) and confocal stacks spanning Arabidopsis epidermal cells of transformed
plants after 1◦h offlagelin22 (Flg22) treatment. Projections are from mCherryFP (b,d,f,h,i,k,m,o,r,t) and mGFP (a,c,e,g,j,l,n,p,q,s). Bars are 50 µm. (B) Quantitative
analyses of mGFP and mCherryFP expression by RT-qPCR in Arabidopsis transformed plants after 1 h of Flg22 treatment. Bars in green and red colors correspond
to mGFP and mCherryFP gene expression, respectively. Data are ±SE of three biological replicates. Differential letters indicate statistical differences (P < 0.05 Wald
χ2 followed by LSD test). Arabidopsis selected lines for mGP::BBP::mCherryFP construct were 1.1. and 2.4, and for mCherryFP::BD::mGFP were 1.3 and 4.6.
Primers used for this experiment are listed in Supplementary Table 1.

PR1 genes in all tested plants. In contrast, the induction of
VSP2 and PDF1.2 genes mediated by P. brassicae feeding was
observed in all Arabidopsis genotypes while the PR1 gene was

always down-regulated after this biotic stress (Supplementary
Figure 7). Regarding the wounding and elicitor treatments,
the PDF1.2 gene was higher induced by Flg22 in plants
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FIGURE 8 | Schematic representation of fusion-constructs and expression assays in stably transformed Arabidopsis plants in response to Chitin treatment.
(A) Scheme of mCherryFP and mGFP genes driven by the bidirectional promoter (BD) and confocal stacks spanning Arabidopsis epidermal cells of transformed
plants after 1 h of Chitin treatment. Projections are from mCherryFP (b,d,f,h,i,k,m,o,r,t) and mGFP (a,c,e,g,j,l,n,p,q,s). Bars are 50 µm. (B) Quantitative analyses of
mGFP and mCherryFP expression by RT-qPCR in Arabidopsis transformed plants after 1 h of chitin treatment. Bars in green and red colors correspond to mGFP
and mCherryFP gene expression, respectively. Data are ±SE of three biological replicates. Differential letters indicate statistical differences (P < 0.05 Wald χ2

followed by LSD test). Arabidopsis selected lines for mGP::BBP::mCherryFP construct were 1.1. and 2.4, and for mCherryFP::BD::mGFP were 1.3 and 4.6. Primers
used for this experiment are listed in Supplementary Table 1.

with the fusion-constructs than in control plants, while was
similarly induced by wounding and chitin in all tested
plants, independently of the bidirectional promoter presence

(Supplementary Figure 8). In addition, the expression profiles
of VSP2 and PR1 genes showed a up-regulation mediated by
the three treatments, with few differences among all Arabidopsis
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genotypes (Supplementary Figure 8). Remarkably, the basal
transcript content of PDF1.2, VSP2, and PR1 genes in the two
Arabidopsis T-DNA insertion lines did not show significant
changes in comparison to the expression levels quantified in
Col-0 plants (Supplementary Figure 9).

DISCUSSION

Gene pairs oriented in divergent transcriptional configuration
and controlled by bidirectional promoters are abundant in
plant genomes. In Arabidopsis, more than 13% of its genes
are driven by bidirectional promoters (Wang et al., 2009), but
the biological relevance of these intergenic regions has been
only studied in some cases (Mitra et al., 2009; Kourmpetli
et al., 2013; Pratibha et al., 2013; Mishra and Grover, 2014;
Liu et al., 2015; Sharma et al., 2017).

Making a search of up-regulated genes in response to
spider mite feeding, we identified two over-expressed divergent
genes, At5g10290 and At5g10300, separated by an intergenic
region. Here, it is proven that the 645 bp intergenic sequence
between the transcription start sites of both genes corresponds
to a bidirectional promoter. The At5g10290 gene encoded a
LRR receptor kinase that could be involved in the perception
of molecules derived from phytophagous and/or pathogens
initiating the plant transduction defense pathway. The At5g10300
gene encoded a hydroxynitrile lyase that catalyze an enzymatic
reaction that release hydrogen cyanide, a toxic compound
against herbivores and pathogens (Zhu et al., 2015). The gene
pair potentially involved in plant defense, was simultaneously
transcribed in the same tissues but the promoter strength was
asymmetric as was shown by the differential levels of gene
expression quantified by RT-qPCR assays. The asymmetry might
be caused by the presence of conserved cis-acting elements in the
opposite strands with potential antagonistic or synergistic roles to
regulate the transcription (Liu et al., 2015). Co-expression does
not necessarily mean identical spatial and temporal expression
or equal responses to stresses. A coordinated expression of
genes to overcome abiotic and biotic cues is regulated by the
cis-motifs contained in the promoter. Thus, T-DNA insertions
disturbing the bidirectional promoter architecture presented a
negative effect on the gene responses, and subsequently on the
damage produced by T. urticae feeding. Since both insertion lines
caused the silencing of the opposite genes, the transcriptional
regulation most likely involve the whole promoter region.
Sequences upstream T-DNA insertion points control both, the
nearest and the farthest genes, which reinforces the idea of a
strongly coordinated response against a specific stress.

In this context and as many authors previously did, two
reporter genes were fused to the promoter in both orientations,
for a deep analysis of its function in planta. In previous studies,
GUS and GFP genes were the reporters most commonly used
but the GUS gene requires an enzymatic reaction to generate the
reporter product (Mitra et al., 2009; Wang et al., 2016; Oropeza-
Aburto et al., 2017; Yang et al., 2018). This step implies not only
a cost and time-consuming but also a time lag between the two
reporter quantification assays. To avoid it, enhanced variants

of GFP and CherryFP genes encoding fluorescent proteins with
different excitation/emission wavelengths were selected here for
a rapid gene co-expression analysis in vivo. Transient and stable
transformation assays revealed that the two genes coordinately
regulated their transcripts and the fluorescent emissions, in terms
of constitutive as well as induced expression profiles in response
to biotic treatments. The accumulation of mGFP mRNAs was
always higher than the mCherryFP mRNA content, independent
on the gene orientation, tissue sample and stress treatment,
probably due to a major stability of mGFP transcripts. However,
gene expression data correlated to the fluorescence observed
under the microscope for both reporters.

Interestingly, confocal images and mRNA expression patterns
clearly indicated that the bidirectional promoter was inducible
by T. urticae and P. brassicae feeding as well as by wounding.
Wounding, although is not considered a biotic stress, is an
additional effect produced as consequence of the feeding process.
These results were in agreement with the up-regulated expression
of the pair of genes located on the opposite promoter strands in
the resistant Bla-2 Arabidopsis accession, after mite infestation
(Zhurov et al., 2014). In addition, the fluorescence emission
of both genes in infested Arabidopsis plants corroborated the
asymmetrical character of the promoter, with stronger activity in
the forward than in the reverse orientation.

There are previous examples of bidirectional promoters
whose activity was induced by biotic stresses. Shin et al.
(2003) reported the up-regulation of the GUS gene controlled
by a bidirectional promoter from hot pepper in response to
Tobacco Mosaic Virus infection, in transgenic tobacco plants.
Following the same experimental strategy, Banerjee et al. (2013)
showed the induction of the GUS staining and the enzymatic
GUS activity driven by an Arabidopsis bidirectional promoter
when transformed tobacco plants were inoculated with spores
from Peronospora tabacina. The main difference between these
results and the data presented here is that in the mentioned
examples only one GUS-construct with the reporter gene in
one orientation was checked. Our findings demonstrated the
simultaneous induction of the two reporter genes located in both
orientations of the bidirectional promoter mediated by arthropod
phytophagous. In addition to the promoter inducibility produced
by pests, the pathogen elicitor flagellin also provoked the up-
regulation of the reporter genes.

The coordinated function of a bidirectional promoter has
to be achieved by the control of the regulatory motifs located
in its opposite strands. Computational analysis evidenced the
existence of cis-elements potentially recognized by TFs within
the intergenic region, mainly from the DOF family but also
from the AP2/ERF, Golden 2-like and bHLH families. Most
of these motifs are commonly observed in promoters of genes
encoding defense responses to pathogen infection and insect
attack (Barah et al., 2013; Amorim et al., 2017). Interestingly,
putative DOF-binding sequences were particularly abundant
in this bidirectional promoter, with six elements close located
among them. Although this TF family is not described as the most
relevant in defense to biotic stresses, the functional validation of
the role played by DOFs in response to pest attack has been shown
in the case of the AtDof1.1. This TF, also known as OBP2, was
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up-regulated by Spodoptera littoralis and methyl jasmonate.
It took part of the network involved in the biosynthesis
of important defense compounds such as glucosinolates,
characteristics of the Brassicaceae family (Skirycz et al., 2006).
Likewise, Skirycz et al. (2007) reported that the AtDOF4.2
altered the flavonoid and the hydrocinnamic acid synthesis,
which potentially modified the suberin production, an important
component of the physical plant barriers with protective roles. In
contrast, the importance of the bHLH and AP2/ERF TFs in the
regulation of plant immunity to pathogens and insect herbivory
is widely reported (Tsuda and Somssich, 2015). Notably, whereas
ethylene response factors (ERF) are integrators of hormonal
pathways and participate in the transcriptional regulation of
JA/ethylene-responsive defense genes (Huang et al., 2016), the
basic helix-loop-helix (bHLH) factors are mainly related to the
control of different subsets of the JA-dependent transcriptional
defense responses (Fernandez-Calvo et al., 2011; Schweizer et al.,
2013). Finally, Golden 2-like TFs have been related to the
defense against pathogens affecting in some way SA and JA
signaling regulatory network (Chen et al., 2016). In consequence,
a complex setup of defenses is achieved through the binding to
specific responsive elements contained in the promoter sequence,
controlled by a hormonal crosstalk with a pivotal role in the
orchestration of defenses.

The complexity in the regulation of this network is further
supported by the differential over-expression of defense products
derived from JA, Et and SA biosynthesis pathways. Whereas
VSP2 and PR1 genes were similarly induced by most of the
stresses in plants transformed with the fusion-construct or
with the control vector, the expression of PDF1.2 after spider
mite and Flg22 treatments was significantly higher when the
construct harboring the promoter and the reporter genes was
present. These alterations in PDF1.2 gene expression were not
due to a positional effect of the transgenes since expression
patterns were similar between independent transgenic lines. Most
likely, the presence of an additional copy of the bidirectional
promoter may be in some way modifying the final response
associated to the hormonal signaling pathways. This effect
cannot be directly attributed to an altered regulation of the
endogenous bidirectional promoter caused by the presence of the
additional copy. Since the expression of the flanking At5g10300
and At5g10290 genes was similar to that observed in the control
line in response to any biotic treatment, hormonal signaling
alterations may be probably associated to indirect effects such
as the scavenging of transcriptional factors important for a full
hormonal response. Interestingly, the basal expression levels of
the three hormone-related genes were similar in the two T-DNA
insertion lines than in the Col-0 plants, which indicates that
the relevance of the bidirectional promoter in the regulation of

hormonal signaling pathways relies in the presence of the biotic
stress. In the case of the plant response to spider mites, alterations
in the expression of PDF1.2 suggest that the ethylene/JA branch-
signaling pathway can be involved in the regulation of the
Arabidopsis gene pair controlled by the bidirectional promoter
to generate defenses. Accordingly, it has been already reported
that JA is an essential hormone, but not the unique, for
establishing the mite-induced defense responses (Zhurov et al.,
2014; Santamaria et al., 2017, 2019).

The relevant finding emerging from this study is that two
genes involved in defense against biotic stresses, particularly in
the response to spider mite feeding, are packed together, induced
by different biotic stresses and simultaneously controlled by a
common regulatory mechanism. The bidirectional promoter is
the key element in such an efficient defense mechanism and it
could be the base to design regulatory modules with the potential
to express multigene traits in a coordinately regulated manner.
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The transition of stem cells from self-renewal into differentiation is tightly regulated 
to assure proper development of the organism. Arabidopsis MINIYO (IYO) and its 
mammalian orthologue RNA polymerase II associated protein 1 (RPAP1) are essential 
factors for initiating stem cell differentiation in plants and animals. Moreover, there is 
evidence suggesting that the translocation of IYO and RPAP1 from the cytosol into the 
nucleus functions as a molecular switch to initiate this cell fate transition. Identifying 
the determinants of IYO subcellular localization would allow testing if, indeed, nuclear 
IYO migration triggers cell differentiation and could provide tools to control this crucial 
developmental transition. Through transient and stable expression assays in Nicotiana 
benthamiana and Arabidopsis thaliana, we demonstrate that IYO contains two nuclear 
localization signals (NLSs), located at the N- and C-terminus of the protein, which mediate 
the interaction with the NLS-receptor IMPA4 and the import of the protein into the nucleus. 
Interestingly, IYO also interacts with GPN GTPases, which are involved in selective nuclear 
import of RNA polymerase II. This interaction is prevented when the G1 motif in GPN1 is 
mutated, suggesting that IYO binds specifically to the nucleotide-bound form of GPN1. 
In contrast, deleting the NLSs in IYO does not prevent the interaction with GPN1, but 
it interferes with import of GPN1 into the nucleus, indicating that IYO and GPN1 are 
co-transported as a complex that requires the IYO NLSs for import. This work unveils 
key domains and factors involved in IYO nuclear import, which may prove instrumental to 
determine how IYO and RPAP1 control stem cell differentiation.

Keywords: stem cell, differentiation, nuclear localization signal, importin, GTPase

INTRODUCTION

Arabidopsis MINIYO (IYO) is a key pro-differentiation factor whose migration from the 
cytosol into the nucleus coincides with the onset of stem cell differentiation (Sanmartin et al., 
2011; Sanmartin et al., 2012; Muñoz et al., 2017). Identifying the domains and mechanisms 
that regulate IYO migration into the nucleus is thus crucial to elucidate where and how IYO 
functions to activate cell differentiation. Nuclear protein import requires in many cases active 
transport mechanisms, which are dependent on the presence of a specific nuclear localization 
signals (NLS) in the sequence of the proteins to be imported (Dingwall and Laskey, 1991). 
Classical NLSs are rich in basic amino acids (aa) and can be classified as monopartite or bipartite. 
Monopartite NLSs have a consensus (K(K/R)X(K/R) sequence, which is not only conserved 
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but also essential for functionality (Lange et al., 2007). On the 
other hand, bipartite NLSs include two regions rich in lysine 
and other basic aa separated by a spacer of 10 to 12 aa (Lange 
et al., 2007). In addition, there is a third type of non-classical 
NLS, found only in yeast and plant proteins, whose consensus 
sequence (KIPIK) is also rich in lysine (Hicks et al., 1995). 
Canonical transport into the nucleus mediated by NLS-type 
signals occurs in a two-step process: in the cytoplasm, proteins 
with an NLS interact through this domain with the importin-α 
subunit of nuclear import receptors. In turn, the importin-β 
subunit of the receptor interacts with nucleoporins to facilitate 
transport of the receptor-cargo complex across the nuclear 
pore (Smith et al., 1997; Macara, 2001). Once the heterotrimer 
is inside the nucleus, active GTP-bound small GTPases of the 
RAN family (RAN-GTP) bind to the importins, dissociating 
the complex and releasing the cargo into the nucleus (Quimby 
and Dasso, 2003). Nuclear transport rate is dependent 
on the affinity of importins for the cargo NLS and on the 
importin availability (Dingwall and Laskey, 1991; Riddick and  
Macara, 2005).

IYO is orthologous to mammalian RPAP1 (Lynch et al., 2018), 
one of four RNA polymerase II associated proteins (RPAPs), 
which are present in all eukaryotes. In yeast and animal cells, 
RPAPs constitute a network of cross-interacting factors that 
participate in the cytosolic assembly of the RNA polymerase 
II (Pol II) macro-complex and in its nuclear import (Jeronimo 
et al., 2007; Gibney et al., 2008; Forget et al., 2010; Forget et al., 
2013). In Arabidopsis, IYO associates with the RPAP2 orthologue 
RIMA and the RPAP4 orthologue GPN1 (Muñoz et al., 2017; 
Li et al., 2018), indicating that the RPAP interaction network 
is conserved in plants. Interestingly, disrupting RIMA function 
leads to an increase in the cytosolic/nuclear ratio of IYO, while 
IYO overexpression increases RIMA nuclear levels (Muñoz et al., 
2017), suggesting that these plant RPAPs cooperate for import 
into the nucleus.

GPN1 belongs to the small family of GPN-loop GTPases 
(GPNs), composed of three members in eukaryotes. Many 
reports in yeast and animals link GPNs to nuclear protein 
transport (Forget et al., 2010; Calera et al., 2011; Carre and 
Shiekhattar, 2011; Minaker et al., 2013; Staresincic et al., 2011; 
Zeng et al., 2018). GPNs shuttle between the cytoplasm and 
the nucleus (Forget et al., 2010; Reyes-Pardo et al., 2012) 
and are structurally related to RAN GTPases, which are core 
components of the canonical nuclear transport cycle. In yeast, 
the GPN1 orthologue NPA3 interacts with the nucleoporin 
Nup133 and with the nuclear export receptor Crm1/Xpo1 
(Staresincic et al., 2011), supporting a direct participation 
of GPN1 in transport across the nuclear pore. Depletion of 
mammalian GPN1 or GPN3 and of yeast NPA3 or GPN2 lead 
to increased cytoplasmic/nuclear ratio of Pol II (Forget et al., 
2010; Calera et al., 2011; Staresincic et al., 2011; Minaker et al., 
2013; Zeng et al., 2018). Moreover, GTPase dead versions of 
GPN1 dominantly interfere with Pol II nuclear accumulation 
(Carre and Shiekhattar, 2011). GPNs contain the five highly 
conserved G domains, G1 to G5, required for nucleotide 
binding and GTP hydrolysis in all GTPases (Bourne et al., 1991; 
Niesser et al., 2015) and are characterized by a Gly-Pro-Asn 

sequence (GPN motif) inserted into the GTPase core fold 
(Gras et al., 2007). Mutations in the GPN motif or in the G1 
domain block GTPase activity in GPN1 and expression of these 
mutant versions cause Pol II accumulation in the cytoplasm 
(Carre and Shiekhattar, 2011; Forget et al., 2010; Niesser et al., 
2015). The strong evidence for a connection of GPNs, and 
GPN1 in particular, with selective nuclear transport implies 
that studying the interaction of IYO with GPNs may be crucial 
to elucidate how IYO nuclear migration is achieved and how 
its pro-differentiation activity is regulated.

MATERIALS AND METHODS

Plant Material and Growth Conditions
Arabidopsis thaliana Col-0 plants were grown in a soil/
vermiculite mixture (3:1) under a long day photoperiod 
regime (16 h light/8 h dark) at 21°C, 60% relative humidity in 
a growth chamber. Nicotiana benthamiana plants were grown 
on 100% soil substrate in the greenhouse at 22°C day/19°C 
night. 35S::IYO-GFP, 35S::IYOATG978-GFP, 35S::IYO978REV-GFP, 
and 35S::IYOΔNLSAB-GFP were stably transformed in 
Col-0 plants.

Constructs
Constructs were amplified with Phusion® High-Fidelity 
polymerase (Thermo Fisher Scientific), cloned in the 
pDONR207 entry vector with the GATEWAY® Cloning 
Technology System (Thermo Fisher Scientific; Supplementary 
Table 1) and sequence-verified. The inserts were transferred 
to the binary vectors pGWB5, pGWB6 (Nakagawa et al., 2007), 
pPZP-221 (provided by Dr. S. Prat), and pBIFC (donated by 
Dr. F. Parcy) for plant expression. To generate IYO deletion 
constructs, we used specific primers flanking the sequences to 
be deleted (NLSA, NLSB; Supplementary Table 1) followed by 
ligation with the T4 DNA ligase kit (Thermo Fisher Scientific). 
For the generation of the GPN1 mutated versions, GPN1mGPN 
(GPN1GPN108AAA) and GPN1mG1 (GPN1GSGK51AAAA) directed 
mutagenesis was carried out following the specifications 
of the Q5 Site-Directed Mutagenesis Kit (New England 
Biolabs) using the primers suggested by the online application 
NEBaseChanger (Supplementary Table 1).

Transient Expression in Nicotiana 
benthamiana
N. benthamiana leaves were infiltrated with Agrobacterium 
cultures and analyzed two days after infiltration by light 
microscopy using a Leica TCS SP5 laser scanning confocal 
microscope (Leica Microsystems). For the visualization of 
GFP and YFP, the samples were excited with the 488-nm laser, 
and emitted light in the 496–538 nm range was captured. For 
the visualization of RFP, the samples were excited with the 
561-nm laser, and emitted light in the 570–630 nm range was 
captured. Single confocal optical sections are shown in all the 
figures, except in Supplementary Figure 5. Samples with two 
fluorophores were captured by sequential scanning to avoid 

69

https://www.frontiersin.org/journals/plant-science#articles
https://www.frontiersin.org/journals/plant-science/
www.frontiersin.org


Determinants of IYO Nuclear ImportContreras et al.

3 September 2019 | Volume 10 | Article 1044Frontiers in Plant Science | www.frontiersin.org

signal bleed-through. For leptomycin B (LMB) treatments, 
0.9 µM LMB was infiltrated in N. benthamiana leaves before 
imaging by confocal microscopy.

Co-Immunoprecipitation
Plant material was ground in extraction buffer [50 mM Tris-HCl, 
pH 7.5; 150 mM NaCl; 2 mM DTT; 1 mM PMSF and 1X protease 
inhibitors (Roche)] and centrifuged at 20,000 g for 10  min at 
4ºC. GFP-Trap Agarose beads (Chromotek) were equilibrated 
in extraction buffer supplemented with 0.5% TX-100 and 2% 
BSA and incubated with the samples at 4ºC for 3 h. The beads 
were washed four times with extraction buffer supplemented 
with 0.5% TX-100 and resuspended in 3X SDS-sample buffer 
for western blot analysis.

Yeast Two-Hybrid Assays
GPN1, GPN3, and IYO full length, mutated, or truncated versions 
were cloned in the destination vector pGBKT7-GW (Gal4 
DNA-binding domain, BD) or pGADT7-GW (Gal4 activation 
domain, AD). To assess protein interactions, the corresponding 
plasmids were co-transformed into Saccharomyces cerevisiae 
AH109 cells following standard heat-shock protocols. The empty 
vector pGADT7-GW was also co-transformed with pGBKT7 
constructs as a negative control.

Bioinformatics Applications
NLStradamus (www.moseslab.csb.utoronto.ca/NLStradamus/) and 
NLS Mapper (nls-mapper.iab.keio.ac.jp/cgi-bin/NLS_Mapper_ 
form.cgi) online programs were used to identify possible NLS 
sequences in the IYO/RPAP1 sequences. Clustal Omega program 
(www.ebi.ac.uk/Tools/msa/clustalo/) was used for the multiple 
sequence alignment, visualized by ESPript 3.0 program (Robert and 
Gouet, 2014, http://espript.ibcp.fr/ESPript/cgi-bin/ESPript.cgi).

Accession Numbers
Sequence data from this article can be found in The Arabidopsis 
Information Resource (TAIR) and in Phytozome databases 
under the following accession numbers: AtIYO: AT4G38440, 
GPN1: AT4G21800, GPN2: AT5G22370, GPN3: AT4G12790, 
IMPA3: AT4G02150, IMPA4: AT1G09270, and IMPA6: 
AT1G02690, Vitis vinifera VvIYO: GSVIVG01023952001, Oryza 
sativa, OsIYO: LOC_Os06g37640, Populus trichocarpa, PtIYO: 
Potri.009G139900, Physcomitrella patents PpIYO: Pp3c6_25040, 
and Marchantia polymorpha MpIYO: Mapoly0006s0149.

RESULTS

Identification of Domains Involved  
in the Nuclear Import of IYO
In previous work, we gained evidence suggesting that 
migration of IYO from the cytosol to the nucleus functions as a 
molecular switch to activate cell differentiation in Arabidopsis 
(Sanmartin et al., 2011; Sanmartin et al., 2012; Muñoz 

et  al., 2017). However, the determinants of the subcellular 
location of IYO remained unknown. To find the domains 
responsible for IYO nuclear localization, we generated 
truncated versions of IYO fused to GFP. We designed the 
constructs according to predicted functional domains in the 
IYO sequence. IYO encodes a protein of 1,465 aa that contains 
conserved RPAP1_N and RPAP1_C domains (pfam08620 
and pfam08621) located between aa 209–254 and 318–397, 
respectively; Armadillo repeats between aa 500–1,000; and 
the RGG motif, located between aa 959 and 961 (Figure 1A; 
Supplementary Figure  1). The RGG motif is important 
for the pro-differentiation activity of IYO (Sanmartin 
et  al., 2011) and, therefore, could be involved in its nuclear 
localization. To characterize the relevance of these regions 
for IYO subcellular distribution, we generated the following 
truncated versions: constructs IYOATG430, IYOATG500, IYOATG959, 
and IYOATG978, which encode the polypeptide sequence of 
IYO from the starting methionine until aa 430, 500, 959, and 
978, respectively, as well as the complementary constructs 
IYO500REV, IYO959REV, and IYO978REV, which comprise the 
sequences from aa 500, 959, or 978 until aa 1,465 (Figure 1). 
Translational fusions to the N-terminal end of the GFP 
protein under the control of the 35S promoter were transiently 
expressed in leaves of N. benthamiana, and their subcellular 
localization was analyzed by confocal microscopy. The fusion 
of the full-length IYO protein to GFP showed a homogeneous 
distribution of fluorescence in the nucleoplasm of epidermal 
cells, with negligible accumulation in the cytosol (Figure 1). 
Truncated constructs containing the RPAP1_N and RPAP1_C 
domains (IYOATG430-GFP, IYOATG500-GFP, IYOATG959-GFP and 
IYOATG978-GFP) also had an exclusively nuclear location, 
but with higher concentration in particular subnuclear 
structures (Figure 1). Subnuclear bodies have been related to 
transcription, processing, and compartmentalization of RNA 
(Lamond and Spector, 2003; Stanek and Fox, 2017), a role that 
would be consistent with the association of IYO with Pol II. 
All these constructs were excluded from the nucleolus, the site 
of ribosomal RNA transcription by RNA Pol I. The truncated 
versions of the C-terminal end (IYO500REV-GFP, IYO959REV-
GFP and IYO978REV-GFP) presented mainly a cytoplasmic 
localization, although some fluorescence was observed in the 
nucleus (Figure 1). These results suggest that IYO may have 
two NLSs, a dominant one in the N-terminus of the protein 
(within the first 430 aa) and a weaker one in the C-terminus 
(between aa 979 and 1,465). Moreover, they indicate that 
constructs lacking the C-terminal part of the protein show 
preferential recruitment to subnuclear bodies.

Analysis of the IYO sequence with NLS prediction software 
(Kosugi et al., 2009; Nguyen Ba et al., 2009) revealed two 
putative NLSs in the protein (Supplementary Figure 1). One 
is a predicted monopartite NLS located between positions 254 
and 259 (NLSA) of the IYO protein. The other is a bipartite 
NLS with two basic domains separated by a spacer sequence 
of 10 aa located between positions 1,401 and 1,417 (NLSB). 
To determine the role of the predicted motifs, we deleted 
them individually or together and analyzed the effect on the 
localization of GFP fusion constructs transiently expressed in 
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Nicotiana (Figure 2). The protein mutated in the NLSA domain 
(IYOΔNLSA-GFP) accumulated primarily in the cytosol and only 
weakly inside the nucleus, differing clearly from the exclusive 
nuclear localization of the wild-type IYO-GFP fusion protein. 

In contrast, the protein with the NLSB mutated (IYOΔNLSB-
GFP) accumulated inside the nuclei of leaves, similarly to wild-
type IYO-GFP. Importantly, when both the NLSA and NLSB 
were mutated (IYOΔNLSAB-GFP), the fusion protein was found 

FIGURE 2 | NLSs are responsible for IYO nuclear import. Single confocal sections of N. benthamiana leaf epidermal cells transiently transformed with IYO, IYOΔNLSA, 
IYOΔNLSB, and IYOΔNLSAB constructs fused to GFP. Scale bar: 20 μm.

FIGURE 1 | Characterization of IYO domains involved in nuclear/cytosolic distribution. (A) Schematic representation of IYO truncated versions that were fused 
to GFP, with RPAP1 domains (blue), ARM repeats (green), and the conserved RGG motif (red) highlighted. (B) Single confocal sections of N. benthamiana leaves 
transformed with the IYO-GFP translational constructs: IYO full length (IYO-GFP), IYOATG430 (ATG430-GFP), IYOATG500 (ATG500-GFP), IYOATG959 (ATG959-GFP), 
IYOATG978 (ATG978-GFP), IYO500REV (500REV-GFP), IYO959REV (959REV-GFP), and IYO978REV (978REV-GFP). GFP signal is shown in green; chloroplasts signal in red. 
Insets show details of nuclei from each panel. Scale bar: 20 μm.
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in the cytosol (Figure 2). Moreover, nuclear accumulation of 
IYOΔNLSAB-GFP was not observed even when nuclear export 
was inhibited by treatment with leptomycin B (see Figure 8), 
implying that nuclear import of the protein was blocked. 
These results are consistent with the observations made with 
the truncated constructs and support that IYO contains two 
functional NLS motifs involved in nuclear import, NLSA  
and NLSB.

NLSs are recognized by the importin-α subunits from 
nuclear transport receptors (Lange et al., 2007). Interestingly, in 
previous experiments to identify by mass-spectrometry proteins 
co-immunopurifying with a functional IYO-GFP protein 
(Muñoz et al., 2017), we found the importin-α protein IMPA4 
with an enrichment ratio of 6.9 in samples purified from IYO-
GFP plants relative to samples purified from wild-type plants. 
IMPA4 is one of nine genes encoding importin-α proteins that are 
present in the Arabidopsis genome. Three of those genes, IMPA3, 
IMP4, and IMPA6, share with IYO a common longitudinal 
pattern of expression in the developing root (longitudinal 
pattern 8, Brady et al., 2007), suggesting possible functional 
relation among them. As expected for nuclear import factors, 
IMPA3, IMPA4, and IMPA6 were distributed between the 
nucleus and the cytosol (Supplementary Figure 2). To test the 
interaction of IYO with these importin-α proteins, we performed 
bimolecular fluorescence complementation (BiFC) analyses. YFP 
reconstitution was observed in the nucleus when nYFP-IYO and 
IMPA4-cYFP were co-expressed (Figure 3A), consistent with 
their co-purification by immunoprecipitation. Moreover, deletion 
of the NLSA and NLSB in IYO prevented this interaction (Figure 
3A), suggesting that IMPA4 binds IYO through those NLSs. 
Interestingly, we did not observe fluorescence reconstitution 
when IMPA3-cYFP or IMPA6-cYFP were co-expressed with 
nYFP-IYO, which indicates specificity of IMPA4 for the IYO 
NLSs. To gain further support for this specificity, we tested for 
co-immunoprecipitation of IYO-RFP with GFP-IMPA4 and GFP-
IMPA6 from extracts of N. benthamiana plants transformed with 
the constructs. We consistently observed co-precipitation of IYO-
RFP with GFP-IMPA4 purified with anti-GFP antibodies, which 
was clearly above the background binding to the beads observed 
in extracts from plants that only expressed IYO-RFP (Figure 3B). 
In contrast, no enrichment over background was observed when 
GFP-IMPA6 was immunoprecipitated. Together, these results 
support that NLSA and NLSB are functional NLSs for IYO import 
into the nucleus that are possibly bound by IMPA4 in vivo.

To confirm the results obtained in Nicotiana and verify in 
Arabidopsis, the role of these NLSs in IYO nuclear import, 
we generated stably transformed lines expressing IYO-GFP, 
IYOATG978-GFP, IYO978REV-GFP, and IYOΔNLSAB-GFP and 
visualized the fluorescence distribution in the root apical 
meristem (Figure 4). As previously described (Sanmartin et al., 
2011), IYO-GFP accumulated inside the nucleus in differentiated 
cells of the root cap, but not in undifferentiated cells of the 
root meristem, consistent with the notion that nuclear IYO 
activates differentiation. IYOATG978-GFP was nuclear localized 
in differentiated root tip cells, but, interestingly, also in initial 
cells of the columella, of the epidermis/lateral root cap and  
of the cortex/endodermis, and in transit-amplifying cells of 

the vasculature, suggesting that sequences in the C-terminal 
end of the protein (aa 978–1,465) direct nuclear export of IYO 
from non-differentiating initial and transit amplifying cells. 
In the IYO978REV-GFP, GFP fluorescence accumulated in the 
cytosol of root cells. Moreover, in the IYOΔNLSAB-GFP lines, the 
nuclei were clearly distinguished by the complete lack of GFP 
labeling (Figure  4). These results suggest that in Arabidopsis, 
NLSA, and to a lesser extent NLSB, direct nuclear import of 
IYO in differentiating cells of the root apical meristem. Together, 
the results obtained in Nicotiana and Arabidopsis strongly 
support that NLSA and NLSB are bona fide NLSs recognized by 
importin-α subunits for transport into the nucleus.

Dissecting the Interaction of IYO With 
GPN1, a Factor Involved in Selective 
Nuclear Transport
Previous findings revealed that IYO interacts with GPN1 and 
GPN2 (Muñoz et al., 2017; Li et al., 2018), two members of the 
GPN family of GTPases that have been linked to selective nuclear 
transport of Pol II (Forget et al., 2010; Carre and Shiekhattar, 2011; 
Staresincic et al., 2011; Minaker et al., 2013; Zeng et al., 2018). 
In Arabidopsis, there are three GPNs, GPN1 to GPN3. When 
expressed in Nicotiana, GFP-GPN1 and GFP-GPN2 localize in the 
cytosol and the nucleus, whereas GFP-GPN3 is eminently nuclear 
(Figure 5A). Interestingly, IYO interacts in BiFC assays with GPN1 
and GPN2 (Muñoz et al., 2017), but not with GPN3 (Figure 5B), 
suggesting binding specificity for certain GPN isoforms. Indeed, 
specific binding of IYO to GPN1 and not to GPN3 was confirmed 
by yeast two hybrid (Y2H) assays (Supplementary Figure 3). 
To characterize which domains are involved in the interaction 
between IYO and GPN proteins, we focused on GPN1. Alanine 
substitutions in the GPN loop (GPN to AAA) or in the G1 motif 
(GSGK to AAAA) of human RPAP4/GPN1 create dominant 
versions that interfere with Pol II nuclear accumulation when 
expressed in HeLa cells (Forget et al., 2010; Carre and Shiekhattar, 
2011). We introduced equivalent mutations in Arabidopsis GPN1 
and investigated their effect on the interaction and localization of 
IYO by Y2H and BiFC assays. These analyses showed that GPN1 
with alanine substitutions in the GPN motif (GPN1mGPN) retained 
the binding to IYO (Figures 6A–B, Supplementary Figure 4), 
indicating that this motif is not involved in the interaction with 
IYO. Indeed, GPN3, which has the conserved GPN motif, does 
not bind IYO (Figure 5B; Supplementary Figure 3). Interestingly, 
the reconstituted BiFC complex between GPN1mGPN and IYO was 
localized in the nucleus (Figure 6A), suggesting that expression 
of this GPN1 mutant form does not interfere with IYO nuclear 
accumulation, contrary to what happens to Pol II nuclear 
import in HeLa cells. Remarkably, no interaction with IYO was 
observed when the G1 motif, required for nucleotide-binding, was 
mutated in GPN1 (Figures 6A–B), indicating that IYO associates 
specifically with the nucleotide-bound form. We then searched for 
domains in IYO that may be required for interaction with GPN1. 
For this, we first analyzed by BiFC the interaction of GPN1 with 
a set of truncated IYO constructs. These analyses show that the 
GPN1-binding domain is localized in the first 500 aa of the IYO 
protein (Figure 7A). To corroborate these results and further 
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delimit the GPN1-binding domain, we studied by yeast two-hybrid 
the interaction of GPN1 with an IYO deletion series (Figure 7B). 
These analyses established that the GPN-binding domain in IYO 
is localized in the first 209 aa of the protein. Moreover, deletion of 
NLSA and NLSB that abrogates the interaction with IMPA4 does 
not interfere with the binding to GPN1 (Figure 7). Interestingly, 
the BiFC GPN1/IYONLSAB complex was found in the cytosol, in 

contrast to the nuclear localization of the BiFC complex with the 
full-length IYO. These results suggest that GPN1 binds IYO in the 
cytoplasm and that import of the complex into the nucleus requires 
the NLSs from IYO. A caveat to this latter conclusion is that YFP 
reconstitution is thought to be irreversible, which could artificially 
alter the final subcellular distribution of the subunits of the 
complex. To exclude this possibility, we co-expressed GPN1 and 

FIGURE 3 | IYO interacts specifically with IMPA4 through its NLSs. (A) BiFC assay with the N-terminal half of YFP fused to IYO (nYFP-IYO) or to IYOΔNLSAB (nYFP-
IYOΔNLSAB) and the C-terminal half of YFP fused to IMPA3 (IMPA3-cYFP), IMPA4 (IMPA4-cYFP), or IMPA6 (IMPA6-cYFP). YFP signal is shown in green; chloroplasts 
signal in red. Scale bars: 20 μm. (B) Samples from Nicotiana benthamiana leaves infiltrated (+) or not (−) with IYO-RFP, GFP-IMPA4, and GFP-IMPA6 were 
immunoprecipitated with GFP-Trap agarose beads. Aliquots from the input, flow through, and immunoprecipitated fractions were analyzed by immunoblot with anti-
GFP (upper panel) and anti-RFP (lower panels) antibodies.
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IYO with or without the NLSs fused to different fluorophores that 
do not form irreversible complexes. Co-expression of GFP-GPN1 
with IYO-RFP increased slightly the nuclear GFP levels relative to 
GFP-GPN1 expressed alone (compare Figure 8 with Figure 5A). 
In contrast, co-expression of GFP-GPN1 with IYOΔNLSAB-RFP 

resulted in an increased retention of GFP-GPN1 in the cytosol, 
which was more evident when nuclear export was inhibited by 
leptomycin B treatment (Figure 8). In leptomycin B-treated leaves, 
GFP-GPN1 co-expressed with IYO-RFP was found exclusively in 
the nucleus, whereas it was largely retained in the cytosol when 

FIGURE 4 | Nuclear IYO accumulation in differentiating root cells requires the NLSs. Single confocal sections of root tips from 35S:IYO-GFP (IYO-GFP), 
35S:IYOATG978-GFP (ATG978-GFP), 35S:IYO978REV-GFP (978REV-GFP), and 35S:IYOΔNLSAB-GFP (IYOΔNLSAB-GFP) transgenic lines. GFP signal (upper panels), 
propidium iodide signal (middle panels), and a merge of both signals (lower panels) are shown. Scale bar: 20 μm.

FIGURE 5 | IYO interacts with specific GPNs. (A) Confocal images of N. benthamiana leaf epidermal cells transiently transformed with GFP-GPN1, GFP-GPN2, 
and GFP-GPN3 proteins. (B) BiFC assays between the N-terminal half of YFP fused to IYO (nYFP-IYO) and the C-terminal half of YFP fused to GPN1 (cYFP-GPN1), 
GPN2 (cYFP-GPN2), or GPN3 (cYFP-GPN3). Green: GFP/YFP fluorescence signal; red: chloroplasts. Scale bar: 20 μm.
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co-expressed with IYOΔNLSAB-RFP (Figure 8). These results 
support that IYO and GPN1 form a complex while still in the 
cytosol and are co-transported into the nucleus dependent on the 
IYO NLSs. However, GPN1mG1, which cannot interact with IYO, 
localizes partially to the nucleus and is almost entirely nuclear 
when export is inhibited with leptomycin  B (Supplementary 
Figure 5), suggesting that there is also IYO-independent nuclear 
import of GPN1.

DISCUSSION

Despite the evidence that IYO/RPAP1 subcellular distribution is key 
for determining stem cell fate in plant and animals (Muñoz et al., 
2017; Lynch et al., 2018), the domains responsible for translocation 
into the nucleus and the possible mechanisms involved in nuclear 
import were unknown. The work presented here reveals the 
primary role of NLSA in nuclear import of IYO. Removal of NLSA 
causes a very significant decrease in IYO nuclear levels. In contrast, 
elimination of just the bipartite NLSB domain does not significantly 
affect the nuclear levels of IYO, and its function in nuclear import is 

only revealed when the dominant NLSA domain is concomitantly 
mutated. Having identified these NLSs, a key objective for future 
studies will be to analyze how their mutation affects the in vivo 
activity of IYO, and in that way, establish in what compartment IYO 
exerts its pro-differentiation function.

Interestingly, the NLSs identified appear to be required also for 
nuclear import of GPN1, which would piggyback ride on IYO. This 
mechanism is reminiscent of the import of Pol II in yeast cells. Pol II 
subunits do not have NLSs, so the Pol II complex associates with the 
NLS-containing protein IWR1 for import into the yeast nucleus, a 
function that appears to be also conserved in human IWR1 (Czeko 
et al., 2011). Interestingly, IYO and GPN1 have been found in a 
Pol II subassembly complex that includes the Arabidopsis IWR1 
homologue DMS4 (Li et al., 2018). It is thus plausible that the NLSs 
from IYO and DMS4 cooperate for import of a macro-complex 
formed by Pol II subunits and associated RPAP factors.

NLSA is a classical monopartite NLS located in the N-terminal 
end of the IYO protein between the conserved RPAP1_N and 
RPAP1_C domains. The NLSA motif itself shows sequence 
conservation and is predicted by NLS prediction algorithms, in 
IYO homologues from all embryophytes, suggesting that it plays 

FIGURE 6 | The nucleotide-bound form of GPN1 interacts with IYO. (A) BiFC assays between with nYFP-IYO and cYFP-GPN1mGPN or cYFP-GPN1mG1. Green: YFP 
signal; red: chloroplasts signal. Scale bar: 20 μm. (B) Yeast cells cotransformed with BD-GPN1, BD-GPN1mGPN, or BD-GPN1mG1 (preys) and AD-IYO (bait) or empty 
pGAD vector (AD) were selected and subsequently grown on yeast synthetic dropout lacking Leu and Trp (−LW) as a transformation control or on selective media 
lacking Ade, His, Leu, and Trp (−LWAH) to test protein interactions.
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FIGURE 7 | The N-terminal end of IYO is involved in GPN1 binding. (A) BiFC assays between nYFP-IYO or truncated versions nYFP-IYOATG430, nYFP-IYOATG500, 
nYFP-IYOATG978, nYFP-IYO978REV, nYFP-IYONLSAB, and cYFP-GPN1. Green: YFP signal; red: chloroplasts. Scale bar: 20 μm. (B) Y2H assay with BD-GPN1 (prey) and 
IYO truncated versions (AD-IYOATG209, AD-IYOATG285, AD-IYO286-430, AD-IYOATG430, AD-IYOATG500), AD-IYO and AD-IYONLSAB (baits), or empty pGAD vector (AD) were 
selected and subsequently grown on yeast synthetic dropout lacking Leu and Trp (−LW) as a transformation control or on selective media lacking Ade, His, Leu, and 
Trp (−LWAH) to test protein interactions.

FIGURE 8 | IYO and GPN1 are co-transported into the nucleus. Confocal images of Nicotiana benthamiana leaf epidermal cells transiently transformed with 
GFP-GPN1 and IYO-RFP or IYOΔNLSAB-RFP in the absence (upper panels, −LMB) or presence (lower panels, +LMB) of leptomycin. GFP fluorescence signal (green 
channel), RFP fluorescence signal (red channel), and an overlay of both signals are shown. Scale bar: 20 μm.
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a role in nuclear import of IYO proteins in all land plants. In 
contrast, the NLSB domain is only predicted in certain plants, such 
as Vitis vinifera, but it is absent in others like rice, consistent with 
its minor role in IYO nuclear import. Moreover, neither the NLSA 
nor the NLSB motifs are conserved outside the plant kingdom. 
In silico predictions suggest that the mouse RPAP1, which is also 
conditionally nuclear (Lynch et al., 2018), contains a monopartite 
NLS between the aa 70 and 80 of the protein. This putative NLS 
is upstream of the RPAP1_N domain and does not align with the 
NLSA motif from plant orthologues. The functionality of this NLS 
in nuclear import of RPAP1 remains to be tested.

IYO interacts with IMPA4, and this interaction is dependent on 
the presence of the NLSA and NLSB domains, indicating that IYO 
enters the nucleus through the canonical importin-α/importin-β 
transport pathway (Dingwall and Laskey, 1991). Interestingly, our 
results suggest differential affinity of the Arabidopsis importin-α 
isoforms for the IYO NLSs. Saccharomyces cerevisiae contains a 
single importin-α gene, compared to three in drosophila, seven in 
humans, and nine in Arabidopsis. The expansion of this gene family 
in Arabidopsis is consistent with functional diversification of the 
isoforms, possibly to accommodate a more complex regulation 
of nuclear transport. Such functional diversification could arise 
from differences in expression patterns or in cargo selectivity of 
the specific importin-α isoforms. There are prior examples of 
cargo specificity by importin-α isoforms in different organisms 
(Wirthmueller et al., 2013). For instance, the NLS of COP1 shows 
affinity for the rice importin-a1a and importin-a1b isoforms, but 
not for importin-a2 (Jiang et al., 2001) and the Hyaloperonospora 
arabidopsidis effector HaRxL106 is bound by Arabidopsis IMPA1, 
IMPA2, IMPA3, and IMPA4, but not by IMPA9 (Wirthmueller 
et  al., 2015). Likewise, the phosphoinositide kinase PIP5K2 
interacts with IMPA6 and IMPA9, but not with IMPA1-4 (Gerth 
et al., 2017). In addition, recent evidence indicates IMPA2 and 
IMPA4 have higher affinity than IMPA1, IMPA3, IMPA6, and 
IMPA9 for the NLS of PARP2 (Chen et al., 2018). Moreover, 
there is genetic evidence supporting functional divergence of 
IMPA4. A single mutant in IMPA4 impairs transformation 
by Agrobacterium, likely by interfering with nuclear import 
of the transfer DNA/protein complex, implying that IMPA4 
serves specific functions and is not entirely redundant with 
other importin-α genes (Bhattacharjee et al., 2008). Our results 
extend these findings by showing that IMPA4, but not IMPA3 
and IMPA6, associates with IYO in BiFC assays, suggesting 
differential binding specificity for this NLS cargo. Phylogenetic 
analyses show that Arabidopsis IMPA4 is closer in sequence to 
IMPA1 and IMPA2, forming a separate clade from IMPA3 and 
IMPA6 that form a separate cluster (Bhattacharjee et al., 2008; 
Wirthmueller et al., 2013), which could explain the differential 
affinity for the IYO NLSs. Further characterization using IYO as 
a model cargo could help determine how sequence divergence in 
the Arabidopsis importin-α family translates to changes in NLS  
binding affinity.

The interaction with GPNs may also prove relevant for IYO 
nucleo/cytoplasmic partitioning. GPNs are a family of GTPases 
related to the RAN nuclear transport factors that have been 
linked to selective nuclear transport of Pol II in humans and yeast 
(Forget et  al., 2010; Calera et al., 2011; Carre and Shiekhattar, 

2011; Staresincic et  al., 2011; Minaker et al., 2013; Zeng et al., 
2018). The interaction between IYO/RPAP1 and GPNs has been 
conserved throughout evolution in yeast, mammals, and plants 
(Boulon et al., 2010; Muñoz et al., 2017; Li et al., 2018; Zeng 
et al., 2018) and may occur through common domains. The IYO/
RPAP1 homologues in yeasts encode shorter proteins (439 aa 
in Saccharomyces cerevisiae) that correspond essentially to the 
N-terminal end of plant and mammalian IYO/RPAP1 proteins, 
including the conserved RPAP1_N and RPA1_C domains. 
Hence, interaction with GPN proteins should occur through 
a conserved domain present in this N-terminal end that was 
already present in the ancestral IYO/RPAP1 protein. Consistent 
with this, our results show that Arabidopsis IYO interacts 
with GPN1 through the first 209 aa of the protein. Sequence 
comparison of this region among land plants homologues 
distinguishes two separate domains. A first domain (aa 20–112) 
with significant sequence conservation (48% identity between 
Arabidopsis and rice and 39% between Arabidopsis and the 
liverwort Marchantia polymorpha) and a second domain (aa 
113–206) with negligible sequence conservation (15% identity 
between Arabidopsis and rice and 6% between Arabidopsis and 
Marchantia). Interestingly, a different splicing pattern in Brassica 
oleracea and Brassica rapa produces in these species IYO proteins 
without aa 90–213 from Arabidopsis IYO, which is essentially 
the domain showing low sequence conservation across plant 
homologues. Considering that interaction with GPN proteins 
has been maintained throughout evolution in all eukaryotic 
kingdoms and it is likely to be essential for IYO function, we can 
infer then that it is maintained in Brassica oleracea and Brassica 
rapa. This implies that binding of IYO to GPNs most likely 
occurs through the first 89 aa of the protein. Within this region, 
the most conserved motif is an FPVARHRS sequence (aa 49–55) 
that is invariant in IYO homologues from all land plants and has 
a single aa substitution in the homologues from the algae Chara 
braunii and the fungi Cylindrobasidium torrendii. This high level 
of conservation suggests that it is an important motif for IYO 
function and a good candidate to mediate GPN binding.
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SUPPLEMENTARY TABLE 1 | Primers used in this work.

SUPPLEMENTARY FIGURE 1 | Conserved domains in IYO. Multiple 
sequence alignment of several IYO predicted proteins was performed using 
Clustal Omega in the EMBL-EBI software. The conserved RPAP and RGG 
domains are underlined in black and blue respectively. Identified NLS domains 
in AtIYO in this work are shown in red. Proposed putative GPN1 binding motif 

in underlined in green. AtIYO: Arabidopsis thaliana; VvIYO: Vitis vinifera, OsIYO: 
Oryza sativa, PtIYO: Populus trichocarpa, PpIYO: Physcomitrella patents, 
MpIYO: Marchantia polymorpha.

SUPPLEMENTARY FIGURE 2 | Subcellular distribution of Importin-α. Confocal 
images of Nicotiana benthamiana leaf epidermal cells transiently transformed 
with GFP-IMPA3, GFP-IMPA4 and GFP-IMPA6. GFP signal is shown in green; 
Chloroplast signal in red. Scale bar: 20 μm.

SUPPLEMENTARY FIGURE 3 | Specificity of IYO interaction with GPNs. Yeast 
cells cotransformed with BD-GPN1 or BD-GPN3 (preys) and AD-IYO (bait) were 
selected and subsequently grown on yeast synthetic dropout lacking Leu and 
Trp (−LW) as a transformation control or on selective media lacking Ade, His, 
Leu, and Trp (−LWAH) to test protein interactions. A known positive control for 
BD-GPN3 was used to verify transformation.

SUPPLEMENTARY FIGURE 4 | The G1 domain in GPN1 is required for binding 
to IYO. Yeast cells cotransformed with AD-GPN1, AD-GPN1mGPN or AD-GPN1mG1 
(preys) and BD-IYO (bait) were selected and subsequently grown on yeast 
synthetic dropout lacking Leu and Trp (−LW) as a transformation control or on 
selective media lacking Ade, His, Leu, and Trp (−LWAH) to test protein interactions.

SUPPLEMENTARY FIGURE 5 | Confocal images of Nicotiana benthamiana 
leaf epidermal cells transiently transformed with GFP-GPN1mG1 and incubated in 
the absence (upper panels, −LMB) or presence (lower panels, +LMB) of 1 mM 
leptomycin for 2 h before imaging. GFP fluorescence signal (green channel) and 
an overlay with bright field images are shown. A maximum intensity z-stack 
projection of 8 sections is shown. Scale bar: 10 μm.
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Arabidopsis CRL4 Complexes: 
Surveying Chromatin States and 
Gene Expression
Sandra Fonseca * and Vicente Rubio *

Department of Plant Molecular Genetics, Centro Nacional de Biotecnología (CNB-CSIC), Madrid, Spain

CULLIN4 (CUL4) RING ligase (CRL4) complexes contain a CUL4 scaffold protein, 
associated to RBX1 and to DDB1 proteins and have traditionally been associated to 
protein degradation events. Through DDB1, these complexes can associate with 
numerous DCAF proteins, which directly interact with specific targets promoting their 
ubiquitination and subsequent degradation by the proteasome. A characteristic feature 
of the majority of DCAF proteins that associate with DDB1 is the presence of the DWD 
motif. DWD-containing proteins sum up to 85 in the plant model species Arabidopsis. 
In the last decade, numerous Arabidopsis DWD proteins have been studied and their 
molecular functions uncovered. Independently of whether their association with CRL4 
has been confirmed or not, DWD proteins are often found as components of additional 
multimeric protein complexes that play key roles in essential nuclear events. For most of 
them, the significance of their complex partnership is still unexplored. Here, we summarize 
recent findings involving both confirmed and putative CRL4-associated DCAF proteins in 
regulating nuclei architecture remodelling, DNA damage repair, histone post-translational 
modification, mRNA processing and export, and ribosome biogenesis, that definitely have 
an impact in gene expression and de novo protein synthesis. We hypothesized that, 
by maintaining accurate levels of regulatory proteins through targeted degradation and 
transcriptional control, CRL4 complexes help to surveil nuclear processes essential for 
plant development and survival.

Keywords: CRL4, DWD, DCAF, protein degradation, chromatin, transcriptional regulation, ribosome, RNA export

INTRODUCTION

Proteins participate in every function of a living cell, from metabolic to signalling events, and as 
cellular structural components. Protein synthesis and degradation are tightly regulated mechanisms 
that enable precise control of the abundance and function of each particular protein. In the nucleus, 
the activities of a myriad of proteins converge to maintain and shape chromatin structure and 
function, which determine gene expression and accumulation of their protein products depending 
on the cellular and environmental conditions. Chromatin is highly organized and packed into 
nucleosomes, a compact and stable structure capable of inhibiting transcription, DNA replication, 
and repair. The nucleosome core is composed of a histone protein octamer around which is wrapped ~ 
147 bp of DNA (Luger et al., 1997). Histone post-translational modifications might relax or compact 
this structure allowing a more efficient progression of polymerases, regulating transcription output 
and de novo protein synthesis. Concomitantly, tight coordination of transcription with RNA 
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processing and export mechanisms is required to ensure the fine-
tuning of cellular protein homeostasis. This requires not only 
protein synthesis but also refined and highly precise degradation 
mechanisms. Proteasome-mediated degradation is one of the 
best-studied mechanisms to terminate protein life cycle and is 
based in the targeted degradation of ubiquitin-marked proteins. 
The ubiquitin (Ub) mark is selectively conjugated to protein 
targets by a conserved enzymatic cascade in which E3 Ub 
ligases provide the substrate specificity. CULLIN RING ligases 
(CRLs), the largest class of E3s, represent a family of modular 
complexes, consisting in eukaryotes of at least seven different 
cullin scaffold proteins, each of them serving as a building 
block for the assembly of tens or more multi-subunit CRLs 
(Deshaies and Joazeiro, 2009). Among this class, CULLIN4 
(CUL4) RING ligases (CRL4) control key aspects of cell biology 
in eukaryotes, including cell cycle progression and DNA damage 
repair and replication (Jackson and Xiong, 2009; Biedermann 
and Hellmann, 2011). CUL4 binds RING finger protein 
(ROC1/RBX1) to recruit the E2 Ub-conjugating enzyme and to 
DAMAGED DNA BINDING PROTEIN1 (DDB1). The latter 
functions as a recruiter protein that interacts with DDB1, CUL4-
ASSOCIATED FACTORS (DCAF) substrate adapters, which 
recognize specific proteins to target them for ubiquitination 
and subsequent proteasomal degradation. DCAFs are therefore 
fundamental to confer substrate specificity to CRL4 complexes 
(Hu et al., 2004; Bernhardt et al., 2006; Lee et al., 2008).

The observation that, from yeast to animals and plants, CRL4 
conserves the capacity to interact with WD40-repeat proteins 
and the finding that each of these complexes generates functional 
E3 ligases led to the idea that WD40-repeat containing proteins 
work as DCAFs (Angers et al., 2006; He et al., 2006). The WD40 
repeat spans 40–60 amino acids and is notable for a tryptophan-
aspartic acid (WD) dipeptide at its C terminus, but exhibits only 
limited amino acid sequence conservation (Van Nocker and 
Ludwig, 2003; Higa and Zhang, 2007). The majority of DCAFs 
contain six or more WD40 motifs. Each WD40 repeat comprises 
a four-stranded antiparallel beta sheet that folds as a blade. 
WD40 blades are organized in a high order structure packed 
radially around a central axis to form a complete ß-propeller. 
This structural feature is common to all WD40 proteins whose 
structure has been determined (Zimmerman et al., 2010). Due 
to its intrinsic characteristics, the ß-propeller provides multiple 
surfaces making it prone to protein–protein interaction, and 
facilitating binding to diverse partners. In fact, WD40 proteins 
are often integral components of different multiprotein complexes 
(Zimmerman et al., 2010; Migliori et al., 2012).

DDB1 itself contains three distinct 7-blade ß-propellers 
(BP), designated BPA, BPB, and BPC (Li et al., 2006). Structural 
analysis showed that the BPB domain tethers DDB1 to CUL4, 
while BPA and BPC form a structurally coupled double propeller 
pointed away from the CUL4 scaffold, suggesting that DDB1 
ß-propellers can generate three interaction surfaces that can 
work independently with different binding specificities. The 
intrinsic flexibility of this structure would allow accommodating 
diverse DCAFs with different shapes (Zimmerman et al., 2010). 
Noteworthy, in Arabidopsis, there are two genes encoding 
DDB1 proteins, DDB1A and DDB1B. Although their products 

are 91% identical they have partially distinct functions and may 
interact with different DCAF subsets to mediate ubiquitination 
of specific protein substrates in each case (Schroeder et al., 2002). 
Additionally, similar to the case of the human DDB1 interaction 
with the replication licensing factor CDT1, plant DDB1 proteins 
might also directly interact with certain protein substrates to 
trigger their destabilization (Hu et al., 2004; McCall et al., 2005).

Analysis of WD40 proteins that interact with DDB1 in animals 
revealed that a conserved motif within the WD40 repeats is 
required for this interaction—the DWD motif (also known as 
WDxR or DxR). This motif is a unique signature in proteins that 
provides a binding site for DDB1 and consists of 16 amino acids, 
from which 4 are highly conserved residues: Asp-7 (or Glu), Trp-
13 (or Tyr), Asp-14 (or Glu), and Arg-16 (or Lys) (He et al., 2006; 
Lee et al., 2008).

In silico analysis has shown that the DWD protein family was 
in expansion during viridiplantae evolution (Tevatia and Oyler, 
2018). Indeed, a large number of DWD proteins have been 
identified in Arabidopsis (85), rice (Oryza sativa; 78), and soybean 
(Glycine max; 161) (Lee et al., 2008; Bian et al., 2017). In the last 
decade, great advances have been made on the characterization 
of the molecular functions of DWD proteins as part of CRL4 and 
other multimeric complexes. From the 85 DWD Arabidopsis 
proteins described by Lee and co-workers in 2008, 53 have been 
at least partially characterized and 32 of those have an impact 
in chromatin homeostasis, transcriptional regulation, and de 
novo protein synthesis (Table 1; Supplementary Table 1). These 
proteins, together with the DDB1-associated CDDD module, 
involved in surveying chromatin states and gene expression as 
part of CRL4 complexes are the focus of this review (Figure 1).

NUCLEAR STRUCTURE AND LIGHT 
AS A SIGNAL

Plants use light as an informational cue to control a multitude 
of physiological responses throughout their life cycle. Thus, light 
affects multiple aspects of plant development, including seed 
germination, seedling and leaf development, shade avoidance 
responses, and flowering (Jiao et al., 2007). Collectively, 
these responses are known as photomorphogenesis, which 
represents one of the best-studied developmental processes in 
plants (Kendrick and Kronenberg, 2012). Light perception and 
signalling are tightly regulated by components of the ubiquitin-
proteasome system (the so-called COP/DET/FUS proteins), 
which modulate the stability and activity of both photoreceptors 
and transcriptional regulators (i.e., bZIP transcription factor 
ELONGATED HYPOCOTYL 5, HY5). In this process, DWD-
containing CONSTITUTIVE PHOTOMORPHOGENIC1  
(COP1) and SUPPRESSOR OF PHYA (SPA 1–4) proteins play a 
central role acting as part of CRL4 E3 Ub ligases that target a wide 
variety of photomorphogenesis promoting factors, including 
HY5, the photoreceptor PhyA, and the flowering time regulator 
CONSTANS (CO) in Arabidopsis (Lau and Deng, 2012).

COP/DET/FUS proteins include additional DCAF proteins 
that lack any WD40 repeats, but they associate to CRL4 
complexes by physical binding to DDB1. In Arabidopsis, 
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TABLE 1 | DCAF proteins characterized in Arabidopsis.

AGI GENE NAME DWD 
Present

Associates 
with DDB1 

Molecular Function Other interactors related 
with chromatin and/or gene 
expression

References

NUCLEAR ARCHITECTURE AND LIGHT SIGNALLING
AT2G32950 COP1 (CONSTITUTIVE 

PHOTOMORPHOGENIC 1)
yes yes CRL4 E3 ligase activity; light signalling; 

photomorphogenesis; nuclear architecture; 
flowering; others.

COP1-SPA complex
Targets TFs as HY5, HFR1, CO 
and others

Ang et al., 1998; Osterlund et al., 2000;
Jang et al., 2005; Liu et al., 2008; Bourbousse 
et al., 2015

AT2G46340 SPA1 (SUPPRESSOR OF 
PhyA 1)

yes yes CRL4 E3 ligase activity; light signalling; 
photomorphogenesis; flowering 

COP1-SPA complex Hoecker et al., 1999; Saijo et al., 2003; 
Chen et al., 2010

AT4G11110 SPA2 yes yes Light signalling; photomorphogenesis; 
flowering

COP1-SPA complex Laubinger and Hoecker, 2003; Laubinger et al., 
2006; Chen et al., 2010

AT3G15354 SPA3 yes yes Light signalling; photomorphogenesis; 
flowering

COP1-SPA complex Laubinger and Hoecker, 2003; Laubinger et al., 
2006; Chen et al., 2010

AT1G53090 SPA4 yes yes Light signalling; photomorphogenesis; 
flowering

COP1-SPA complex Laubinger and Hoecker, 2003;
Laubinger et al., 2006; Chen et al., 2010

AT4G10180 DET1 (DE-ETIOLATED 1) no yes Light signalling; photomorphogenesis; 
nuclear architecture; co-transcriptional 
repressor in circadian clock

CDDD complex; PIF1-4, LHY, 
HFR1 transcription factors; 
others

Pepper et al., 1994; Osterlund et al., 2000;
Bernhardt et al., 2006; Lau et al., 2011;
Dong et al., 2014; Bourbousse et al., 2015;
Shi et al., 2015

AT3G13550 COP10 (CONSTITUTIVE 
PHOTOMORPHOGENIC 10)

no yes Ubiquitin ligase, enhancer of other ubiquitin 
ligases; photomorphogenesis 

CDDD complex Yanagawa et al., 2004; Lau and Deng, 2009

AT5G52250 RUP1 (REPRESSOR OF UVB-
PHOTOMORPHOGENESIS 1)

yes nd CRL4 E3 ligase activity; UV-B signalling UVR8 Gruber et al., 2010; Heijde and Ulm, 2013

AT5G23730 RUP2 yes nd CRL4 E3 ligase activity; UV-B signalling UVR8 Gruber et al., 2010; Heijde and Ulm, 2013
AT4G34280 DHU1 (DWD 

HYPERSENSITIVE TO UV-B 1)
yes yes UV-B signalling COP1, RUP1 Kim et al., 2014; Kim et al., 2017

DNA DAMAGE REPAIR
AT1G27840 CSA-1 (COCKAYNE 

SYNDROME A)
yes yes CRL4 E3 ligase activity; nuclear excision 

repair; UV-B tolerance; genomic integrity
CSA heterotetramer Zhang et al., 2010

AT5G58760 DDB2 (DNA BINDING 
PROTEIN 2)

yes yes CRL4 E3 ligase activity; nuclear excision 
repair; UV-B tolerance and genomic integrity

nd Koga et al., 2006; Molinier et al., 2008

AT5G41560 DDA1 (DDB1-ASSOCIATED 1) no yes H2B ubiquitination;
ABA signalling

CDDD complex; Targets SGF11 Irigoyen et al., 2014; Nassrallah et al., 2018

AT4G10180 DET1 no yes DNA damage repair Castells et al., 2010
HISTONE AND DNA MARKS
AT5G58230 MSI1 (MULTICOPY 

SUPPRESSOR OF IRA1)
yes yes H3K27me3; parental imprinting; embryo 

development; cell cycle control 
PRC2 (POLYCOMB REPRESSIVE 
COMPLEX 2)

Dumbliauskas et al., 2011

AT2G16780 MSI2 yes nd unknown nd Lee et al., 2008
AT4G35050 MSI3 yes yes unknown nd Pazhouhandeh et al., 2011
AT2G19520 MSI4 yes H3K27me3; flowering time regulation PRC2 Pazhouhandeh et al., 2011
AT4G10180 DET1 no yes H2B ubiquitination,

Regulates H3K9 acetylation
Targets SGF11 and UBP22, part 
of the DUBm (deubiquitination 
module)

Benvenuto et al., 2002;
Nassrallah et al., 2018;
Guo et al., 2008

AT2G32950 COP1 yes yes Regulates H3K9 acetylation Guo et al., 2008
AT5G14530 S2La (SWD2-LIKE A) yes nd Flowering time regulation nd Fiorucci et al., 2019;

Kapolas et al., 2016
AT5G66240 S2Lb yes yes H3K4me3; cell wall thickening; anther 

dehiscence
COMPASS (COMPlex of Proteins 
Associated with Set1)

Beris et al., 2016; Fiorucci et al., 2019

(Continued)
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TABLE 1 | Continued

AGI GENE NAME  DWD 
Present

Associates 
with DDB1 

Molecular Function Other interactors related 
with chromatin and/or gene 
expression

References

AT5G67320 HOS15 (HIGH EXPRESSION 
OF OSMOTICALLY 
RESPONSIVE GENES 15)

yes yes CRL4 E3 ligase activity; regulates histone 
acetylation; cold tolerance and response to 
abiotic stresses

HD2C; CBFs; Conforms the 
HOS15-HDA9-PWR complex

Park et al., 2018a; Park et al., 2018b; Zhu D. 
et al., 2008; Suzuki et al., 2018; Mayer et al., 
2019

mRNA PROCESSING AND EXPORT
AT5G13480 FY (FLOWERING LOCUS Y) yes yes Control of flowering; alternative 

polyadenylation; embryo development
FCA Lee et al., 2008; Shi et al., 2009; Simpson et al., 

2003
AT1G73720 SMU1 (SUPRESSOR OF 

MEC-8 AND UNC-52 1)
yes nd Alternative splicing Spliceosome Kanno et al., 2017

AT5G56130 TEX1/THO3 (TANSCRIPTION 
EXPORT 1)

yes nd mRNA export from nucleus; siRNA 
biosynthesis

TREX/THO complex Lee et al., 2010; Yelina et al., 2010; Jauvion et al., 
2010; Sørensen et al., 2017

AT2G19430 THO6 yes yes mRNA export from nucleus; siRNA 
biosynthesis; ABA signaling; Conforms a 
functional CRL4 E3 ligase

TREX/THO complex Lee et al., 2010; Yelina et al., 2010; Jauvion et al., 
2010; Sørensen et al., 2017

AT1G80670 RAE1 (RNA EXPORT 
FACTOR 1)

yes yes mRNA export; shuttling at the nuclear 
envelope

Nuclear pore complex Lee et al., 2008; Pritchard et al., 1999; 
Okamura et al., 2015.

miRNA BIOGENESIS
AT4G15900 PRL1 (PLEIOTROPIC 

REGULATORY LOCUS 1)
yes yes miRNA biogenesis; CRL4 E3 ubiquitin ligase 

activity; energy homeostasis; plant innate 
immunity

MAC complex (MOS4-Associated 
Complex); Targets AKIN10 kinase

Lee et al., 2008; Monaghan et al., 2009;
Jia et al., 2017; Li et al., 2018; Wiborg et al., 
2008

AT3G16650 PRL2 yes nd miRNA biogenesis MAC complex Jia et al., 2017; Li et al., 2018
AT2G33340 MAC3B yes nd miRNA biogenesis;

CRL4 E3 ubiquitin ligase activity; plant innate 
immunity

MAC complex Jia et al., 2017;
Li et al., 2018

RIBOSOME BIOGENESIS
AT2G47990 SWA1 (SLOW WALKER 1) yes nd 18S rRNA processing; mitotic progression; 

megagametogenesis
nd Shi et al., 2005

AT1G15440 PWP2 (PERIODIC 
TRYPTOPHAN PROTEIN 2)

yes nd 18S rRNA processing; gametophyte and 
embryo sac development

nd Missbach et al., 2013

AT4G05410 YAO (YAOZHE) yes no 18S rRNA processing; male and female 
gametogenesis; zygote development; cell 
division

nd Li et al., 2010

AT4G21130 EMB2271 yes nd 18S rRNA processing nd Li et al., 2010
AT5G15550 PEP2 (PESCADILLO 

ORTHOLOG 2)
yes nd 28S and 5.8S rRNA processing; cell 

proliferation; cell cycle
PeBoW (PES, BOP, WDR12) 
complex

Zografidis et al., 2014; Ahn et al., 2016

AT5G52820 NLE (NOTCHLESS) yes nd 60 S ribosomal subunit maturation and 
assembly; cell growth and proliferation; 
female gametophyte development

Chantha and Matton, 2007; Chantha et al., 
2010

The table summarizes protein function information within the scope of chromatin remodeling and additional nuclear events that affect gene expression. nd stands for non-determined.

83

https://www.frontiersin.org/journals/plant-science#articles
https://www.frontiersin.org/journals/plant-science/
www.frontiersin.org


CRL4 in Chromatin and Gene ExpressionFonseca and Rubio

5 September 2019 | Volume 10 | Article 1095Frontiers in Plant Science | www.frontiersin.org

the  most prominent representative is DE-ETIOLATED1 
(DET1), a classic photomorphogenesis repressor (Pepper et al., 
1994). In addition to DDB1, DET1 associates with COP10 and 
DET1, DDB1-ASSOCIATED1 (DDA1), both also non WD-40 
proteins, to form a heterotetrameric CDDD module that binds 
to CUL4 (Schroeder et al., 2002; Yanagawa et al., 2004; Pick 
et al., 2007; Biedermann and Hellmann, 2011; Chen et al., 2006, 
Irigoyen et al., 2014). DET1 acts at different levels to repress 
photomorphogenesis during plant development. Thus, during 
seedling establishment in the dark, DET1 facilitates CRL4-
COP1-SPA activity when promoting HY5 destabilization, 
although the molecular details of DET1 function in this regard 
are unknown (Osterlund et al., 2000). In addition, DET1 directly 
interacts and stabilizes basic helix-loop-helix PHYTOCHROME 
INTERACTING FACTORS (PIFs) transcription factors, which 
trigger transcriptional responses under dark conditions, but act  
as transcriptional co-repressor in circadian rhythms (Lau et al., 
2011; Dong et al., 2014). In the case of light-regulated seed 
germination, DET1, together with COP10, assembles into CRL4-
DET1-COP10 complexes that bind PIF1, increasing its stability 
and activity in the dark to repress germination. Additionally, 
CRL4-DET1-COP10 target LONG HYPOCOTYL IN FAR-
RED 1 (HFR1) protein for proteasomal degradation under dark 
conditions. HFR1 is a positive regulator of seed germination that 
forms heterodimers with PIF1, impeding PIF1 ability to bind to its 
target genes. By acting on different downstream effectors, DET1 
becomes a central repressor of light-induced seed germination 
(Shi et al., 2015).

Recent work by Bourbousse et al., 2015, showed that both 
Arabidopsis DET1 and COP1 also regulate shaping of nuclear 
architecture in response to the light conditions. Thus, in etiolated 
cotyledons, DET1 and COP1 maintain heterochromatin in a 
decondensed state. Upon light exposure, cryptochrome-dependent 
light signalling releases nucleus expansion and large-scale 
heterochromatin condensation, likely by inhibiting COP1 and 
DET1 function. These global nuclear phenotypes correlate with 
RNA Polymerase II (RNAPII) transcriptional activity and may 
also impact gene silencing efficiency (Bourbousse et  al., 2015). 
Although the molecular details of COP1 and DET1 function 
in these processes are still unknown, it is striking that both 
CRL4-associated proteins affect high order nuclear dynamics. 
Whether they participate in the same light-dependent regulatory 
mechanisms or in different additive ones needs to be unveiled.

Still regarding light perception, the UV RESISTANCE 
LOCUS 8 (UVR8) is also a β-propeller protein with seven 
blade-shaped β-sheets that acts as an UV-B photoreceptor 
in Arabidopsis (Rizzini et al., 2011). UVR8 has homology to 
human Regulator of Chromatin Condensation 1 (RCC1), which 
associates to chromatin by directly interacting with histones 
(Kliebenstein et al., 2002; Cloix and Jenkins, 2008). Though 
UVR8 physical association to chromatin is controversial 
(Binkert et al., 2016), it directly binds COP1 in a UV-dependent 
manner to protect HY5 against proteasomal degradation and 
to enhance HY5 gene expression. Therefore, increased HY5 
activity confers UV acclimation and protection to plants 
(Favory et al., 2009; Oravecz et al., 2006). Despite the fact that 
UVR8 does not contain a DWD motif, its activity is repressed 

by two redundant DWD proteins, REPRESSOR OF UV-B 
PHOTOMORPHOGENESIS 1 (RUP1) and RUP2. Thus, RUP1 
and RUP2 induce photomorphogenesis by directly interacting 
with UVR8, mediating its dimerization and disrupting UVR8-
COP1 interaction, which halts UV-B signalling (Gruber et al., 
2010; Heijde and Ulm, 2013). Another DWD protein, DWD 
HYPERSENSITIVE TO UV-B 1 (DHU1), also contributes 
to repression of the UV-B signal transduction pathway by 
interfering with COP1 function. DHU1 likely works in 
association with RUP1 and is able to bind DDB1, suggesting 
a role as a substrate adapter for CRL4 complexes (Kim et al., 
2017; Kim et al., 2014).

DNA LESION DETECTION AND REPAIR – 
LIGHT AS A DAMAGE

Plants use sunlight for photosynthesis and therefore cannot 
avoid constant exposure to solar UV radiation. To cope with the 
adverse effects of UV light, plants accumulate photoprotective 
pigments, such as flavonoids (i.e., anthocyanins) and carotenoids, 
and have evolved DNA damage repair mechanisms, such 
as photoreactivation and dark repair pathways (Stapleton 
and Walbot, 1994; Rozema et al., 2002; Kimura et al., 2004). 
In Arabidopsis, HY5 is a major regulator of anthocyanin 
accumulation in response to light (Ang and Deng, 1994). 
Therefore, production of the photoprotective pigment shield 
largely depends on the activity of COP1- and DET1-containing 
CRL4 E3 Ub ligases that promote HY5 destabilization (Holm 
et al., 2002). In the green algae Chlamydomonas reinhardtii, DET1 
and DDB1 also repress photoprotective responses by regulating blue 
light-mediated induction of LIGHT-HARVESTING COMPLEX 
STRESS-RELATED PROTEINS 1 and 3 genes, necessary for the 
dissipation of energy under high-light conditions (Aihara 
et al., 2019).

DNA repair mechanisms are essential for the survival of 
organisms since, if efficient repair of damaged DNA does 
not take place, genome integrity is at risk (Ries et al., 2000). 
In humans, unrepaired lesions might potentially introduce 
oncogenic mutations and are a major cause of skin carcinogenesis 
(Hoeijmakers, 2009). Among the lesions caused by UV light, 
cyclobutane pyrimidine dimers (CPDs) and pyrimidine (6–4) 
pyrimidinone dimers (6-4PPs) are the most common ones, 
accounting for 75% and 25% of DNA lesions, respectively, being 
able to stall RNAPII during transcription, which largely alters 
gene expression and cell functions (Mitchell et al., 1989; Fischer 
et al., 2011). Contrary to photoreactivation, dark repair pathways 
do not directly reverse DNA damage, but instead replace the 
damaged DNA with new, undamaged nucleotides. Dark repair 
mechanisms include the nucleotide excision repair (NER), base 
excision repair (BER), and mismatch repair (MMR) pathways 
(Scrima et al., 2011). DDB1 was initially identified as a damaged 
DNA binding protein that heterodimerizes with two DWD-
containing proteins, Damage-specific DNA Binding protein 2 
(DDB2) and Cockayne Syndrome A (CSA), that control different 
NER pathways, global genome repair (GGR) and transcription-
coupled repair (TCR), respectively (Lee and Zhou,  2007; 
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Shuck  et  al., 2008). Mutations in CSA and DDB2 result in 
hereditary diseases, termed Xeroderma pigmentosum and 
Cockayne syndrome, characterized by cutaneous hypersensitivity 
to sunlight exposure and high susceptibility to UV-induced skin 
cancer, respectively (Lee and Zhou, 2007; Jackson and Xiong, 
2009). Though they act through specific pathways, both CRL4-
DDB2 and CRL4-CSA share common architectural features and 
a common mechanism of activation by CSN displacement from 
the CRL4-DCAF upon substrate binding to the DCAF (Fischer 
et al., 2011).

DDB2 and CSA function as part of CRL4 complexes that are 
conserved in plants (Biedermann and Hellmann, 2010). Thus, 
Arabidopsis ddb2 mutants display enhanced sensitivity to UV 
irradiation, methyl methanesulfonate, and H2O2 stress (Koga 
et al., 2006) while overexpression of DDB1A increases plant 
tolerance to UV (Al Khateeb and Schroeder, 2009). Moreover, 
DDB2 associates with the CUL4-DDB1A complex to form 
an E3 ligase that modulates NER DNA damage repair (GGR 
associated) upon UV stress (Molinier et al., 2008). CSAat1A, a 
CSA-like gene, was identified in a forward screening for mutants 
with altered DNA damage responses. In Arabidopsis, there are 
two CSA-like genes that form heterotetramers within active 
CRL4 E3 ligases to enable plant responses to UV-B irradiation 
(Zhang et al., 2010).

The CDDD complex seems to be also essential for damage 
DNA repair processes in plants. Thus, it has been reported 
that an appropriate dosage of DET1 is necessary for efficient 
removal of UV photoproducts through the NER (GGR-type) 
pathway in Arabidopsis. In this context, DET1 is required 
for the CRL4-dependent degradation of DDB2 in order to 
complete the DNA repair process. Upon UV irradiation, DET1 
is degraded concomitantly with DDB2, likely as a means to 
limit the activity of CUL4-DDB1-DET1-DDB2 complexes 
(Castells et al., 2011).

Similarly, DDA1 has been involved in the response to DNA 
damage in mammalian systems. Thus, dda1 depleted human 
cells spontaneously accumulated double strand DNA breaks 
(Olma et al., 2009). Moreover, recent studies identify DDA1 as an 
oncogene in various types of cancers and it is being considered 
as a therapeutic target (Cheng et al., 2017; Zhao et  al., 2016; 
Gao et al., 2017). Recent structural data has shown that the 
19 N-terminal amino acids of DDA1 adopt a partially coiled 
conformation that docks on a groove at the bottom surface of the 
DDB1 BPA domain. The authors hypothesized that the flexible 
C-terminal region of DDA1 might be able to reach DCAF or 
even DCAF-bound substrates to either facilitate recruitment of 
targets or modulate the overall topology of the fully assembled 
CRL4–target complex. These functions might be required for 
proper activation of CRL4 machineries during DNA damage 
responses (Shabek et al., 2018).

Despite the conservation of CRL4 machineries involved in 
NER in higher eukaryotes, photoreactivation, which is mediated 
by photolyases, is thought to be the major DNA repair pathway 
for CPDs and 6-4 PPs lesions in higher plants. Photolyases can 
specifically bind to these DNA lesions and remove them directly 
by absorbing energy (Molinier, 2017). Photoreactivation and 
photolyases have been reported in several plant species but are 

also common for many other organisms (Molinier, 2017; Kimura 
et al., 2004). Interestingly, Arabidopsis det1 mutants display 
over-expression of DNA photolyase genes promoted by higher 
levels of HY5/HYH, resulting in increased sunscreen effect and 
greater tolerance to UV-C irradiation (Castells et al., 2010). 
Therefore, DET1, likely as part of CRL4-CDDD complexes, 
participates in different pathways leading to DNA protection 
and repair against UV light while being itself a repressor of 
light signalling. Whether regulatory relationships exist between 
DET1 functions in these two pathways should be addressed in 
future studies.

REGULATION OF HISTONE AND DNA 
MARKS

Histone post-translational modifications (PTM) regulate chromatin 
accessibility and gene expression. A plethora of protein complexes 
tightly regulate the conjugation of activating or inactivating marks 
to histones facilitating or constraining the accessibility of 
transcription-complexes to specific genomic regions. Genetic 
and molecular evidence have shown that CRL4 play major roles 
in this process in Arabidopsis. Thus, CUL4-DDB1 complexes 
are known to interact with DWD protein MULTICOPY 
SUPPRESSOR OF IRA1 (MSI1), which is also an integral part 
of the evolutionary conserved POLYCOMB REPRESSIVE 
COMPLEX 2 (PRC2) that catalyses H3K27 trimethylation, a 
repressive histone mark (Dumbliauskas et al., 2011). Mutation 
of CUL4 leads to autonomous endosperm development and 
loss of parental MEDEA imprinting, which is essential for 
seed formation, supporting a functional link between CRL4 
and the PRC2 complex (Dumbliauskas et al., 2011). CRL4 also 
interacts with MSI4, which represses FLC expression through 
its association with PRC2. Thus, the lack of MSI4 or decreased 
CUL4 activity reduces H3K27 trimethylation on FLC, but also 
on its downstream target FT, resulting in increased expression 
of both genes during the regulation of flowering timing in 
Arabidopsis (Pazhouhandeh et al., 2011). In this context, 
it would be interesting to determine to which extent CRL4 
function aids PRC2 activity and whether CRL4 ubiquitination 
activity is relevant for turnover of any PRC2 component as 
a means to modulate its gene repressor activity according to 
specific developmental or environmental conditions.

Non-DWD proteins that associate with DDB1 have been 
also shown to be key in integrating environmental cues to 
shape the Arabidopsis epigenome landscape, as recently 
shown for DET1 (Nassrallah et al., 2018). The idea that DET1 
can act as a transcriptional repressor originally came with 
the finding that it has the capacity to directly interact with 
Histone 2B (H2B), more specifically with non-acetylated 
tails of H2B, which means that its interaction correlates with 
histone states compatible with transcriptional repression 
(Benvenuto et al., 2002). Recently, the significance of this 
interaction has been unveiled, since DET1 and the CDDD 
complex influence histone H2B monoubiquitination (H2Bub), 
a chromatin mark occurring over gene bodies that promotes 
light-dependent gene activation (Bourbousse et al., 2012; 
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Nassrallah et al., 2018). Thus, it was found that the CDDD 
subunit DDA1 directly interacts with SAGA-INTERACTING 
FACTOR (SGF11), which, together with UBIQUITIN PROTEASE 
(UBP22) and ENHACER OF YELLOW2 (ENY2), comprise 
the Arabidopsis SAGA deubiquitination module (DUBm). 
Recognition of SGF11 by DDA1 recruits the CRL4-CDDD 
module to ubiquitinate and degrade the DUBm in a DET1- and 
dark- dependent manner. Therefore, Arabidopsis det1 mutants 
display reduced levels of H2Bub mark as a consequence of the 
accumulation of DUBm and increased H2Bub deubiquitination 
activity (Nassrallah et al., 2018). Noticeably, det1 mutants 
displayed altered accumulation of several other histone marks 
related with transcription activation, although the molecular 
mechanisms by which DET1 governs their accumulation and 
distribution over the genome are unknown (Nassrallah et al., 
2018). In agreement with these findings, DET1 and COP1 had 
been previously shown to repress accumulation of the gene 
activating mark H3K9ac at specific loci. Thus, Arabidopsis 
det1 and cop1 mutants displayed increased H3K9ac levels 
in light regulated genes that correlated with their enhanced 
transcription levels. However the molecular basis underlying 
these phenotypes is still unknown (Guo et al., 2008).

Interestingly, Arabidopsis CDDD subunit COP10, which 
corresponds to an E2 Ub variant (i.e., lacks the cysteine 
residue at the catalytic centre required for Ub conjugation), 
has been shown to enhance the Ub binding activity of genuine 
E2 enzymes in vitro, including UBIQUITIN CONJUGATING 
ENZYME 1 (UBC1) and UBC2 (Yanagawa et al., 2004; Lau 
and Deng, 2009). The latter act in coordination with E3 Ub 
ligases HISTONE UBIQUITINASE 1 (HUB1) and HUB2 to 
ubiquitinate H2B (Xu et al., 2009). These findings suggest that 
COP10, and by extent the CRL4-CDDD, might modulate both 
H2B ubiquitination and deubiquitination.

H2Bub promotion of H3K4me3 deposition on actively 
transcribed genes is among the best studied trans-histone 
crosstalk in yeast and metazoans (Sun and Allis, 2002; 
Kim et al., 2009). In yeast, SET1 histone methyltransferase 
(HMT) catalyzes H3K4me3 deposition acting as part of the 
COMPASS (COMPlex of Proteins Associated with Set1), 
which also contains the WD40 repeat-containing proteins 
Swd1, Swd2, Swd3, among others (Schuettengruber et al., 
2017). In Arabidopsis, the most relevant HMT in COMPASS is 
SDG2 (SET DOMAIN GROUP2). Recently, DWD-containing 
proteins SWD2-like a and b (S2La, S2Lb) were identified as 
the plant homologs of the Swd2 yeast protein. Together with 
SDG2, S2Lb directly influence H3K4me3 enrichment over 
highly transcribed genes, similar to its yeast ortholog. However, 
in Arabidopsis, H3K4me3 deposition seems not to rely in a 
trans-histone crosstalk with H2Bub (Fiorucci et al., 2019). In 
Arabidopsis, S2Lb was found to directly interacts with DDB1, 
indicating it might form part of CRL4 E3 Ub ligases (Beris 
et al., 2016). S2Lb also co-purifies with the AtCOMPASS core 
subunit WDR5a, also a WD40 protein. Interestingly, it has 
been shown that, in neuronal cells, CUL4B complexes can 
target WDR5 protein for degradation (Nakagawa and Xiong, 
2011). Whether this mechanism is conserved in plants needs 
to be explored.

HIGH EXPRESSION OF OSMOTICALLY RESPONSIVE 
GENES 15 (HOS15), a DWD-repeat protein involved in cold 
tolerance, regulates the acetylation levels of cold responsive 
genes by targeting HISTONE DEACETYLASE 2C (HD2C) in 
a cold-dependent manner. This degradation is mediated by the 
CRL4 complex in which HOS15 acts as a substrate receptor 
(Park et al., 2018b). HOS15 can also directly interact with CBF 
transcription factors to modulate cold-induced binding to cold 
responsive gene promoters and promote the acquisition of cold 
tolerance (Zhu J. et al., 2008; Park et al., 2018b). Recently, it has 
been demonstrated that HOS15 is also a core component of 
the Arabidopsis HISTONE DEACETYLASE9-POWERDRESS 
(HDA9-PWR) complex (Suzuki et al., 2018; Mayer et al., 2019). 
hos15 mutants display histone hyperacetylation similar to those 
of hda9 and pwr mutants and ninety percent of HOS15-regulated 
genes are also controlled by HDA9 and PWR, being the majority 
of these genes stress-related (Mayer et al., 2019). In addition, 
HOS15 regulates HDA9 protein accumulation in the nucleus 
and its association to chromatin but does not affect the overall 
HDA9 protein stability (Mayer et al., 2019; Park et al., 2018a). 
Moreover, the HOS15-HDA9 module can directly interact with 
the Evening complex to reduce histone acetylation levels at the 
promoter of flowering activator GIGANTEA (GI). Therefore, the 
HOS15-HDA9 module could regulate photoperiodic flowering 
via transcriptional repression of GI (Park et al., 2019). Besides 
its interaction with HD2C, HDA9, and PWR, HOS15 was found 
to associate in affinity purification assays with other Histone 
deacetylases and Histones H1.2 variant, H2B and H4 (Park et al., 
2018a; Zhu J. et al., 2008).

Altogether, these evidences indicate that DCAF proteins can 
affect histone posttranslational modification, either indirectly, by 
regulating the stability or activity of proteins or complexes that 
mediate deposition of histone marks, or directly, by acting as core 
components of such histone-modifying machineries.

Finally, recent studies suggest that the COP9 signalosome 
(CSN), a key regulator of CULLIN-based E3 Ub ligases, including 
CRL4, regulates DNA methylation in Arabidopsis (Tuller et al., 
2018). The CSN consists of eight subunits (CSN1–8) and is 
highly conserved in eukaryotes. CSN was initially identified for 
its function as a repressor of photomorphogenesis. Indeed, csn 
display a fusca phenotype (characterized by high accumulation of 
anthocyanins, and small and unviable plants) and de-etiolation 
under dark conditions. Further characterization of the CSN 
uncovered its role in the regulation of CRL complexes recycling, 
by removing the Nedd8 peptide from the CRLs. Furthermore, 
characterization of the pleiotropic defects in csn mutants in 
Arabidopsis, Drosophila, and humans showed that the CSN 
has other functions besides the inhibition of the CRL E3 Ub 
ligase activity, that were related to its ability to associate with 
chromatin (Dessau et al., 2008; Singer et al., 2014; Chamovitz, 
2009). Accordingly, a recent study suggested that the pleiotropic 
nature of the CSN is related to its function in regulating DNA 
methylation. Thus, Arabidopsis csn8 and csn5a-1 mutants 
showed similar methylation patterns, in overlapping positions, 
but rather differential to those of wild-type plants (Tuller et al., 
2018). Moreover, this pattern correlated with changes in gene 
expression in these mutants. Although the mechanisms behind 
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this regulation are still unknown, the authors suggested that 
this effect could be due to the impact of the CSN in the stability 
of many transcription factors, an interference with the activity 
of DNA methylation-related E3 ligases, or with the capacity of 
the CSN to directly bind DNA, as demonstrated in Drosophila 
(Kraft et al., 2008; Deng et al., 2016; Singer et al., 2014). In this 
context, the convergence of multiple regulatory mechanisms 
should not be excluded since CSN has an overall effect on 
diverse CRL4 E3 Ub ligases controlling chromatin accessibility, 
transcriptional regulation, and RNA stability and export. 
According to this notion, loss-of-function mutants for CUL4 
share similar pleiotropic phenotypes with csn mutants.

mRNA PROCESSING AND EXPORT

Mature mRNA formation requires the coordination of several 
processing mechanisms before export to the cytosol for 
translation occurs. A number of mRNA-binding proteins associates 
co-transcriptionally with the nascent mRNA to ensure its 
proper processing, including 5′ end capping, splicing and 3′ 
end polyadenylation, ending with the nuclear export of mature 
transcripts (Moore and Proudfoot, 2009).

Alternative polyadenylation has been only recently 
considered a widespread mechanism in regulating gene 
expression (Di Giammartino et al., 2011). The physiological 
relevance of this mechanism in plants can be illustrated by 
the function of DWD protein FY as a promoter of flowering 
transition. Arabidopsis FY is the homolog of the yeast and 
human RNA 3′ end processing factors, Pfs2p and WDR33, 
respectively, which associate to cleavage and polyadenylation 
complexes (Shi et al., 2009). FY is also able to directly interact 
with DDB1A/B and forms complexes with CUL4 (Lee et al., 
2008). FY acts together with the nuclear RNA binding protein 
FCA within the flowering autonomous pathway to prevent 
accumulation of mature mRNAs of the floral repressor 
FLC. Indeed, both FY and FCA physically interact and both 
reduce RNA 3′ end processing of FLC transcripts, which 
downregulates FLC mRNA accumulation, allowing plant 
flowering (Simpson et al., 2003).

Splicing of precursor mRNAs (pre-mRNAs) through excision 
of noncoding regions (introns) and joining of adjacent coding 
regions (exons) is essential for the expression of nearly all 
eukaryotic protein-coding genes. Splicing is catalyzed by the 
spliceosome, a large and dynamic ribonucleoprotein (RNP) 
machinery located in the nucleus. Initially identified in 
Caenorhabditis elegans, Smu1 (suppressor of mec-8 and unc-
52 1) is a spliceosome-associated WD40-repeat protein whose 
human ortholog interacts with CUL4B-DDB1 complexes in 
vivo (Higa et al., 2006; Spike et al., 2001). Although highly 
conserved in plants and metazoans, Smu1 is absent from 
budding yeast, suggesting that its function is required for 
complex splicing patterns (Ulrich et al., 2016). A recent  
study demonstrated that the Arabidopsis homolog SMU1 also 
acts as a splicing factor that influences splice site selection 
and alternative splicing patterns. SMU1 acts prior and 
during the first catalytic step of splicing and can be a general  

modulator of splicing patterns in plants (Kanno et al., 2017). It 
has been suggested that hSmu1, as well as Arabidopsis SMU1, 
could work as DCAF proteins in recognizing spliceosomal 
targets for ubiquitination (Higa et al., 2006; Chung et al., 
2009). In agreement with this notion, key splicing factors 
undergo ubiquitination in Arabidopsis, suggesting a role for 
the ubiquitin-proteasome system in regulating spliceosome 
functions (Sasaki et al., 2015; Kanno et al., 2017). Whether 
SMU1 is involved in this regulatory mechanism in Arabidopsis 
remains to be investigated.

The recruitment of RNA export factors occurs in concomitance 
with transcription. For instance, the yeast THO/TREX 
(TRanscription-EXport) complex directly interacts with the 
C-terminal domain (CTD) of RNAPII during transcript 
elongation. This interaction enables THO/TREX complex 
recruitment to RNAPII-transcribed genes to facilitate 
transport of the nascent mRNAs (Meinel et al., 2013). In 
plants, our knowledge about this mechanism and the factors 
involved in coordinated mRNA biogenesis and export is 
much less known. Affinity purification of Arabidopsis TEX1/
THO3-associated proteins showed that the THO core complex 
resembles that of metazoans, consisting of HPR1, THO2, 
THO5A/B, THO6, THO7A/B, and TEX1/THO3 (Yelina et al., 
2010). TEX1/THO3 and THO6 are DWD proteins and THO6 
forms a functional CRL4 E3 Ub ligase that plays also a role in 
ABA signalling (Lee et al., 2010). Mutants of THO3/TEX1 and 
THO6 produce reduced amounts of small interfering siRNA, 
suggesting an additional role of the Arabidopsis THO/TREX 
in siRNA biosynthesis (Yelina et al., 2010; Jauvion et al., 2010; 
Sørensen et al., 2017).

The nucleoporin RAE1 (RNA Export Factor 1) is part of the 
nuclear pore complex (NPC) that acts as a shuttling transport factor 
at the nuclear envelope to allow mRNAs export (Pritchard et al., 
1999; Okamura et al., 2015). Transport between the nucleoplasm 
and the cytoplasm depends on mRNA recognition by the NPC, 
which is the largest multiprotein complex in eukaryotic cells. 
Mass spectrometry analysis of GFP-RAE1 interactors suggested 
that the Arabidopsis NPC protein composition is very similar 
to that of vertebrates (Tamura et al., 2010). Arabidopsis RAE1 
is itself a DWD domain-containing protein that interacts with 
DDB1A in Y2H assays (Lee et al., 2008). It would be interesting 
to determine if RAE1 is a canonical DCAF and to identify its 
protein targets, which could include other NPC components, 
chaperones, and, very importantly, passenger proteins or RNAs.

miRNA BIOGENESIS

Among the known miRNA biogenesis factors in Arabidopsis, 
the DWD containing proteins PLEIOTROPIC REGULATORY 
LOCUS1 (PRL1), PRL2, and MAC3B belong to the MOS4-
associated complex (MAC) (Lee et al., 2008; Monaghan et al., 
2009). MAC is a highly conserved complex among eukaryotes, 
with its yeast and humans orthologs known as the NineTeen 
Complex (NTC) and Prp19 complex (Prp19C), respectively. 
The Arabidopsis MAC, as the yeast and human NTC/Prp19C, 
associates with the spliceosome. All three complexes are 
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predicted to share conserved functions in regulating splicing 
(Monaghan et al., 2009; Johnson et al., 2011). In Arabidopsis, 
loss-of-function of MAC, as in mac3a mac3b and prl1 prl2 
double mutants, impairs miRNA biogenesis (Jia et al., 2017; 
Li et al., 2018). Both MAC3B and PRL1 were shown to have 
E3 Ub ligase activity in vitro. In fact, it has been reported 
that PRL1 likely acts as a substrate receptor involved in the 
degradation of the AKIN10 kinase, a key regulator of cell 
energy homeostasis (Lee et al., 2008; Wiborg et al., 2008; 
Monaghan et al., 2009).

RIBOSOME BIOGENESIS

Ribosomes are fundamental macromolecular machines and 
the basis of the translation machinery, allowing the conversion 
of information encoded within mRNAs into proteins. The 80S 
ribosome is a ribonucleoprotein complex that comprises two 
ribosomal subunits, a large 60S subunit (containing the 25S, 
5.8S, and 5S rRNAs, and 46 ribosomal proteins) and a small 
40S subunit (containing the 18S rRNA and 33 ribosomal 
proteins) (Fromont-Racine et al., 2003; Henras et al., 2008). 
Ribosome biogenesis is an essential process for cell growth 
and proliferation. Though it is best characterized in yeast by 
genetic and proteomic studies (Henras et al., 2008; Panse and 
Johnson, 2010), plants have homologs of yeast and mammalian 
ribosomal biogenesis factors, despite only a few of them have 
been studied (Pendle et al., 2005; Horiguchi et al., 2011). 
Interestingly, a number of DWD proteins have been associated 
with ribosome biogenesis. For instance, SLOW WALKER1 
(SWA1) is a DWD with six WD40 repeats involved in 18S 
rRNA processing (Shi et al., 2005). Characterization of the 
semisterile Arabidopsis mutant swa1 showed it is defective 
in mitotic progression of the female gametophyte, pointing 
to an essential role for SWA1 during megagametogenesis 
(Shi et al., 2005). Gametophyte and embryo sac development 
requires another DWD protein, PERIODIC TRYPTOPHAN 
PROTEIN 2 (PWP2), a homolog of the yeast Pwp2 protein 
involved in nucleolar processing of pre-18S ribosomal RNA 
for 40S subunit maturation (Missbach et al., 2013). Despite the 
presence of putative DWD domains, it is unknown whether 
SWA1 and PWP2 can associate with CRL4 complexes and 
form functional E3 ligases.

Arabidopsis YAOZHE (YAO) and EMB2271 are related 
DWD proteins that display homology to the non-ribosome 
nucleolar protein Rrp9/hU3-55K from yeast and humans, 
respectively. Rrp9/hU3-55K are present in the 90S pre-
ribosome, being essential for 18S rRNA maturation and 40S 
subunit biogenesis (Grandi et al., 2002). Mutation of YAO in 
Arabidopsis reduces competence of male gametophytes as 
well as, in a reduced number of cases, impairs development 
of the embryo sacs at the four-nucleate stage, showing 
aberrant nuclear positioning (Li et al., 2010). In addition, 
yao mutants display misplacement of the cell plate in the 
zygote and subsequent zygote arrest, leading to early embryo 
lethality. Thus, YAO is required for gametophyte development 
and regulation of cell division planes during embryogenesis 

(Li et al., 2010). Though a direct interaction with CRL4-DDB1 
machinery would be expected, Li and co-workers could not 
detect physical interaction between YAO and DDB1A or 
DDB1B using yeast two-hybrid assays (Li et al., 2010).

The maturation and assembly of the 60S ribosomal subunit is 
also regulated by DWD domain proteins. PEP2 (PESCADILLO 
ORTHOLOG 2) is the Arabidopsis homolog of human DWD 
protein WDR12, which is involved in the maturation of 28S 
and 5.8S subunits during the formation of the 60S ribosome 
(Zografidis et al., 2014). Arabidopsis PEP2 directly interacts 
with PESCADILLO (PES), whose homolog in zebrafish is 
essential for embryonic development. In Arabidopsis PES, 
BOP (Block of Proliferation 1) and WDR12 also constitute 
the evolutionarily conserved PeBoW complex involved in cell 
growth and differentiation that is indispensable for viability 
of yeast and higher eukaryotes. In response to nucleolar 
stress or DNA damage, Arabidopsis PeBoW proteins move 
from the nucleolus to the nucleoplasm. Depletion of PeBoW 
proteins led to dramatic suppression of cell proliferation, 
expansion, and differentiation. Concomitantly, PeBoW silencing 
caused rapid transcriptional modulation of cell-cycle genes, 
suggesting that, by affecting ribosome biogenesis, this complex 
plays a critical role in plant cell growth and survival (Ahn 
et al., 2016). Another DWD protein NOTCHLESS (NLE) is 
involved in maturation and assembly of the 60S ribosomal 
subunit, and is essential for proper cellular growth and 
proliferation during plant development (Chantha and Matton, 
2007). Silencing of the NLE gene by RNA interference in 
Arabidopsis led to a semisterile phenotype caused by defects 
in female gametophyte development, further supporting a role 
for ribosome biogenesis in female gametophyte development 
in plants (Chantha et al., 2010).

GENERAL CONCLUSIONS AND FUTURE 
PERSPECTIVES

Due to their three dimensional structural features, DWD proteins 
are prone to be involved in protein–protein interactions. Indeed, 
numerous DWD proteins are components of different multi-
subunit complexes including CRL4 E3 Ub ligases. However, a 
large number of Arabidopsis DWD proteins referred here have 
not been confirmed as physical interactors of DDB1. It is also 
unknown whether they contribute to CRL4 E3 Ub ligase activities 
and which are their precise targets. These might include either 
unrelated protein substrates (i.e., transcriptional regulators, 
metabolic enzymes, and structural proteins) or even components 
of the multi-subunit complexes to which they belong, being 
necessary to regulate protein complex assembly and/or function. 
Nevertheless, it cannot be excluded that many of these proteins 
have conserved the DWD domain during evolution but have 
lost the capacity to interact with CRL4 complexes, gaining new 
abilities in the meanwhile.

To date, at least 53 Arabidopsis DWD proteins have 
been partially characterized. Among those, 32 display a 
function related to transcriptional output either by regulating 
abundance of transcription factors, by modulating chromatin 
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accessibility or transcript processing. This represents a 
paradox since, by exerting a tight and selective control of 
protein degradation, CRL4-associated proteins can regulate 
transcriptional events and assure correct protein synthesis. 
Importantly, CRL4 function on nuclear events is very likely 
not limited to targeted degradation of chromatin-associated 
factors. Indeed, it is known that CRL4 complexes mediate 
different kinds of non-proteolytic ubiquitination of protein 
substrates, including formation of K63-linked polyUb chains 
and monoUb conjugates (Sugasawa et al., 2005). Such CRL4-
mediated modifications, instead of triggering degradation of 
targets, may influence their protein–protein interaction ability, 
DNA binding capability, or their subcellular localization 
(Deshaies and Joazeiro, 2009; Dumbliauskas et al., 2011).

The idea that CRL4 ligases are genome caretakers due to 
their prominent role during DNA replication and repair is not 

new (Lampert et al., 2017). In Arabidopsis, similar to the case 
of other organisms, this surveying function can be extended 
to other mechanisms directly related with DNA transcription. 
Such a remarkable pleiotropy of functions can only be achieved 
by the versatility and modular function of CRL4 complexes 
that assemble into a plethora of functional E3 ligases just by 
exchanging the substrate recognition modules. It is therefore not 
surprising that DDB1 was scored as an essential gene in a human 
genome-wide CRISPR/Cas9 knockout screen (Hart et al., 2015). 
This situation is analogous to the case of Arabidopsis where total 
loss of DDB1 function (as shown in null ddb1a ddb1b double 
mutants) causes embryolethality (Bernhardt et al., 2010).

Despite our increasing knowledge on the chromatin-
associated functions of Arabidopsis DCAFs, a large number 
of them are still orphan substrate receptors, whose function is 
completely unknown. Further efforts should be dedicated to fill 

FIGURE 1 | Schematic representation of the functions in which Arabidopis CDDD components and DWD-containing proteins play a role. Gray ovals in the central 
circle’s area correspond to CDDD and DWD proteins referred in this review. Those with thick blue borders correspond to proteins known to associate with CRL4 
complexes. Arrows and blocked lines correspond to positive or negative regulatory relationships. Dashed lines indicate that the functional relationships are indirect 
and its molecular details are unknown.
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this gap, providing a better understanding on the roles of CRL4-
associated DCAFs in shaping nuclear architecture, epigenetic 
landscape, and gene expression throughout the plant life cycle.
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Identification of Transgene-Free 
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Monitoring DsRED Fluorescence in 
Dry Seeds
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Antonio Granell 1, David Alabadí 1, Ari Sadanandom 2, Miguel A. Blázquez 1  
and Eugenio G. Minguet 1*
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Politécnica de Valencia, Valencia, Spain, 2 Department of Biosciences, Durham University, Durham, United Kingdom

Efficient elimination of the editing machinery remains a challenge in plant biotechnology 
after genome editing to minimize the probability of off-target mutations, but it is also 
important to deliver end users with edited plants free of foreign DNA. Using the modular 
cloning system Golden Braid, we have included a fluorescence-dependent transgene 
monitoring module to the genome-editing tool box. We have tested this approach in 
Solanum lycopersicum, Oryza sativa, and Arabidopsis thaliana. We demonstrate that 
DsRED fluorescence visualization works efficiently in dry seeds as marker for the detection 
of the transgene in the three species allowing an efficient method for selecting transgene-
free dry seeds. In the first generation of DsRED-free CRISPR/Cas9 null segregants, we 
detected gene editing of selected targets including homozygous mutants for the plant 
species tested. We demonstrate that this strategy allows rapid selection of transgene-free 
homozygous edited crop plants in a single generation after in vitro transformation.

Keywords: CRISPR/Cas9, genome editing, DsRED, Solanum lycopersicum, Oryza sativa, Arabidopsis thaliana

INTRODUCTION

CRISPR/Cas technology, adapted from bacterial immune system (Bolotin et al., 2005; Mojica 
et al., 2005), for specific and precise modification of genomes (Jinek et al., 2012; Wiedenheft 
et al., 2012) has transformed molecular biology. The efficiency of CRISPR/Cas9 genome-
editing methodology was quickly demonstrated in plants (Feng et al., 2013; Jiang et al., 2013). 
Arabidopsis thaliana can be easily transformed in planta (Bechtold and Pelletier, 1998), but 
this is actually an exception because in vitro transformation is the most common methodology 
to generate stable transformed plants, which is a labor-intensive procedure that requires 
appropriate infrastructures, and more importantly, the regeneration process is slow and, 
depending on the species, it can range from several months to a year (Busov et al., 2005). Many 
markers have been used for selecting transformed plants, but the most commonly used are 
genes that confer resistance to antibiotics or herbicides (Miki and Mchugh, 2004). Markers 
are key elements for in vitro selection of cells with transgene integration, the regeneration of 
plants, and selection in the next generations; however, the presence of resistance genes raises 
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concerns about biosecurity, and several strategies have also 
been developed for their elimination while retaining the 
genes of interest, or for using marker-free transformation 
strategies (Darbani et al., 2007; Yau and Stewart, 2013), but 
these strategies are neither shorter nor simpler. Thus, quick 
elimination of the transgene remains a challenge in plant 
biotechnology after genome editing, especially for crops due 
to their long life cycle and multiploidy, not only to avoid 
transgene position effects and to minimize the probability 
of off-target mutation appearance but also to deliver end 
users with edited plants free of the recombinant gene-editing 
machinery. Counter selection based on resistance marker 
genes are inconvenient in the case of CRISPR/Cas applications 
because plants lacking the transgene cannot survive the 
selection, and thus two more generations must be screened 
to evaluate the presence of the transgene. In the case of some 
crops, generations can last between 4 and 6 months and a 
few years, and the workload may be a limiting factor because 
transgene detection by PCR requires germination of seeds, 
so selected plants must be grown until the next generation 
can be harvested. The expression of fluorescent proteins as 
selective markers has been successfully used in A. thaliana 
(Stuitje et al., 2003; Shimada et al., 2010) as a fast method 
for transgene presence detection prior to seed germination. 
Moreover, it has also been used in combination with CRISPR 
in Arabidopsis (Gao et al., 2016; Durr et al., 2018; Wu et al., 
2018; Yu and Zhao, 2019). Despite its clear advantage, it has 
not been tested in species such as tomato or rice, because of 
the special requirements of in vitro transformation protocols. 
To overcome the abovementioned technical difficulty, we have 
adapted fluorescence-mediated monitoring of transgenes to 
genome-editing approaches in these species with the goal of 
obtaining transgene-free homozygous gene edited crop plants 
in two generations.

MATERIALS AND METHODS

Plant Material and Growth Conditions
Seeds of A. thaliana (ecotype Col-0) was stratified in agarose 
0.05% (in water) for 3 days at 4°C, sown on pots containing 
soil mix (1:1:1 perlite, vermiculite, and peat [DSM]) and 
grown in greenhouse growth chambers at 22°C under long day 
conditions (16 h of light and 8 h of darkness). Rice (Oryza sativa 
L. cv. Nipponbare) seeds were put on ½ MS basal salts with 1% 
sucrose left in dark at 28°C for 2 days and then transfer to 
Sanyo growth chamber with light on for 1 week. The seedlings 
were planted in pots (8 × 8 × 10 cm) containing 180-g water-
soaked soil. Plants were grown in white fluorescent light (600 
photons m−2 s−1, 14 h of light/10 h of dark) at 28°C/25°C) 
and 70% relative humidity. Tomato (Solanum lycopersicum 
cv. money maker) seeds were sown on pots containing soil 
mix [1:2 perlite and peat (OPM)] and grown in greenhouse 
chambers at 24°C under long day conditions (16 h of light and 
8 h of darkness). Each new generation was obtained leaving 
each plant to be autopollinated.

Phylogenetic Analysis
BLAST against tomato (SGN) (Fernandez-Pozo et al., 2015) was 
performed using protein sequence of AtIAMT1 (At5g55250). 
The best four hits were used for alignment against IAMT1 
protein sequences from A. thaliana, Brassica rapa, Medicago 
truncatula, and O. sativa using ClustalX2 (Larkin et al., 2007) 
with default parameters.

sgRNA Target Selection
ARES-GT software (https://github.com/eugomin/ARES-GT.
git) was used for identification and selection of CRISPR targets. 
Parameters for identification of possible off-targets were: less 
than five mismatches (L0 = 4) or less than four mismatches 
(L1 = 3) if one mismatch is found in seed sequence. Targets 
with no expected off-targets and close to the start of the ORF 
were selected (Supplementary Table S1).

Plasmid Construction
All vectors used in this work have been designed using 
GoldenBraid system following the described assembly strategy 
(Sarrion-Perdigones et al., 2013; Sarrion-Perdigones et al., 
2014; Vazquez-Vilar et al., 2015; Vazquez-Vilar et al., 2016). We 
generated vectors containing the hCas9 CDS (GB0575) under 
the control of optimal promoters for each species: AtUBQ10 
(GB2478), ZmUBQ (EGM001), and CaMV 35S (GB0030) 
for Arabidopsis, rice, and tomato, respectively. Similarly, the 
sgRNA multiplexed transcriptional unit (TU) were placed 
under the control of the AtU6-26 promoter (GB1001) for 
Arabidopsis and tomato, and the OsU3 promoter (GB1184) 
for rice (Vazquez-Vilar et al., 2016). Specific resistance genes 
were also introduced into each vector for in vitro selection, 
as required by crop transformation protocols: hygromycin 
(GB0211) and kanamycin (GB0226) for rice and tomato, 
respectively. Finally, an additional TU for expression of the 
fluorescent protein DsRED under the control of the At2S3 
promoter (Kroj et al., 2003; Ravi et al., 2014; Bernabé-Orts 
et al., 2019) (GB2482) for Arabidopsis or CaMV 35S promoter 
(GB0361) for rice, and tomato was added in each final vector 
(Figure 1B; Supplementary Figures 2 and 3; Supplementary 
Tables 2 and 3). In all cases, TU used for primary transformant 
selection was placed at the LB. In the case of rice and tomato, 
TU for expression of DsRED was placed in the RB. Sequences 
of GB-Parts are accessible at GB cloning website (https://
gbcloning.upv.es/) using the GB database ID.

Plant Transformation
Arabidopsis was transformed by floral dip (Clough and Bent, 
1998), with a minor modification: 1 min dipping into a solution 
(sucrose 5% + 0.2 ml Silwet-77/L) containing Agrobacterium 
tumefaciens. Protocol from Ellul et al. (2003) was followed for 
in vitro tomato transformation. All in vitro steps were carried 
out in a long-day growth chamber (16 h light/8 h dark, 24°C, 
60–70% humidity, 250 μmol/m2/s). Protocol from Hiei and 
Komari (2008) till step 19 was used for in vitro transformation 
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of rice; the regeneration (R-III) and rooting (HF) were done as 
described in Toki et al. (2006). Fluorescent seeds, containing the 
transgene, were identified in a Leica DMS1000 microscope with 
DsRED filter.

Plant Genotyping
Genomic DNA was obtained from young leaves in all cases. CTAB 
extraction protocol (Murray and Thompson, 1980) was used in 
the case of tomato and rice, with small modifications: 600 μl of 
CTAB fresh buffer (2% CTAB, 1.4 M NaCl, 20 mM EDTA, 100 
mM Tris-HCl pH 8.0, 2% β-mercaptoethanol) is added to 100 mg 
of ground tissue powder prior 45-min incubation at 65°C; then, 
600 μl of chloroform:isoamyl alcohol (24:1) is added, extract is 
emulsified by vortex, and water phase is recovered after 10 min 
of centrifugation (13,000 rpm); then, 1 volume of 2-propanol is 
added and mixed gently and, after 20 min at 80ºC, centrifuged for 
10 min at 4°C (13,000 rpm); pellet is washed once with ethanol, and 
after 5-min centrifugation (13,000 rpm), supernatant is discarded; 
finally, dry pellet is resuspended with 100 μl of Milli-Q water. In 
the case of Arabidopsis, the protocol described in Edwards et al. 
(1991) was used. PCR was performed using the specific primers 

for each fragment (Supplementary Table  S4) and the MyTaq 
Red DNA Polymerase (BIO21110 Bioline-Ecogen) following 
manufacturer specifications. Macherey-Nagel NucleoSpin® 
Gel and PCR Clean-Up Kit (ref. 740609.250) was used for 
PCR product purification, and sequences were determined by 
Sanger sequencing (GenoScreen services). Chromatograms of 
heterozygous and biallelics was analyzed by TIDE (Brinkman 
et al., 2014) and/or by visual inspection to determine the exact 
sequence of each allele.

RESULTS AND DISCUSSION

As a proof of concept, we decided to use the gene encoding 
IAA methyl transferase (IAMT) as a gene-editing target 
in three plant model species (A. thaliana, O. sativa, and S. 
lycopersicum), given that loss of function results only in 
difficulty for hypocotyl reorientation after gravistimulation 
(Abbas et al., 2018b) and increased pollen tube growth rate 
(Abbas et al., 2018a), neither of which are traits that can 
bias our identification of mutations by direct observation 
unless specific tests are performed. In A. thaliana and O. 

FIGURE 1 | (A) Position of each CRISPR target in selected genes At5g55250 (Arabidopsis thaliana), Solyc07g64990 and Solyc12g14500 (Solanum lycopersicon), 
and Os04g56950 (Oryza sativa). (B) Description of transcriptional units (arrows) assembled in the vectors generated for plant transformation using the modular 
system GoldenBraid. Specific promoters were selected for expression of Cas9 protein in each species, pAtUBQ10 in Arabidopsis thaliana, p35S for Solanum 
Lycopersicum, and pZmUBQ for Oryza sativa. Adequate promoter for expression of sgRNA was selected: pAtU6-26 for dicotyledonous species (Solanum and 
Arabidopsis) and pOsU3 for monocotyledonous species (rice).
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sativa, only one gene per species has been identified that 
encodes an enzyme with IAMT activity (At5g55250 and 
Os04g56950, respectively) (Qin et al., 2005; Yang et al., 2008). 
However, in tomato, we have identified two orthologs of 
IAMT1 (Solyc07g64990 and Solyc12g14500) by phylogenetic 
analysis (Supplementary Figure 1). Therefore, we decided to 
test different editing strategies in each of the three selected 
species: targeting only one gene with one sgRNA (in rice), 
simultaneously targeting two genes with two sgRNAs (in 
tomato), and targeting different regions of a single gene (in 
Arabidopsis) to evaluate the efficiency of the vectors when 
looking for multiple mutations and larger deletions. Genomic 
DNA sequence for each selected gene in each species was 
analyzed with ARES-GT tool for the identification and 
selection of sgRNAs (Figure 1A; Supplementary Table 1).

Thanks to the modular design for construct generation 
through the GoldenBraid cloning system (Sarrion-Perdigones 
et al., 2013; Vazquez-Vilar et al., 2015; Vazquez-Vilar et al., 
2016), we generated one vector for each plant species with 
all needed transcriptional units (Figure 1B; Supplementary 
Figures 2 and  3). Each final GoldenBraid construct was 
introduced into the corresponding plant species following 
published transformation protocols (see Materials and 
Methods) (Figure 2). Seeds from transformed Arabidopsis 
plants were harvested, and DsRED fluorescence was used to 
select 15 T1 seeds with high DsRED signal. In vitro selection 
of callus from tomato leaves and rice grains allowed the 
regeneration of eight kanamycin resistance transgenic tomato 
lines and 20 hygromycin resistance transgenic rice lines. 
Ideally, those primary transformant plants contain one copy 
of the transgene that will be segregated in the next generation 
independently of any CRISPR-induced mutations in germline; 
thus, we could use DsRED visualization as marker of transgene 
presence to select nonfluorescent seeds and then search 
for mutations. While all primary transformants of rice and 
Arabidopsis produced seeds, two of the tomato plants presented 
a dwarf phenotype and did not produce any fruit. Segregation 
analysis was done by visual observation of segregant dry seeds 
under a stereoscope equipped with DsRED filter. While signal 
in tomato presented a homogeneous pattern in the embryo in 
all lines, in rice, the intensity of DsRED signal in embryo and 
endosperm varies between lines (Supplementary Figure  4). 
First, we discarded two rice lines and two tomato lines in 
which no DsRED seeds were observed. Based on the expected 
3:1 ratio of DsRED fluorescent vs. non-fluorescent seeds for 
one T-DNA insertion, 12 Arabidopsis, 4 tomato, and 14 rice 
lines were retained for further analysis (Table 1). It is worth 
noting that with DsRED-negative selection of segregants, 
lines with multiple insertions are not necessarily unwelcome. 
Those lines are usually discarded because stablishing stable 
transgenic lines need more work and very careful analysis of 
segregation of the different insertions. However, the use of 
DsRED counterselection facilitates the identification of non-
transgenic seeds despite the very low frequency in which they 
may be present as a result of multiple insertions (for example, 
1:15 in the case of two insertions). This is an advantage for 
species with low transformation rate or to maximize CRISPR 

efficiency. Of course, as in any Agrobacterium-mediated 
transformation method, incomplete transgene copies can be 
incorporated in some occasions thus absence of any truncated 
copy should be confirmed in selected mutated lines.

First, we evaluated DsRED as effective transgene marker; 
thus, we selected seeds with and without DsRED signal from 
a few lines of each species to germinate and grow them under 
optimal greenhouse conditions until leaves were available 
for genomic DNA extraction. We confirmed that the Cas9-
specific band was detected by PCR only in the plants from the 
DsRED-positive seeds (Figure 3A) in the three species. Next, 
we selected negative DsRED seeds because our main interest is 
the efficient identification of mutations in transgene-free plants; 
then, each CRISPR-target genomic region was PCR-amplified 
and sequenced only from individual plants originated from 
non-fluorescent seeds. We confirmed the presence of mutations 
in most of the transgene-free plants from all species (Table 1; 
Figure 3B; Supplementary Tables 5–10), indicating that stable 
mutations had been generated in the previous generation and 
inherited through the germline independently of transgene. Most 
of the plants presented mutations in heterozygosis, but more 
importantly, in all species, we did identify plants with mutations 
in homozygosis.

In the case of tomato, where two different genes were targeted 
at the same time, eight DsRED-negative seeds were selected 
from each selected line, and the T1-germinated plants on soil 
were analyzed. We identified four different deletions in gene 
Solyc12g14500 in homozygosis in plants from three of the four 
lines; however, we only detected an atypical deletion of three 
nucleotides in homozygosis in Solyc07g64990 in one of the lines 
(Figure 3B; Supplementary Table 5). Variability in CRISPR-
Cas9 efficiency has been widely described suggesting that 
accessibility of DNA or sequence composition of target can affect 
efficiency (Campenhout et al., 2019), but we can not discard a 
deleterious effect of a null mutant in that gene neither, albeit is 
not an objective in this work to elucidate it. Only 21% of all T1 
plants did not present any mutation (actually, it corresponds to 
the six plants from line 6, in which no mutations were detected), 
while all the other T1 plants presented mutations in gene 
Solyc12g14500 either as biallelic or in homozygosis. Due to the 
low rate of mutations found in Solyc07g64990 target, most of 
the plants were wild type for Solyc07g64990 and mutated for 
Solyc12g14500. Actually, only two plants had both genes edited 
in homozygosis.

In rice, with 14 independent lines, 3 T1-negative DsRED 
seeds of each line were selected to be sown on soil. All 
germinated plants were analyzed, and mutations in target 
position were detected in plants from all lines (Supplementary 
Table  6). Only one T1 plant (from line 18) presented the 
wild-type allele in homozygosis, and we also found it in 
heterozygosis in two additional T1 plants from line 20. In 
line 4, the three T1 plants did present the same mutation 
in homozygosis (insertion of one “A”), suggesting that the 
corresponding T0 plant likely was already homozygous. We 
selected five new DsRED-negative seeds from that line, and 
we confirmed that all plants presented the same “A” insertion 
in homozygosis. The absence of wild-type allele was also 
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observed in other lines, in which only mutated alleles were 
detected, both in heterozygosis (biallelic) and homozygosis, 
suggesting that both copies of the gene were mutated in 
the corresponding T0 plant. Taken into account all rice T1 
plants, most of the plants had a mutation in homozygosis 

from which we identified three different deletion alleles and 
the four possible insertions of one nucleotide (Figure 3B; 
Supplementary Table 6).

In the case of Arabidopsis, we decided to select only four 
lines but a higher number of T2 plants to evaluate the presence 

FIGURE 2 | Diagram describing the steps for plant transformation and selection. Transformation of Arabidopsis thaliana was done by floral dip while in vitro 
transformation was used for Solanum lycopersicum and Oryza sativa. Selection of DsRED T1 seeds of Arabidopsis thaliana and DsRED-negative selection of 
segregant seeds from the three species was done by direct visualization under a stereoscope equipped with DsRED filter. Detection of fluorescence in seed is very 
clear, easy, and fast in all three species, and it allowed perfect separation of positive and negative fluorescent seeds.
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of large deletions, spanning the whole region between two 
target sites. Between 50 and 80 DsRED-negative seeds were 
selected and sown on soil, and the germinated T2 plants were 
analyzed. Different individual mutations in homozygosis 
in two of the three targets were detected (Figure 3B; 
Supplementary Tables 7–10), while we only detect one plant 
with a small deletion (3 pb) in heterozygosis affecting target 1 
(Supplementary Table 10). As the three targets are expressed 
in the same transcript using the strategy of multiplexing with 
tRNA autoprocessing (Xie et al., 2015), the result indicates a 
very low efficiency of RNA guide 1. Although the three targets 
matched the same genomic region, Arabidopsis presented the 
higher percentage of nonmutated T2 plants in comparison with 
rice and tomato. A deletion of 193pb affecting targets 2 and 3 
was detected in homozygosis in three T2 plants from line 5, 
in addition to 2 heterozygote plants with the same deletion. A 
different big deletion (240 pb) was also detected in two plants 
of line 3 affecting targets 1 and 2, but only in heterozygotes 
(Supplementary Figure 5A and Supplementary Table 10). 
Visual inspection of chromatograms was allowed to determine 
the exact sequence of both deletions (Supplementary 
Figure  5B). Deletion del193 contains an insertion of six 
nucleotides that interestingly match six nucleotides upstream 
target 2. Insertions inside deletions have been previously 
described in genome editing (Bernabé-Orts et al., 2019), and 
it can be a result of DNA repairing mechanisms as MMEJ 
(Mcvey and Lee, 2008).

Taken together, these results are consistent with variable 
efficiency of sgRNAs reported in the literature, thus 
confirming that our vectors work as efficiently as other 
vector systems but with the advantage of using DsRED 
fluorescence as marker for transgene presence in dry seeds. 
It is noteworthy to mention that DsRED fluorescence has 
not decayed in seeds of the three species stored for almost 2 
years. The identification of homozygous mutant plants has 
been successful in all cases despite the use of a low number 

of transformants. However, the same alleles are shared by all 
plants derived from the same individual primary transformant, 
thus exploring more independent lines is expected to be more 
effective in generating multiple alleles than increasing the 
number of selected individuals. From our data, the selection 
of only three seeds from each rice line instead of reducing the 
number of lines and selecting more T1 seeds did not reduce 
our efficiency in the number of different alleles found in 
homozygosis in comparison with tomato. Actually, the same 
mutations would be identified if only the first three plants 
of each tomato line are used compared with result from all 
tomato plants; only deletion of one “C” in homozygosis is 
missing though it would be detected in biallelic plants. Thus, 
this strategy could be advisable when the number of plants 
that can be growth is limited.

We have demonstrated that the use of DsRED fluorescence 
as a selectable marker of transgene in dry seeds is a robust 
method that facilitates the identification of transgene-
free CRISPR-/Cas9-edited plants of rice and tomato in the 
second generation, minimizing the probability of off-target 
mutations. Seed DsRED fluorescence selection works in A. 
thaliana related species as Camelina sativa (Morineau et al., 
2017) or Cardamine hirsuta (unpublished own data). Due 
to possible interference because of autofluorescence in plant 
tissues, different fluorescent protein must be evaluated to 
adapt vectors to different species with agronomical interest. 
We have shown that DsRED is a very good option for rice 
and tomato and probably for many species, as shown by a 
recent report with wheat (Okada et al., 2019). A limitation in 
many vector systems is the laborious task of adapting them 
to new species, changing promoters and transcriptional units. 
GoldenBraid cloning system ensures easy modification of 
vectors for other Cas proteins, like Cas12a/Cpf1 (Bernabé-
Orts et al., 2019), other fluorescence proteins, and required 
resistance genes, meaning that generation of new vectors for 
in vitro transformation is not a limiting factor. This approach 

TABLE 1 | Number of independent transgenic lines used for each species and genotyping of transgene-free T2 Plants.

Species Target Number 
of Primary 

transformants

Number of 
independent 

lines (3:1 ratio)

Number of 
selected 

lines

Number 
of T2/T1 
plants

Genotype T2/T1 plants

Mut. Hom. Biallelic Heter. wt WT*

Oryza sativa Os04g56950 20 14 14 31 20 (65%) 8 (26%) 2 ( 6%) 1 (3%) 1 (3%)
Solanum 
lycopersicum

Solyc07g64990 8 4 4 29 2 (7%) 0 3 (10%) 24 (83%) 6 (21%)
Solyc12g14500 11 (38%) 12 (41%) 0 6 (21%)

Arabidopsis 
thaliana

At5g55250-1 15 12 4 214 0 0 3 (1.4%) 211 (98.6%) 112 (52%)

At5g55250-2 9 (4.2%) 5 (2.3%) 14 (6.5%) 186 (86.9%)
At5g55250-3 42 (19.6%) 2 (0.9%) 43 (20.1%) 127 (59.3%)

Each genomic region was PCR amplified and sequencing to determine genotype of each genomic target and classify in four groups: both chromosomes mutated with the same 
mutation (Mut. Hom.); both chromosomes mutated but with different mutations (biallelic), only one chromosome with mutation (Heter.), and no detected mutation (wt). *The last 
column indicates de number of plants with wild-type sequence in all CRISPR targets.
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FIGURE 3 | (A) Absence of transgene in plants from DsRED-negative selected seeds was confirmed by PCR using Cas9-specific primers. Examples are shown 
for tomato, Arabidopsis and rice, selecting different number of seeds and number of independent lines. In all cases, fluorescence and Cas9 PCR band did 
correlate perfectly (an image indicates the presence/absence of DsRED fluorescence in the original selected seed). (B) Sequence alignment of mutations detected 
in homozygosis in transgene-free T2 individual plants. CRISPR target sequence in red and PAM sequence in green. Nucleotide insertions are indicated in blue; 
deletions are also indicated with blue dashes. Deletion “del193” starts in target 2 and ends around 150 nts downstream target 3. It also includes an insertion of six 
nts that interestingly match with six nucleotides upstream target 2 (Supplementary Figure 5B).
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can easily be extended to additional crops and model plants, 
as long as optimal promoters are available.
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INTRODUCTION

Ammonium (NH / NH )3 4
+  nutrition is considered as a universal stressful situation (recently 

reviewed in Li et al., 2014; Esteban et al., 2016; Liu and Von Wirén, 2017). Briefly, the most 
common symptom of ammonium nutrition is reduced biomass accumulation with respect to 
non-stressed plants. Growth inhibition has been associated with the high energy cost to control 
NH / NH3 4

+ level in tissues. Among others, ammonium stress has been related with deregulation 
of pH homeostasis, ion imbalance, impaired nitrate signaling, or hormone deregulation (Li 
et al., 2014; Esteban et al., 2016; Liu and Von Wirén, 2017). Although ammonium stress affects 
virtually every plant species, the degree of stress it generates is variable and high intraspecific 
and interspecific variability towards ammonium nutrition has been reported. Some species/
genotypes display ammonium preference, while others show extreme sensitivity when growing 
with ammonium. Regarding the response of a certain genotype, as for almost every stress, there 
exists a continuum in the response upon ammonium nutrition, which mostly depends on the 
concentration of NH4

+  in the root medium. Overall, ammonium tolerance could be defined as 
a situation where the plant is somehow sensing and responding towards ammonium stress prior 
to suffering a serious damage such as chlorosis or cell death. Sole ammonium nutrition is an 
artificial situation that only takes place when growing plants without soil, either in laboratory 
conditions or for example when growing crops in pure hydroponics or in inert substrates such as 
rockwool or perlite. In agricultural fields, exclusive ammonium nutrition does not exist; however, 
the use of nitrification inhibitors together with ammonium fertilizers or organic fertilizers makes 
ammonium stable and at high concentrations in the soil for several weeks. From a farmer’s point of 
view, a potential moderate reduction in yield caused by ammonium stress could be compensated 
with benefits such as an increase in the resistance of the crop against biotic or abiotic constraints 
and also with obtaining of products of higher quality (Figure 1). Moreover, the use of ammonium-
based fertilizers together with inhibitors of nitrification has been extensively shown to mitigate 
the impact of nitrogen fertilizers on the environment (Sanz-Cobena et al., 2017). Although 
sophisticated management would be needed, avoiding ammonium stress could be reached by, for 
instance, fertigation or frequent additions of small amounts of ammonium-based fertilizers in 
water delivered through micro-irrigation.
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AMMONIUM NUTRITION MAY IMPROVE 
THE QUALITY OF CROPS

The main cause of ammonium toxicity is probably the over-
accumulation of free NH4

+  in the cytosol and the problems 
derived from cell efforts to get rid of it. The cell has several logical 
strategies to keep NH4

+  levels under control: 1) NH4
+  efflux to 

the apoplast/rhizosphere, 2) NH4
+  storage in the vacuole, and 

3) NH4
+  assimilation into organic compounds.

In line with the third strategy to avoid excessive cytosolic 
NH4

+  accumulation, the induction of the synthesis of N-reduced 
compounds is a classical plant response to ammonium nutrition, 
and indeed, the accumulation of total free amino acids can be 
considered as a marker of ammonium stress (Sarasketa et al., 2014). 
In general terms, crop quality is associated with the protein content 
of food products, notably in grains, which is dependent on the 
crops’ capacity to efficiently use the available nitrogen. In addition, 
the nutritional value and/or quality of food is associated with its 
content in minerals and in health-promoting secondary metabolites 
such as antioxidants. In this line of evidence, several works have 
reported an improvement of the nutritional quality of a number of 
crops when they are grown under ammonium nutrition. A higher 
protein accumulation is common in plants grown with NH4

+  
supply, and for instance, a positive effect of ammonium nutrition 

with respect to nitrate (NO )3
−  was reported in the protein content 

of wheat grain and in the gliadins/glutenins ratio, overall increasing 
wheat bread-making quality (Fuertes-Mendizábal et al., 2013).

In Brassicaceae, glucosinolates (GLS) represent an abundant 
family of secondary metabolites derived from amino acids. GLS 
degradation products participate in cruciferous plant defense 
against herbivores. Moreover, they are responsible for the 
characteristic flavor of the cruciferous vegetables. Importantly, 
certain GLS breakdown products possess health-protective 
capacities, particularly anticarcinogenic activity, and hence, 
GLS content is associated with cruciferous nutritional quality. 
Currently, big efforts are being dedicated to manipulate GLS levels 
in order to produce new and improved commercial cruciferous 
crop varieties (Traka et al., 2013). Regarding ammonium-based 
nutrition, recent studies have reported that the synthesis of GLS is 
stimulated in leaves of plants grown with NH4

+  as N source, such as 
in broccoli, oilseed rape, and Chinese kale (La et al., 2013; Marino 
et al., 2016; Coleto et al., 2017). Notably, glucoraphanin content, 
whose degradation yields sulforaphane, the most promising and 
characterized anticancer isothiocyanate, increases in ammonium-
fed broccoli and oilseed rape (Marino et al., 2016; Coleto et al., 2017). 
Whether GLS accumulation is just a consequence of ammonium 
assimilation increase or whether they possess a regulatory role 
during ammonium stress is a question for further elucidation.

FIGURE 1 | Ammonium nutrition can trigger modifications in plant metabolism with respect to other sources of N that may be beneficial for crop quality and plant 
cross-tolerance to biotic or abiotic stresses. Full circles indicate the processes that are highly supported by the literature, and empty circles indicate processes for 
which hints exist but need further confirmation.
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Another aspect of crop quality is the control of NO3
−  

accumulation in plant edible parts, notably in leafy vegetables such 
as spinach or lettuce. This is a subject of concern because it can 
turn to nitric compounds, which have been linked to increased 
risk of cancer and methemoglobinemia (Umar and Iqbal, 2007). 
Accordingly, growing plants with increased amounts of NH4

+ with 
respect to NO3

−  clearly reduces the quantity of NO3
−  accumulated 

in plant tissues and thus its associated risks (Santamaria et al., 
2001; Irigoyen et al., 2006).

AMMONIUM NUTRITION MAY PROTECT 
PLANTS FROM PATHOGEN ATTACK

Nitrogen metabolism is closely connected to plant immunity. 
Among others, it provides the necessary building blocks to 
synthesize most of the defense-related secondary metabolites 
and is central for NO production whose role in plant–pathogen 
interaction has been widely reported (Santana et al., 2017). 
Nitrogen source has been shown to have an impact on plant 
immunity. A number of studies have reported that plants grown 
with NO3

−  displayed increased resistance to pathogen attack 
with respect to plants grown with NH4

+ ; for instance, in tobacco 
exposed to Pseudomonas syringae (Gupta et al., 2013), cucumber 
infected with Fusarium oxysporum (Wang et al., 2016), or rice 
attacked by Rhizoctonia solani (Chi et al., 2019). This higher 
resistance has been associated with higher NO production 
in nitrate-fed plants, hormone signaling, or decreased citrate 
exudation, among others (Gupta et al., 2013; Mur et al., 2016; Wang 
et al., 2016). In contrast, several works have reported increased 
resistance in ammonium-fed plants such as tomato exposed to 
P. syringae (Fernández-Crespo et al., 2015) or to F. oxysporum 
(Lopez-Berges et al., 2010) and potato facing Verticillium wilt 
(Huber, 1989). In this case, the beneficial priming effect of NH4

+  
has been related to an increased reactive oxygen species burst 
and polyamine synthesis in ammonium-fed plants (Fernández-
Crespo et al., 2015). Moreover, transcriptomic analyses have 
reported that ammonium induces the upregulation of genes 
associated with plant defense and immunity (Patterson et  al., 
2010; Vega-Mas et al., 2017). Interestingly, the overexpression 
of rice ammonium transporter AMT1;2 conferred resistance 
against R. solani (Chi et al., 2019). In contrast, Arabidopsis 
amt1.1 knockout mutant exhibited less disease symptoms than 
did wild-type plants infected with P. syringae and Plectosphaerella 
cucumerina (Pastor et al., 2014).

In another line of evidence, the above-reported increase in GLS 
synthesis might be also increasing the resistance of cruciferous 
plants notably against herbivores (Marino et al., 2016). Similarly, 
the stimulation of the synthesis of γ-aminobutyric acid (GABA) is 
also frequent under ammonium nutrition, for instance, in tobacco 
plants (Gupta et al., 2013). GABA is a signal molecule common 
to animals and plants. Its accumulation reveals a stress-specific 
pattern consistent with a physiological response leading to stress 
mitigation and is also involved in plant response to pathogens 
(Kinnersley and Turano, 2000; Bown and Shelp, 2016). GABA 
accumulation appeared detrimental for plant defense (Gupta et al., 
2013); nevertheless, further experimentation is needed to fully 

decipher the role of GABA in the connection between N-source 
use and plant immunity. Overall, the interaction between NH4

+  
and plant defense is clear, but the potential benefit of ammonium 
stress would be dependent on the plant pathosystem, and 
therefore, no general rule can be drawn.

AMMONIUM NUTRITION MAY IMPROVE 
THE CROSS-TOLERANCE TO OTHER 
ABIOTIC STRESSES

A number of the responses that ammonium nutrition may 
trigger are defensive mechanisms that are common to different 
abiotic stress situations. Interestingly, the onset of these 
mechanisms may prevent damage from other simultaneous 
or subsequent stresses. Salinity is one of the most detrimental 
abiotic stresses, and the type of N nutrition differentially affects 
plants living under high salt contents. For example, the C4 
halophyte Spartina alterniflora displayed improved performance 
when grown with NH4

+  as N source, and NH4
+  benefits were 

associated with higher antioxidant enzyme activities (Hessini 
et al., 2013). Intriguingly, although antioxidant machinery 
induction was higher, S. alterniflora NH4

+  preference was lost 
under drought (Hessini et al., 2017). While S. alterniflora is a 
highly tolerant plant to ammonium nutrition, similar positive 
effect scan be observed in other species. For instance, in the 
citrus citrange Carrizo, NH4

+  nutrition promoted its resistance 
to salinity conditions, inducing, among other responses, lower  
Cl− uptake. The mechanisms of action again showed that plant 
antioxidant machinery, notably glutathione metabolism, was 
part of a common NH4

+  response that primed resistance to  
subsequent salt stress (Fernández-Crespo et al., 2014). Similarly, 
NH4

+ -induced cross-acclimation to salinity stress has also been 
reported in Sorghum bicolor (de Souza Miranda et al., 2017). 
Ammonium nutrition improved K+/Na+ homeostasis notably 
by reducing Na+ loading into the xylem in agreement with the 
observed higher proton pumps and Salt Overlay Sensitive 1  
(SOS1) Na+/H+ antiporter activity. In general, ammonium 
acted as an efficient signal to activate responses involved in 
the regulation of Na+ homeostasis, leading to salt tolerance in 
sorghum plants (de Souza Miranda et al., 2017). More recently, 
the benefit of NH4

+  as a primer of resistance to salinity has also 
been reported in maize (Hessini et al., 2019).

Previous ammonium nutrition has also been shown to 
ameliorate water stress resistance. Thus, Gao et al. (2010) 
showed an important fresh weight increase in rice plants 
under polyethylene glycol (PEG)-induced water stress when 
ammonium nutrition was the source of N, while either nitrate or 
mixed sources significantly decreased fresh weight under water 
stress. This effect was suggested to be related to higher aquaporin 
activity, which takes place in ammonium-grown plants, 
independently of the water stress, and which relates to a better 
usage of water under NH4

+  nutrition (Gao et al., 2010). Similarly, 
the alleviation of PEG-induced water stress in ammonium-fed 
rice seedlings has been related with sustained NH4

+  uptake and 
assimilation (Cao et al., 2018). Indeed, it has been suggested that 
increasing nitrogen uptake and assimilation, among others in 
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tomato (Sánchez-Rodríguez et al., 2011) and in Malus prunifolia 
(Huang et al., 2018), could increase the cell osmotic adjustment 
capacity to protect plants against water stress.

Ammonium uptake is known to involve proton extrusion 
to the apoplast/rhizosphere. Rhizosphere acidification is often 
deleterious for plant growth (Shavrukov and Hirai, 2016), and 
ammonium stress symptoms usually increases at more acidic pHs 
(Chaillou et al., 1991; Sarasketa et al., 2016). However, notably, 
in neutral/alkaline soils, ammonium nutrition may increase the 
availability of certain nutrients, such as iron or phosphorus, and 
improve plant growth (Gahoonia et al., 1992; Logan et al., 2000). 
Among others, the increase in nutrient availability induced 
by pH acidification has also been put forward as one of the 
reasons that may confer pathogen resistance to plants grown 
under ammonium nutrition (Leusch and Buchenauer, 1988; 
Huber and McCay-Buis, 1993). Furthermore, the combination 
of ammonium fertilization with plant-growth-promoting 
microorganisms may have a positive synergistic effect on plant 
performance (Bradáčová et al., 2019; Mpanga et al., 2019).

Ammonium nutrition has also been talked about in relation 
to its interaction with plant response to elevated atmospheric 
CO2 due to the hypothesis of Bloom et al. (2010), stating that C3 
plants respond more positively to elevated CO2 under ammonium 
nutrition than under nitrate nutrition. It is suggested that elevated 
CO2 inhibits the plant photoreduction of NO3

−  and consequently 
reduces total plant N assimilation and growth (Rubio-Asensio 
and Bloom, 2017). However, this hypothesis is today under great 
debate, and a number of works do not support it (Vega-Mas et al., 
2015; Andrews et al., 2018). On the whole, the magnitude of the 
challenge that climate change adaptation implies for agriculture 
deserves further research to discard or confirm the potential 
benefit of ammonium nutrition for plant performance.

Beyond drought and salinity, ammonium nutrition has also 
been suggested to contribute to other stressful situations such 
as the tolerance of cucumber to phenanthrene, a persistent 

polycyclic aromatic hydrocarbon commonly found in soil 
and sediments, again in relation with increased activity 
of antioxidative enzymes (Yang et al., 2012). Furthermore, 
ammonium nutrition has been shown to increment rice 
tolerance to Fe deficiency through enhanced remobilization of 
Fe from root cell walls (Zhu et al., 2018).

CONCLUDING REMARKS AND FUTURE 
PERSPECTIVES

In this article, we propose a change of paradigm where 
ammonium nutrition may be considered not exclusively as an 
undesirable situation for plant performance, but as a way to 
provoke changes in plant metabolism that can be beneficial for 
crop quality and plant physiology. While some of the positive 
effects of ammonium referred here still require further evaluation, 
the cross-tolerance induction of NH4

+  to certain subsequent 
stresses, notably salinity, is clear. However, the molecular actors 
governing these interactions are almost completely unknown, 
and future works will be essential in order to fully exploit the 
benefits of ammonium-based fertilizers.
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Stress-Induced Microspore 
Embryogenesis Requires 
Endogenous Auxin Synthesis and 
Polar Transport in Barley
Yolanda Pérez-Pérez 1, Ahmed-Abdalla El-Tantawy 1†, María Teresa Solís 1,2, 
María C. Risueño 1 and Pilar S. Testillano 1*

1 Pollen Biotechnology of Crop Plants Group, Biological Research Center, CIB-CSIC, Madrid, Spain, 2 Department of 
Genetics, Physiology and Microbiology, University Complutense of Madrid, Madrid, Spain

Stress-induced microspore embryogenesis is a model in vitro system of cell reprogramming, 
totipotency acquisition, and embryo development. After induction, responsive microspores 
abandon their developmental program to follow an embryogenic pathway, leading to 
in vitro embryo formation. This process is widely used to produce doubled-haploid lines, 
essential players to create new materials in modern breeding programs, particularly in 
cereals, although its efficiency is still low in many crop species, because the regulating 
mechanisms are still elusive. Stress signaling and endogenous hormones, mainly auxin, 
have been proposed as determinant factors of microspore embryogenesis induction in 
some eudicot species; however, much less information is available in monocot plants. In 
this study, we have analyzed the dynamics and possible role of endogenous auxin during 
stress-induced microspore embryogenesis in the monocot Hordeum vulgare, barley. 
The results showed auxin accumulation in early proembryo cells, from embryogenesis 
initiation and a further increase with embryo development and differentiation, correlating 
with the induction and expression pattern of the auxin biosynthesis gene HvTAR2-like. 
Pharmacological treatments with kynurenine, inhibitor of auxin biosynthesis, and α-(p-
chlorophenoxy)-isobutyric acid (PCIB), auxin antagonist, impaired embryogenesis initiation 
and development, indicating that de novo auxin synthesis and its activity were required 
for the process. Efflux carrier gene HvPIN1-like was also induced with embryogenesis 
initiation and progression; auxin transport inhibition by N-1-naphthylphthalamic acid 
significantly reduced embryo development at early and advanced stages. The results 
indicate activation of auxin biosynthesis with microspore embryogenesis initiation and 
progression, in parallel with the activation of polar auxin transport, and reveal a central 
role of auxin in the process in a monocot species. The findings give new insights into the 
complex regulation of stress-induced microspore embryogenesis, particularly in monocot 
plants for which information is still scarce, and suggest that manipulation of endogenous 
auxin content could be a target to improve in vitro embryo production.

Keywords: auxin, cell reprogramming, microspore embryogenesis, kynurenine, α-(p-chlorophenoxy)- isobutyric acid, 
N-1-naphthylphthalamic acid, barley, Hordeum vulgare
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2

INTRODUcTION

The ability of plant cells to regenerate organs and embryos 
through in vitro culture is a clear example of the high plasticity of 
the plant kingdom, a property that has been extensively applied in 
plant biotechnology for propagation, conservation, and breeding 
(Germana and Lambardi, 2016) of numerous species of interest 
in agriculture, forestry, and industry. In vitro embryogenesis has 
been induced in a wide range of cell types, including haploid 
microspores, which can acquire totipotency and embryogenic 
competence by appropriate inductor factors, giving rise to an 
entire embryo (Feher, 2015; Testillano et al., 2018a). During in 
vivo anther development, microspores develop and follow the 
gametophytic pathway to produce pollen grains. In vitro, isolated 
microspores, at the responsive stage of vacuolated microspore, 
can be reprogrammed by stress treatments, becoming totipotent 
cells and producing haploid and doubled-haploid (DH) embryos 
and plants. This process, known as stress-induced microspore 
embryogenesis, is widely used in plant breeding to rapidly obtain 
DH plants, which represent a source of new genetic variability, 
fixed in complete homozygous plants in only one generation 
step (Maluszynski et al., 2003; Kumlehn and Stein, 2014). 
Production of DH lines is currently a standard method of the 
creation of new material in many modern breeding programs, 
although its application is limited in many crop species due to 
low efficiency. Stress-induced microspore embryogenesis is also 
a convenient model system to analyze the molecular mechanisms 
underlying cell reprogramming, totipotency, and embryogenesis, 
particularly in systems where induction occurs through isolated 
microspore cultures.

Despite knowledge gained in recent years, the complex 
regulatory network of cell reprogramming leading to embryogenesis 
is still far to be fully elucidated. Stress signaling, hormones, and 
epigenetic mechanisms have been proposed as crucial factors 
underlying totipotency acquisition and embryogenesis induction in 
microspores (Testillano, 2019), as well as in somatic embryogenesis 
from other cell types (Feher, 2015; Díaz-Sala, 2018). The effects 
of plant hormones on in vitro embryogenesis initiation and 
progression are not well understood. Many somatic embryogenesis 
systems are induced by exogenous hormone treatments, mainly 
auxins. On the contrary, microspore embryogenesis is induced by 
stress, like temperature, starvation, or osmotic treatment (Touraev 
et al., 1996; Maluszynski et al., 2003), without addition of hormones 
in the culture media. The main model systems for stress-induced 
microspore embryogenesis are established in Brassica napus (dicot) 
and Hordeum vulgare (monocot), through isolated microspore 
cultures in media without exogenous auxins (Kasha and Kao, 1970; 
Kumlehn and Stein, 2014). Therefore, stress-induced microspore 
embryogenesis in these systems constitutes a very appropriate 
model to analyze endogenous hormone function during in vitro 
embryogenesis initiation and progression.

Auxin is the most significant hormone in plant growth, with a 
key role in regulation of cell division and differentiation (Weijers 
et al., 2018). Auxins, specifically its major form, indole–acetic 
acid (IAA), are involved in numerous developmental processes 
(Petrasek and Friml, 2009; Moreno-Risueño et al., 2010; Leyser, 
2018; Wang and Jiao, 2018), including embryogenesis (Möller and 

Weijers, 2009), being auxin biosynthesis upregulated throughout 
zygotic embryo development. Major auxin biosynthesis, transport, 
and signaling pathways have been dissected in the last decades 
in the eudicot model species Arabidopsis (Mironova et al., 2017; 
Leyser, 2018). Although less information on auxin is available in 
monocots, studies in maize and rice have shown an important 
degree of conservation of auxin pathways between eudicot and 
monocot species (McSteen, 2010; Forestan and Varotto, 2012; 
Balzan et al., 2014). Several pathways have been described for 
auxin biosynthesis, being the indole-3-pyruvic acid (IPA) pathway 
the major route in most eudicot and monocot species (McSteen, 
2010; Zhao, 2014). In this two-step route, the tryptophan 
aminotransferase of Arabidopsis 1 (TAA1) and tryptophan 
aminotransferases-related 1 and 2 (TAR1, TAR2) convert the amino 
acid tryptophan to IPA; subsequently, flavin monooxygenases of 
the YUCCA family (YUC) catalyze the conversion of IPA to IAA 
(Brumos et al., 2014; Zhao, 2014). TAA1/TAR and YUC genes 
play critical roles in many plant developmental processes and 
particularly in embryogenesis of both eudicot and monocot plants 
(Zhao, 2014; Shao et al., 2017). An efficient method to explore the 
role of TAA1/TAR-dependent auxin biosynthesis has been the 
use of -kynurenine (Kyn), a small molecule that competitively 
inhibits TAA1/TAR activity (He et  al., 2011), with reported 
inhibitory effects of auxin biosynthesis in a range of auxin-related 
processes (de Wit et al., 2015; Nomura et al., 2015). It is well 
established that auxin action depends on its local biosynthesis 
and polar transport between cells, where efflux carrier proteins of 
the pinformed family (PINs) play a key role (Petrasek and Friml, 
2009; Adamowski and Friml, 2015; Bennett, 2015). Among the 
canonical PINs, PIN1 has a central function during embryogenesis 
(Zazimalova et al., 2010; Prasad and Dhonukshe, 2013). Evidence 
of the important role of auxin transport in development has been 
obtained by the use of inhibitors of polar auxin transport (PAT), 
like N-1-naphthylphthalamic acid (NPA). Treatment with NPA 
has been reported to cause defects in vegetative and reproductive 
development, including embryogenesis, in eudicots and monocots 
(Wu and McSteen, 2007; Larsson et al., 2008; McSteen, 2010; 
Prasad and Dhonukshe, 2013). Other commonly used auxin 
inhibitor is α-(p-chlorophenoxy)-isobutyric acid (PCIB), which 
inhibits auxin action and its physiological effects (Xie et al., 2000).

Regarding in vitro embryogenesis systems, several studies have 
shown endogenous auxin accumulation during early microspore 
embryogenesis in a few dicot species, B. napus and Quercus suber 
(Prem et al., 2012; Rodríguez-Sanz et al., 2014; Rodríguez-Sanz 
et al., 2015), systems where microspore embryogenesis is induced 
by midheat treatment, at 32°C to 33°C (Custers et al., 1994; 
Testillano et al., 2018b). Nevertheless, no information about 
endogenous auxin dynamics during microspore embryogenesis 
is available in monocot species. In the present study, we have 
analyzed auxin dynamics and its involvement in stress-induced 
microspore embryogenesis in H. vulgare, an in vitro process of 
cell reprogramming induced by cold stress (4°C). Expression 
patterns of HvTAR2-like and HvPIN1-like genes were analyzed 
during barley microspore embryogenesis, as well as changes in 
IAA localization and accumulation, by using IAA antibodies, 
which have been proven very useful to detect auxin in various 
plant cells and species (Forestan et al., 2010; Rodríguez-Sanz 

Frontiers in Plant Science | www.frontiersin.org September 2019 | Volume 10 | Article 1200110

https://www.frontiersin.org/journals/plant-science/
http://www.frontiersin.org
https://www.frontiersin.org/journals/plant-science#articles


Microspore Embryogenesis Requires Endogenous AuxinPérez-Pérez et al.

3

et al., 2014; Rodríguez-Sanz et al., 2015; Corredoira et al., 
2017; Mettbach et al., 2017). Moreover, to analyze the possible 
involvement of auxin in the process, the effects of inhibitors of 
auxin biosynthesis (Kyn), transport (NPA), and action (PCIB) 
on  microspore embryogenesis initiation and progression were 
also evaluated.

MATERIAlS AND METhODS

Isolated Microspore culture 
and Embryogenesis Induction
Hordeum vulgare L. cv. Igri plants were used as donor plants. Seeds 
were vernalized in soil for 1 month at 4°C and then transferred 
1 month in a plant growth chamber at 18°C for germination 
and growth; finally, plants were transferred to a greenhouse 
under 18°C temperature. Spikes containing microspores at the 
vacuolated stage, the most responsive stage for embryogenesis 
induction, were collected and surface sterilized by immersion in 
5% bleach for 20 min. Embryogenesis induction was performed 
through isolated microspore culture as previously described 
(Rodríguez-Serrano et al., 2012). Stress treatment at 4°C for 
23 days and microspore in vitro culture in liquid KBP medium, 
which does not contain exogenous auxin in its composition, 
were performed.

Expression Analysis by Reverse 
Transcriptase–Quantitative Polymerase 
chain Reaction
Total RNA was extracted from in vitro samples using the RNeasy® 
Plant Micro and RNeasy® Plant Mini kits (Qiagen) according to the 
manufacturer’s instruction. cDNAs were obtained from 1.5 μg of 
RNA using the Superscript™ II reverse transcriptase (Invitrogen) 
according to Solís et al. (2012). Reverse transcriptase quantitative 
polymerase chain reaction (RT-qPCR) analyses were performed 
using the SsoAdvanced™ Universal SYBR Green Supermix on 
the iQ™ 5 Real-Time PCR Detection Sytem (Biorad). For the 
expression analyses of HvTAR2-like gene, the oligonucleotides 
used were as follows: 5′- CTTTGGTTTTCGATCCGTGT -3′ 
and 3′- AGACAACAACTCGCAACCAG -5′, from the sequence 
of the HvTAR2-like gene of H. vulgare (HORVU3Hr1G016490.5 
accession number in https://webblast.ipk-gatersleben.de/). For the 
expression analyses of HvPIN1-like gene, the oligonucleotides used 
were as follows: 5′-CCACTTCATCTCCTCCAACG-3′ and 3′- 
GAGTAGTGCGAGAAGAGGGA -5′, from the sequence of the 
HvPIN1-like gene of H. vulgare (HORVU4Hr1G026680.4 accession 
number in https://webblast.ipk-gatersleben.de/). Conditions of 
qPCR were as follows: initial denaturation at 95°C for 30 s, followed 
by 40 cycles of 5 s at 95°C and 30 s at 58°C. After each run, by 
heating the samples from 65°C to 95°C, a dissociation curve was 
acquired to check for amplification specificity. Serial dilutions of 
cDNA were used to determine the efficiency curve of each primer 
pair according to Solís et al. (2016). As internal reference gene, 
cyclophilin gene was used. A minimum of three biological and 
three technical replicates were analyzed. Data were analyzed with 
the Bio-Rad CFX Manager 3.1 (3.1.1517.0823) (Biorad), using the 

Livak calculation method. Transcript levels were normalized to 
vacuolated microspore before stress stage levels. Differences among 
stages were tested by one-way analysis of variance (ANOVA) 
followed by Tukey multiple-comparisons test at P ≤ 0.05.

Fixation and Processing for Microscopic 
Analysis and Immunofluorescence
Samples from culture at different stages (vacuolated microspores, 
proembryos, and coleoptilar embryos) were collected and fixed 
overnight at 4°C with 4% paraformaldehyde in phosphate-
buffered saline (PBS) pH 7.3, washed in PBS, dehydrated in 
acetone, and embedded in the acrylic resin Technovit 8100 at 
4°C (Bárány et  al., 2018). Semithin sections (2 µm thick) were 
collected on slides. Some sections were stained with toluidine 
blue and observed under a bright-field microscope, for cellular 
structure analysis, and others were kept and 4°C until use for 
immunofluorescence.

Moreover, barley seeds were germinated in wet filter paper 
for 48 h. Growing root tips of approximately 4-mm length were 
excised, fixed, and embedded in acrylic resin as previously 
described for microspore culture samples. Semithin sections of 
roots were used as positive control of immunofluorescence assays.

Immunofluorescence and confocal Analysis
Immunofluorescence was performed on semithin sections 
of samples from three independent cultures of microspore 
embryogenesis. A minimum of three immunofluorescence 
experiments were carried out for each developmental stage 
analyzed. Semithin sections were blocked by 10% (w/v) fetal 
calf serum (FCS) in PBS for 10 min and incubated for 1 h with 
anti-IAA mouse monoclonal antibody (Sigma, cat. no. A0855) 
diluted 1:100 in 1% bovine serum albumin (BSA) in PBS. After 
several washing steps in 1% PBS, signal was revealed with Alexa 
Fluor 488-labeled anti–mouse immunoglobulin G antibody 
(Molecular Probes) diluted 1:25 in 1% BSA for 45 min in 
darkness. Finally, sections were counterstained with 1 mg/ml 
DAPI (4.6-diamino-2-phenylindole) during 10 min, washed 
in 1% PBS, mounted in Mowiol, and analyzed by confocal 
laser microscopy (Leica TCS-SP5-AOBS, Vienna, Austria). 
Maximum projection images were obtained with the software 
of the confocal microscope (Leica software LCS version 2.5). 
Confocal microscopy analysis was performed using the same 
laser excitation and sample emission capture settings for image 
acquisition in all immunofluorescence preparations, allowing an 
accurate comparison among signal intensities.

controls of Immunofluorescence 
Experiments
A positive control and two different negative controls were 
performed. As positive control, anti-IAA immunofluorescence 
assays were performed on resin sections of growing root tips 
from germinated barley seeds; growing roots are known to 
accumulate auxin in their tips. One of the negative controls 
was performed avoiding the primary anti-IAA antibody in the 
immunofluorescence assay. The second negative control was 
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carried out by immunodepletion. For this second negative control, 
the anti-IAA antibody was incubated with a 5 mg/ml IAA solution 
at 1:2 (v:v) proportion, at 4°C overnight, to block the antibody by its 
antigen (IAA), and afterward, this preblocked anti-IAA antibody 
was used as primary antibody for immunofluorescence assays, 
following the same protocol and conditions described above.

Quantification of Auxin 
Immunofluorescence Signal
Quantification of IAA immunofluorescence intensity was 
performed  with ImageJ software over confocal maximum 
projections, which were obtained as previously described. Structures 
of different stages (isolated vacuolated microspore, proembryos and 
coleoptilar embryos) were outlined as ROIs (regions of interest), 
and we obtained the fluorescence intensity values in arbitrary units. 
More than 25 structures of each developmental stage from more 
than three different immunofluorescence experiments and at least 
three biological replicates were measured. Significant differences 
among stages were tested by one-way ANOVA followed by Tukey 
multiple-comparisons test at P ≤ 0.05.

Pharmacological Treatments With 
Auxin Inhibitors
Three small compounds with known inhibitory effects over 
endogenous auxin were applied to microspore cultures. The drugs 
used were kynurenine (Sigma), inhibitor of auxin biosynthesis; 
NPA (Duchefa), PAT inhibitor; and PCIB (Sigma), auxin action 
inhibitor. The compounds were added to the microspore culture 
media by using stock solution of 500 µM in dimethyl sulfoxide 
(DMSO) for kynurenine, 100 µM in ethanol for NPA, and 
100 µM in DMSO for PCIB. Stock solutions of the drugs were 
added to the media by filtering them with a sterile Ministart filter 
(Sartorius Biotech) to get the final concentrations 40 and 100 µM 
kynurenine, 3 and 10 µM NPA, and 3 and 10 µM PCIB. Mock 
parallel plates of the same cultures were kept as controls.

To assess the drug effects on embryogenesis initiation, the 
percentage of proembryos after 4 days culture was quantified in 
treated and control cultures. Quantifications were carried out 
using micrographs randomly obtained in an inverted microscope 
from control and treated microspore culture plates , as previously 
described by us (Berenguer et al., 2017). Proembryos were 
identified as rounded multicellular structures, still surrounded 
by the exine, which displayed higher size and density than 
microspores. Mean percentages of proembryos were calculated 
from random micrographs obtained from three independent 
experiments. A minimum of 1,000 proembryos/microspores 
were counted for treatment.

Significant differences were tested by one-way ANOVA 
followed  by Tukey multiple-comparisons test at P ≤ 0.05. 
Micrographs of plates after 30 days of culture were taken to 
qualitatively analyze the effects of the treatments on the production 
of developed embryos.

Additionally, to assess the effect of the inhibitors on auxin 
accumulation and/or distribution, anti-IAA immunofluorescence 
assays were performed on samples from microspore cultures 
treated by the inhibitors.

RESUlTS

Expression of Auxin Biosynthesis and 
Transport genes HvTAR2-Like and HvPIN1-
Like During Microspore Embryogenesis
Microspore embryogenesis was induced in isolated microspore 
cultures of barley, after cold stress treatment. Immature spikes were 
collected when the awns appeared outside the upper leaf and showed 
10-mm length approximately (Figure 1A), which corresponded 
with the developmental stage of vacuolated microspore (Figure 1B), 
the most responsive stage for embryogenesis induction. After 
embryogenesis induction by cold stress treatment and a few days in 
culture, responsive microspores were reprogrammed and divided, 
forming multicellular structures still surrounded by the exine, the 
special microspore wall, also named proembryos (Figure 1C). 
Proembryo formation is considered the first sign of embryogenesis 
initiation. Proembryos further developed and produced globular, 
transitional, coleoptilar, and leaf stage embryos (Figure 1D), which 
were found after around 30 days in culture (Figure 1E). Under 
appropriate in vitro conditions (Rodríguez-Serrano et al., 2012), 
microspore-derived embryos could germinate and regenerate 
plantlets (Figure 1F).

Expression of auxin-related genes was analyzed at specific stages 
of the process: a) vacuolated microspores before the stress treatment, 
b) vacuolated microspores after the stress, c) proembryos, and d) 
coleoptilar embryos. Because auxin activity depends in many 
aspects on its local biosynthesis and directional transport among 
cells, mainly driven by PIN-mediated PAT, in the present study 
two key genes involved in auxin biosynthesis and polar transport 
were chosen. First, we selected a tryptophan aminotransferase-
related, HvTAR2-like gene that functions in the major tryptophan-
dependent pathway of auxin biosynthesis. Also, a pinformed1-like, 
HvPIN1-like gene encoding the efflux auxin transporter PIN1, was 
analyzed. The results showed low levels of HvTAR2-like expression 
in microspores, before and immediately after the inductive stress, 
and a significant increase of approximately sixfold in the proembryo 
stage, accompanying embryogenesis initiation (Figure 2A). With 
embryogenesis progression, HvTAR2-like expression highly 
increased. In 30-day-old cultures, coleoptilar embryos exhibited 
much higher HvTAR2-like expression than microspores and 
proembryos (Figure 2A). The expression pattern of HvPIN1-like gene 
was similar to that obtained for HvTAR2-like. Microspores before 
and after the stress treatment showed low expression levels, while 
HvPIN1-like expression significantly increased with embryogenesis 
initiation, in proembryos, approximately twofold in comparison 
with microspores (Figure 2B). At advanced developmental stages, 
the expression of the auxin efflux carrier increased much more 
(near eightfold), in coleoptilar embryos (Figure 2B). These results 
indicated the activation of auxin biosynthesis with microspore 
embryogenesis initiation and a progressive upregulation with 
embryo development, in parallel with the activation of PAT.

Auxin localization and Accumulation 
During Microspore Embryogenesis
Fluorescent protein reporter lines that localize auxin signals or 
distribution have been widely used to study development and 
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FIgURE 1 | Main stages of stress-induced microspore embryogenesis in Hordeum vulgare. (A) Immature spikes excised from donor plants at various stages of 
development. White arrow points to the spike at the most responsive stage, containing vacuolated microspores. (B–D) Micrographs of semithin sections stained 
by toluidine blue observed in bright field. (B) Vacuolated microspore at culture initiation. (c) Proembryo, after 4-day culture. (D) Late coleoptilar-leaf stage embryo, 
after 30-day culture. (E) Petri dish containing microspore-derived embryos after 30 days in culture observed under the stereomicroscope, inset: details of several 
embryos in culture. (F) Regenerated plantlet in vitro. v, vacuole; black arrows point to nuclei of microspore (B) and proembryos (c) SAM, shoot apical meristem; 
RAM, root apical meristem. Bars represent (A) 10 mm, (B, c) 10 µm, (D) 200 µm, (E, F) 1 cm, inset 500 µm.
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differentiation in the model species Arabidopsis, but equivalent tools 
are still missing for the majority of crop species. Here, to evaluate 
the changes in auxin distribution and cellular accumulation during 
barley microspore embryogenesis, immunofluorescence assays 
followed by confocal imaging were performed, using an anti-IAA 
antibody. Vacuolated microspores, either before or after the stress, 
showed low auxin signal intensity in the thin peripheral layer of 
cytoplasm (Figure 3A), being the large central vacuole negative. 
In contrast, when embryogenesis initiated, proembryos exhibited 
an intense auxin signal in all their cells (Figure 3B), indicating 
auxin accumulation in proembryo cells. No labeling was found in 
vacuoles, organelles, and inner cell walls. At later stages, after the 
exine was broken, early globular embryos also showed high auxin 
signal that was unevenly distributed among their cells (Figure 3C). 
As embryogenesis progressed, auxin signal increased showing 
high intensity in coleoptilar and leaf stage embryos, especially in 
meristems (Figure 3D).

Several negative and positive control experiments were 
performed to support the specificity of the antibody and the 
immunolocalization results. Negative controls performed by 
eliminating the anti-IAA antibody in the immunofluorescence assays 
did not provide signal in any sample analyzed (data not shown). 
Additional negative controls were carried out by immunodepletion 
assays. First, the anti-IAA antibodies were preincubated with a 
concentrated IAA solution. During this incubation, the antibodies/
immunoglobulins that were specific for IAA reacted with the IAA 
molecules present in the solution, leading to the blocking of the 
reactive sites of the anti-IAA antibodies. The preblocked antibody 
was used for immunofluorescence experiments, which did not 
shown significant labeling in any developmental stage, vacuolated 

microspores (Figures 4A–C), proembryos (Figures 4D–F), or 
coleoptilar embryos (Figures 4G, H). These negative results 
indicated that the antibodies used were completely preblocked by 
IAA, and they did not show cross-reactivity with any other antigens 
present in the samples, supporting the specificity of the antibodies 
used for IAA localization and the immunofluorescence results.

Furthermore, a positive control experiment was performed 
using growing primary roots, plant organs with reported 
auxin accumulations localized in their tips. Anti-IAA 
immunofluorescence assays were carried out on resin sections of 
growing roots from germinated barley seeds. Results showed an 
intense immunofluorescence signal on the root tip (Figures 5A–C), 
a region that accumulates auxin. Controls by immunodepletion 
using preblocked IAA antibodies completely abolished the 
immunofluorescence signal in the root tips (Figures 5D–F). Taken 
together, the results of the different positive and negative controls 
performed highly supported the specificity of the antibody and the 
immunofluorescence results on microspore cultures.

Quantification of the auxin fluorescence signal in confocal 
images captured under the same excitation and capture 
settings permitted to assess the results of immunofluorescence 
experiments and provided an estimation of the changes in 
auxin accumulation at different developmental stages during 
microspore embryogenesis (Figure 6). Before induction, 
fluorescence intensity of vacuolated microspores was very low, 
while signal highly increased after induction, in proembryos. 
At advanced stages, coleoptilar embryos showed a much higher 
increase in the auxin signal intensity. These results indicated 
an accumulation of endogenous auxin from the beginning of 
microspore embryogenesis and its progressive increase during 

FIgURE 2 | Gene expression patterns of genes HvTAR2-like (A) and HvPIN1-like (B) during stress-induced microspore embryogenesis. Histograms showing relative 
changes of mRNA levels at different developmental stages (vacuolated microspores before and after cold stress, proembryos after 4-day culture and coleoptilar 
embryos after 30-day culture), normalized to vacuolated microspore levels, as determined by RT-qPCR. Each column represents the mean of at least three 
biological and three technical replicates. Bars indicate the standard error of the mean (SEM). Different letters indicate significant differences among stages according 
to ANOVA and Tukey tests at P < 0.05.
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embryo development, a profile that correlated with the expression 
patterns of genes of auxin biosynthesis, HvTAR2-like, and efflux 
carrier, HvPIN1-like.

Effects of Inhibitors of Auxin Biosynthesis, 
Transport, and Action on Microspore 
Embryogenesis
To assess the possible role of auxin in microspore embryogenesis 
initiation and progression, pharmacological treatments with 
several auxin inhibitors that interfere with its biosynthesis, 
polar transport, and action were performed in microspore 
cultures. Effects of these drugs on the initiation of stress-induced 
microspore embryogenesis were analyzed by the quantification of 
the percentage of proembryos in untreated (control) and treated 

4-day cultures. The effect of the inhibitors over the progression 
of embryogenesis was evaluated by comparing the production of 
coleoptilar embryos after 30 days in treated and control cultures.

Kynurenine, which inhibits auxin biosynthesis, was applied 
at 40- and 100-µM concentrations in microspore cultures. In 
comparison with control cultures, kynurenine-treated cultures 
showed a reduction in the percentage of proembryos formed 
after 4 days in culture (Figure 7A), in a dose-dependent manner. 
Mean percentage of proembryos was 50.64% in control cultures, 
whereas 40 and 100 µM kynurenine treatments reduced it to 
39.44% and 28.85%, respectively (Figure 7A). After 30 days, 
control cultures produced numerous embryos; however, cultures 
treated with kynurenine showed a significant decrease in the 
number of embryos, being embryo production much lower at 
100 µM than at 40 µM (Figure 7C).

FIgURE 3 | Immunolocalization of IAA during stress-induced microspore embryogenesis. Confocal microscopy images of IAA immunofluorescence (green 
signal). (A) Vacuolated microspore. (B) Proembryo, confined by the exine. (c) Early globular embryo, just after the exine breakdown. (D) Late coleoptilar-leaf 
stage embryo, after 30-day culture. (A–c) Merged images of DAPI for nuclei (blue) and IAA immunofluorescence (green). (D) IAA immunofluorescence (green). 
v, vacuole; thin arrows point to nuclei of proembryo cells; SAM, shoot apical meristem; RAM, root apical meristem; col + LP, coleoptile and leaf primordia. Bars 
represent: (A–c) 10 µm, (D) 200 µm.
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Microspore cultures were also treated with NPA, an inhibitor 
of PAT, at 3- and 10-µM concentrations. The mean percentage of 
proembryos, after 4 days of culture, was significantly reduced in 
NPA-treated cultures, from 54.76% in control cultures to 34.57% and 
28.05% in 3 and 10 µM NPA-treated cultures, respectively (Figure 
7B). Moreover, the NPA treatments for 30 days drastically reduced 
the production of differentiated embryos, at the two concentrations 
applied (Figure 7D), indicating that inhibition of PAT severely 
impaired embryo development.

To evaluate the effect of kynurenine and NPA treatments on 
auxin accumulation or distribution, anti-IAA immunofluorescence 

assays were performed on samples of treated cultures, at the lowest 
concentration of inhibitor used. In 40 µM kynurenine-treated 
cultures, the majority of the proembryos showed low IAA signal 
on their cells (Figure 8A), indicating a decrease in endogenous 
auxin content, in comparison with control cultures. Kynurenine-
treated proembryo cells showed heterogeneous morphologies, with 
large vacuoles and irregular shapes, very different than proembryo 
cells from control cultures that exhibited polygonal shape, dense 
cytoplasms, and intense IAA signal (Figure 3B). In kynurenine-
treated cultures, only a few proembryos showed the typical cell 
organization of control cultures and higher IAA signal than the rest 

FIgURE 4 | Negative control experiments of IAA immunofluorescence by immunodepletion during stress-induced microspore embryogenesis. Confocal microscopy 
images of IAA immunofluorescence performed using anti-IAA antibodies pre-blocked with IAA (immunodepletion). (A–c) Vacuolated microspore. (D–F) Proembryo, 
confined by the exine. (g, h) Region of a late coleoptilar-leaf stage embryo, after 30-day culture. (A, D, g) Differential interference contrast (DIC). (B, E) DAPI 
staining of nuclei in blue. (c, F) IAA immunofluorescence in green. (h) Merged image of DAPI for nuclei (blue) and IAA immunofluorescence (green). Bars represent 
(A–F) 10 µm, (g, h) 150 µm.
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(Figure 8A). Regarding the treatments with the inhibitor of PAT, in 
3 µM NPA-treated cultures, the IAA immunofluorescence signal 
intensity in proembryos was similar to control cultures; however, 
some brighter cytoplasmic regions were observed (Figure 8B), 
suggesting heterogeneous accumulations of IAA in the proembryo 
cells. At later culture stages, the scarce embryos that developed in 
NPA-treated cultures exhibited irregular morphologies and low IAA 
signal with an abnormal pattern of accumulation (Figure 8C), in 
comparison with control cultures, suggesting defects in auxin polar 
transport during embryo development. Moreover, some embryo 
cells from NPA-treated cultures showed IAA accumulations on 
small intracellular regions/compartments (inset in Figure 8C), 
suggesting also alterations in intracellular auxin distribution.

The third drug used was PCIB, known as an auxin antagonist 
that blocks auxin action and prevents its physiological effects. The 
application of PCIB treatments to microspore cultures completely 

blocked embryogenesis from early stages, at 3- and 10-µM 
PCIB concentrations (Figure 9). After 4 days, control cultures 
produced proembryos, clearly distinguishable from nonresponsive 
microspores (Figure 9A). However, almost no proembryos could be 
observed in 4-day cultures treated with 3 and 10 µM PCIB (Figures 
9C, E). After 30 days, numerous embryos were developed in control 
cultures (Figure 9B), while no further development was observed 
in cultures containing PCIB, at any concentration (Figures 9D, F).

DIScUSSION

From decades, advances in plant embryogenesis in vitro 
protocols have been mostly based on trial-and-error approaches, 
since the regulating mechanisms underlying the induction of cell 
reprogramming and conversion into a totipotent embryogenic 

FIgURE 5 | Positive and negative control experiments of IAA immunofluorescence on growing root tips of barley. Confocal microscopy images of IAA 
immunofluorescence (green signal). (A–c) Positive control of IAA immunofluorescence on root tips. (D–F) Negative control of IAA immunofluorescence on roots 
using anti-IAA antibodies preblocked with IAA (immunodepletion). (A, D) Differential interference contrast (DIC). (B, E) DAPI staining of nuclei in blue. (c, F) IAA 
immunofluorescence in green. Bars represent 100 µm.
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cell are still elusive. Increasing evidence indicates that plant cell 
reprogramming, totipotency acquisition, and embryogenesis 
initiation are regulated by epigenetic and hormonal mechanisms 
(Smertenko and Bozhkov, 2014; Feher, 2015; Díaz-Sala, 2018; 
Testillano, 2019). The aim of the present study was to analyze 
endogenous auxin changes and the role of this phytohormone 
in stress-induced microspore embryogenesis, model system of 
plant cell reprogramming, in the monocot barley, where less 
information is available. A better understanding of the processes 
involved will help to identify new targets to improve the efficiency 
of in vitro embryogenesis systems, even in recalcitrant species.

Increase of Endogenous Auxin Is Required 
for Microspore Embryogenesis Initiation 
and Progression
Many reports have shown that exogenous hormone treatment, 
mainly auxin, is critical for triggering somatic embryogenesis and 
in vitro development (Feher, 2015; Nic-Can and Loyola-Vargas, 
2016; Díaz-Sala, 2018); however, microspore embryogenesis is 
mostly induced by stress treatment, without addition of exogenous 
auxin in the culture media. Interactions between stress signaling 
and phytohormones, particularly auxin, have been proposed to lead 
to somatic embryogenesis induction, although the mechanisms 
behind this are not known (Feher, 2015; Nic-Can and Loyola-
Vargas, 2016). The study performed here has revealed changes in 
auxin cellular content at the initiation and during progression of 
microspore embryogenesis, modifications that correlated with the 
expression profile of the key auxin biosynthesis gene HvTAR2-like. 
The results of the IAA localization assays showed an important 
increase of endogenous auxin associated with the initiation of 
embryogenesis, in proembryo cells, whereas this phytohormone 
was very scarce in microspores, before and just after the application 
of the inductor stress. Correlating with this observation, auxin 

biosynthesis gene HvTAR2-like was induced at embryogenesis 
initiation; taking into account the key role of TAR2 in the main 
auxin biosynthesis pathway, our results highly suggest the induction 
of auxin biosynthesis at the time of embryogenesis initiation and a 
further increase with embryo development and differentiation.

In the last years, several studies in Arabidopsis have revealed 
that auxin concentration, distribution, and signaling are key 
factors for cell fate, proliferation, and differentiation and that 
auxin gradient and asymmetric distribution play an essential role 
in plant developmental growth and environmental responses, 
including lateral root initiation; early somatic embryogenesis; 
meristems initiation (Periañez-Rodríguez et al., 2014; Su et al., 
2014); tropic growth, as gravitropism and phototropism (Wang 
et al., 2013; Zhang et al., 2017); and plant skotomorphogenesis 
and photomorphogenesis (Yu et al., 2016; Cao et al., 2019). In 
Arabidopsis zygotic embryogenesis, auxin accumulation has been 
detected in cells of the embryo proper from very early stages 
(Möller and Weijers, 2009; Robert et al., 2013). More recently, it 
has been reported that auxin increases in ovules after fertilization, 
due to increased auxin biosynthesis in the integuments, and this 
auxin is required for embryo development (Robert et al., 2018). 
In indirect somatic embryogenesis, plant growth regulators play 
a central role in both the initiation of proembryogenic masses 
(PEMs) and the differentiation and maturation of somatic embryos. 
Endogenous auxin levels have shown to be relatively higher during 
proliferation of PEMs and somatic embryos of tree species, like 
Norway spruce, Abies alba and Quercus alba (Hakman et al., 2009; 
Corredoira et al., 2017; Vondrakova et al., 2018). These studies 
indicate that high endogenous auxin levels may be involved in the 
activation of proliferation of reprogrammed adult cells leading to 
PEM formation and somatic embryogenesis initiation.

A previous report in B. napus microspore embryogenesis, where 
reprogramming is induced by 32°C treatment, reported de  novo 
auxin synthesis with embryogenesis initiation, accompanying the 
first microspore divisions (Rodríguez-Sanz et al., 2015). Moreover, 
in Q. suber, a system where microspore embryogenesis is induced by 
midheat stress through anther culture, a differential and significant 
increase of IAA endogenous levels was found in early multicellular 
embryo cells, in comparison with microspores (Rodríguez-Sanz 
et al., 2015). Although, in comparison with Arabidopsis, the role of 
endogenous hormones during early embryogenesis in monocots 
is still largely unknown, some studies using DR5 auxin reporters 
in maize have shown that shortly after fertilization auxin activity 
is detected in the endosperm but not in the early embryo (Chen 
et al., 2014). Nevertheless, the efficacy of DR5 auxin reporter in 
barley and other grasses has been recently discussed (Kirschner 
et al., 2018; Shirley et al., 2019). In the present study, the anti-
IAA immunofluorescence assays and confocal imaging, together 
with the appropriate positive and negative controls performed 
and the quantification of fluorescence signal intensity, have 
been convenient and reliable approaches to evaluate changes in 
endogenous auxin accumulation during the process of microspore 
embryogenesis. Our results in barley microspore embryogenesis, a 
system where embryo development is initiated in the absence of 
surrounding extraembryonic tissue, suggest that the cold stress 
treatment can trigger the response of endogenous auxin, increasing 
its biosynthesis and intracellular levels, to determine the new 

FIgURE 6 | Quantification of IAA immunofluorescence signal intensity 
during microspore embryogenesis. Histogram represents the level of 
immunofluorescence intensity, measured in arbitrary units by using ImageJ 
software tools over confocal maximum projection images at different 
developmental stages (vacuolated microspores, proembryos after 4-day 
culture and coleoptilar-leaf stage embryos after 30-day culture). Columns 
represent the mean of fluorescence intensity (± SEM) of images from at 
least three immunofluorescence experiments and three biological replicates. 
Different letters on the columns indicate significant differences according to 
ANOVA and Tukey test at P < 0.05.
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developmental cell fate of the microspores. Moreover, the increase 
in auxin in early proembryos may be related to the activation of 
the proliferative activity in the reprogrammed microspore and 
proembryo cells. These findings in a monocot species also indicate 

that induction by stress of microspore embryogenesis has the 
same effects on auxin biosynthesis in several species, eudicots 
and monocots, independently of the stress applied, cold or heat, 
suggesting common regulatory hormonal pathways.

FIgURE 7 | Effect of kynurenine (inhibitor of auxin biosynthesis) and NPA (inhibitor of auxin polar transport) treatments on stress-induced microspore 
embryogenesis. (A, B) Quantification of microspore embryogenesis initiation, measured as the percentage of proembryos, in untreated cultures and cultures treated 
with kynurenine (A) and NPA (B) at different concentrations (40 and 100 µM kynurenine, 3 and 10 µM NPA). Histograms show the mean percentage of proembryos 
after 4 days in untreated (control) and treated cultures. Each column represents the mean of three biological replicates. Bars in columns indicate the SEM; different 
letters on columns indicate significant differences according to ANOVA and Tukey tests at P < 0.05. (c) Plates showing the microspore-derived embryos produced 
after 30 days in untreated, 40 µM kynurenine- and 100 µM kynurenine-treated cultures. (D) Plates showing the microspore-derived embryos produced after 30 days 
in untreated, 3 µM NPA-, and 10 µM NPA-treated cultures. Bars represent: 1 cm.
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Once the embryogenic pathway is triggered, further embryo 
development also involves additional increase in endogenous 
auxin levels. Our results have shown that at advanced 
developmental stages auxin biosynthesis gene HvTAR2-like 
was highly induced, correlating with high signal of auxin 
detected in microspore-derived coleoptilar embryos. Indole–
acetic acid concentration was found to increase during embryo 
development in wheat (Fischer-Iglesias et al., 2001) and maize 
(Forestan et al., 2010). In B. napus microspore embryogenesis, 
differentiation of embryo is accompanied by increasing 
levels of auxin and upregulation of TAA1 biosynthesis gene 
(Rodríguez-Sanz et al., 2015).

Although the results did not provide a direct evidence of 
the role of HvTAR2-like gene in auxin accumulation during 
microspore embryogenesis, the similarity between the temporal 

patterns of both TAR2-like expression and endogenous auxin 
levels highly suggested it. Moreover, in the present study, 
functional analyses were performed by a chemical biology 
approach to inhibit biosynthesis and activity of auxin. 
Kynurenine is an alternative substrate of TAA1/TAR enzymes 
that selectively inhibits their enzymatic activities (He et al., 
2011). When kynurenine treatment was used in embryogenic 
microspore cultures, the IAA immunofluorescence signal 
decreased in samples from treated cultures, suggesting that 
kynurenine was inhibiting auxin biosynthesis in barley 
microspore cultures, as reported in other plant species and 
systems (He et al., 2011; de Wit et al., 2015; Nomura et al., 2015). 
The kynurenine treatment affected the process of microspore 
embryogenesis at two time points. At the beginning of the 
process, kynurenine reduced proembryo formation, indicating 

FIgURE 8 | Immunolocalization of IAA in microspore embryogenesis cultures treated with kynurenine (inhibitor of auxin biosynthesis) and NPA (inhibitor of polar 
auxin transport). Confocal microscopy merged images of IAA immunofluorescence (green signal) and DAPI staining for nuclei (blue signal). (A) Proembryos from 
40 µM kynurenine-treated cultures, after 4 days in culture. (B) Proembryos from 3 µM NPA-treated cultures, after 4 days in culture. (c) Developing embryo from 
3 µM NPA-treated cultures, after 30 days in culture. Inset: Details at higher magnification of an embryo region from 3 µM NPA-treated cultures. Bars represent 
(A, B, D) 20 µm, (c, inset) 200 µm.
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an important role for auxin in embryogenesis initiation. Later 
in development, during embryo differentiation, inhibition of 
auxin biosynthesis by kynurenine led to a significant reduction 
of fully developed embryo production, meaning that de novo 
auxin biosynthesis is required for embryo development and 
differentiation during microspore embryogenesis in barley. 
Moreover, treatments with the auxin antagonist PCIB (Xie et 
al., 2000; Ma et al., 2018) produced a severe impairment of 
microspore embryogenesis, from early stages. This indicates 
that not only auxin biosynthesis, but also its perception and 
signaling, is necessary for microspore embryogenesis initiation 
and progression.

Polar Auxin Transport Is Necessary for 
Proper Microspore-Derived Embryo 
Development
Auxin function and availability by cells depend not only on its 
local biosynthesis, degradation, and conjugation, but also on 
its polar transport from cell to cell, being auxin efflux carriers 
of the PIN family crucial players. The analyses performed 
here on the expression pattern of HvPIN1-like gene during 
barley microspore embryogenesis showed an increase of gene 

transcription with embryogenesis initiation, in proembryos, 
and a further increase at advanced developmental stages, in 
coleoptilar embryos. In Arabidopsis zygotic embryogenesis, 
PIN1 has a central role in the control of the PAT in 
the developing embryo. At early embryogenesis stages 
(proembryo and early globular stage), auxin is transported 
from the suspensor cells by PIN7 to the embryo where PIN1 is 
responsible for the homogeneous distribution of auxin among 
embryo cells (Petrasek and Friml, 2009). Later in development, 
PIN1, together with PIN7 and PIN4, plays a central role in 
polarizing auxin fluxes to establish auxin gradients in specific 
embryo regions (Petrasek and Friml, 2009; Zazimalova et 
al., 2010). During microspore embryogenesis of the eudicot 
B. napus, auxin efflux carrier PIN1-like gene expression 
is induced at early stages and increases during embryo 
development (Rodríguez-Sanz et al., 2015). PIN auxin efflux 
carriers have been also identified in monocots, with central 
roles in regulating polar transport and auxin accumulating 
patterns during development, as well as during embryogenesis 
(Forestan and Varotto, 2012; Balzan et al., 2014; Locascio et al., 
2014). In maize, ZmPIN1-mediated auxin transport controls 
differentiation and patterning during zygotic embryogenesis 
(Forestan et al., 2010). Our results have shown an expression 

FIgURE 9 | Effect of PCIB (inhibitor of auxin action) treatment in stress-induced microspore embryogenesis. Micrographs showing representative areas of (A, B) 
untreated cultures (control), (c, D) 3 µM PCIB-treated cultures, and (E, F) 10 µM PCIB-treated cultures. (A, c, E) Seven-day-old cultures. (B, D, F) Thirty-day-old 
cultures. Arrows point to proembryos (larger, dense-rounded structures) formed after 4 days in untreated cultures. Bars represent 150 µm.
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pattern of HvPIN1-like similar to that reported in maize 
zygotic embryogenesis, in which ZmPIN1 is involved in the 
heterogeneous auxin distribution at advanced developmental 
stages leading to auxin accumulation in specific regions, 
like shoot and root apical meristems (Forestan et al., 2010). 
Although no direct evidence is provided in the present study 
on the involvement of HvPIN1-like in auxin accumulation and 
distribution patterns during microspore embryogenesis, given 
the induction of its expression during embryo development 
and its reported roles in zygotic embryogenesis of other 
grasses, it could be hypothesized that PIN1-like gene would 
participate in the auxin distribution during microspore 
embryogenesis. Our results also revealed that at advanced 
developmental stages auxin accumulated in some regions of 
developing embryos, likely meristems, providing evidence of 
the relevance of PAT in microspore embryogenesis of barley, 
as occurs in zygotic embryogenesis.

Additional evidence of the involvement of PAT in the 
correct progression of microspore embryogenesis was 
obtained by pharmacological assays with the auxin transport 
inhibitor NPA. This small compound has been used to inhibit 
PIN-mediated PAT in many different plant developmental 
processes (Nishimura et al., 2011; Forestan and Varotto, 2012; 
Balzan et al., 2014; Teale and Palme, 2018). During zygotic 
embryogenesis, NPA application leads to embryo patterning 
defects in several plant species, supporting the requirement 
of PAT for normal embryo development in eudicots (Weijers 
and Jurgens, 2005), as well as in monocots (Fischer-Iglesias 
et  al., 2001; Forestan et al., 2010; McSteen, 2010; Shirley et 
al., 2019). N-1-naphthylphthalamic acid has been reported to 
have various targets besides PIN1, with inhibitory effects on 
auxin transport (Nagashima et al., 2008; Peer et al., 2009). In 
Arabidopsis, it has been shown that the NPA treatment impairs 
PIN endocytosis and localization and thereby affects PIN-
mediated asymmetric auxin distribution during hypocotyl 
phototropism and hook formation (Yu et al., 2016; Zhang et 
al., 2017). Although the identification of NPA action mode in 
microspore embryogenesis requires further investigation, we 
could hypothesize that probably NPA may affect microspore 
embryogenesis initiation through impairment of PIN polar 
localization and/or intracellular trafficking and thereby auxin 
distribution. Our results in microspore cultures treated with 
NPA clearly showed reduction of proembryos and differentiated 
embryos, as well as abnormal auxin distribution in embryo 
cells; these findings allow confirming the need of active auxin 
transport during microspore embryogenesis, supporting the 
involvement of auxin transport in correct in vitro embryo 
initiation and development.

cONclUSIONS

The analyses performed here have revealed not only that 
induction of auxin biosynthesis gene and intracellular auxin 
accumulations are associated with the initiation of stress-
induced microspore embryogenesis, but also the requirement 
of auxin biosynthesis for correct in vitro embryo development, 

from initial until advanced stages. The results also demonstrate 
that concomitantly with auxin synthesis, PAT, likely through 
efflux carrier HvPIN1-like, is induced with microspore 
embryogenesis, being essential for in vitro embryo formation. 
These findings indicate that induction by stress of microspore 
embryogenesis has the same effects on auxin biosynthesis 
in a monocot species than in eudicots, independently of the 
stress applied, cold or heat, what suggests a common and 
central role of auxin in the regulation of the process. They 
also provide new evidence of the involvement of PAT in in 
vitro embryo initiation and development, as occurs in zygotic 
embryogenesis, in a monocot plant, where less information 
is available. This provides new insights into the regulating 
mechanisms of microspore embryogenesis in cereals, opening 
up new possibilities to improve its efficiency for DH production 
in breeding programs.
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Free and glycosylated sterols are both structural components of the plasma membrane 
that regulate their biophysical properties and consequently different plasma membrane-
associated processes such as plant adaptation to stress or signaling. Several reports 
relate changes in glycosylated sterols levels with the plant response to abiotic stress, 
but the information about the role of these compounds in the response to biotic stress is 
scarce. In this work, we have studied the response to the necrotrophic fungus Botrytis 
cinerea in an Arabidopsis mutant that is severely impaired in steryl glycosides biosynthesis 
due to the inactivation of the two sterol glucosyltransferases (UGT80A2 and UGT80B1) 
reported in this plant. This mutant exhibits enhanced resistance against B. cinerea when 
compared to wild-type plants, which correlates with increased levels of jasmonic acid 
(JA) and up-regulation of two marker genes (PDF1.2 and PR4) of the ERF branch of the 
JA signaling pathway. Upon B. cinerea infection, the ugt80A2;B1 double mutant also 
accumulates higher levels of camalexin, the major Arabidopsis phytoalexin, than wild-
type plants. Camalexin accumulation correlates with enhanced transcript levels of several 
cytochrome P450 camalexin biosynthetic genes, as well as of their transcriptional regulators 
WRKY33, ANAC042, and MYB51, suggesting that the Botrytis-induced accumulation of 
camalexin is coordinately regulated at the transcriptional level. After fungus infection, the 
expression of genes involved in the indole glucosinolate biosynthesis is also up-regulated 
at a higher degree in the ugt80A2;B1 mutant than in wild-type plants. Altogether, the 
results of this study show that glycosylated sterols play an important role in the regulation 
of Arabidopsis response to B. cinerea infection and suggest that this occurs through 
signaling pathways involving the canonical stress-hormone JA  and the tryptophan-
derived secondary metabolites camalexin and possibly also indole glucosinolates.

Keywords: Arabidopsis, biotic stress, Botrytis cinerea, camalexin, indole glucosinolates, JA signaling pathway, 
steryl glycosides
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INTRODUCTION

Steryl glycosides (SGs) are conjugated forms of sterols resulting 
from the attachment through a glycosidic bond of a sugar 
residue, most commonly a single glucose monomer, to the free 
hydroxyl group at C3 position of the sterol backbone (Ferrer 
et al., 2017). This reaction is catalyzed by UDP-glucose:sterol 
glycosyltransferase (SGT; E.C. 2.4.1.173), an enzyme that has 
been cloned and functionally characterized from different 
organisms (Grille et al., 2010) including several plant species 
(Warnecke et al., 1997; DeBolt et al., 2009; Chaturvedi et al., 
2012; Li et al., 2014; Tiwari et al., 2014; Ramírez-Estrada et al., 
2017). The hydroxyl group at C6 position of the sugar moiety 
can in turn be esterified with a long-chain fatty acid to form acyl 
steryl glycosides (ASG), although the enzyme responsible for this 
transformation has not been identified yet (Ferrer et al., 2017). 
The content of glycosylated sterols (SG + ASG) differs among 
plant species and tissues, but in general, these compounds are 
relatively minor components ranging from 10% to 30% of the 
total sterol fraction, although there are some exceptions in the 
Solanaceae family, as for instance tomato and potato, in which 
glycosylated sterols are the predominant form of sterols (Moreau 
et al., 2002; Furt et al., 2010; Nyström et al., 2012).

The role of free sterols (FSs) as key structural components of 
the plasma membrane has been known for a long time. Free sterols 
help to modulate the plasma membrane biophysical properties 
and hence its biological function and the activity of membrane-
bound proteins (Carruthers and Melchior, 1986; Cooke and 
Burden, 1990; Grandmougin-Ferjani et al., 1997). Free sterols have 
also been recognized as important modulators of plant growth 
and development (Schrick et al., 2000; Schrick et al., 2002; He 
et al., 2003; Carland et al., 2010; Ovecka et al., 2010; Qian et al., 
2013; Nakamoto et al., 2015), and glycosylated sterols are also 
emerging as important players in determining plasma membrane 
organization and functionality (Moreau et al., 2002; Grosjean 
et al., 2015; Cassim et al., 2019). Like FSs, glycosylated sterols are 
unevenly distributed in the plasma membrane, and it is currently 
accepted that SG and ASG are also highly enriched alongside 
with sterols, sphingolipids and selected proteins in liquid-ordered 
phase domains referred to as membrane rafts or DRM (sterol-
enriched detergent-resistant membrane fraction). These dynamic 
assemblies of lipids and proteins appear to be involved in different 
plant cell processes including polarized cell growth, cell-to-cell 
communication, intracellular membrane trafficking, and signal 
transduction cascades enabling plants to respond to environmental 
changes (Mongrand et al., 2010; Zauber et al., 2014; Gronnier 
et al., 2018). However, the specific role of glycosylated sterols 
in regulating membrane properties and function still remains 
uncertain, although some experimental evidences support the 
view that a proper ratio of the glycosylated versus free forms of 
sterols in cell membranes is essential for normal plant cell function 
and overall plant performance. Thus, an Arabidopsis null mutant 
defective in the two SGTs present in this species, namely, UGT80A2 
and UGT80B1 (DeBolt et al., 2009), displays highly reduced levels 
of glycosylated sterols in different plant organs that lead to multiple 
morphological and biochemical seed phenotypes (DeBolt et al., 
2009), defects in the male gametophyte (Choi et al., 2014), and 

aberrant root epidermal cell patterning (Pook et al., 2017). Also, 
down-regulation of SGTs in agroinfiltrated Withania somnifera 
leaves leads to shortened plant height and leaf area compared to 
control plants (Singh et al., 2016).

Forward- and reverse-genetic approaches have also shown that 
changes in SGT expression levels are associated to altered responses 
of different plant species to abiotic stress conditions. An increased 
sensitivity to heat and cold stress has been reported in Arabidopsis 
and W. somnifera plants with reduced levels of SGT (Mishra et al., 
2015; Singh et al., 2017), whereas enhanced tolerance to heat, cold, 
and salt stress has been associated to overexpression of SGT in 
Arabidopsis, tobacco, and W. somnifera, respectively (Mishra et al., 
2013; Pandey et al., 2014; Saema et al., 2016). These observations 
are consistent with the induction of SGT genes in response to 
abiotic stress reported in tomato (Ramírez-Estrada et al., 2017), 
W. somnifera (Chaturvedi et al., 2012), and cotton (Li et al., 
2014), and also with changes observed in the relative proportions 
of glycosylated sterols in the plasma membrane of oat, rye, and 
potato in association with cold acclimation and freezing tolerance 
(Palta et al., 1993; Takahashi et al., 2016), during tomato and 
apple fruit chilling and after tomato fruit rewarming (Whitaker, 
1991; Whitaker, 1994; Rudell et al., 2011), in wheat leaves under 
high day and night temperature (Narayanan et al., 2016), and 
in Arabidopsis under drought stress conditions (Tarazona et al., 
2015). On the contrary, the experimental evidence supporting a 
role for glycosylated sterols in mediating plant responses against 
biotic stress is far more limited. Arabidopsis and tobacco plants 
overexpressing W. somnifera SGT show increased resistance 
toward Alternaria brassicicola and Spodoptera litura, respectively 
(Pandey et al., 2014; Mishra et al., 2017), and basal immunity 
in W. somnifera plants is compromised after silencing of several 
members of the SGT gene family (Singh et al., 2016). However, it 
is still unclear whether these effects are due to the altered levels of 
glycosylated sterols or are actually triggered by the concomitant 
changes in the contents of other bioactive specialized plant 
defense compounds present in these species (Pandey et al., 2014; 
Singh et al., 2016; Mishra et al., 2017). The marked induction 
of specific members of the tomato and W. somnifera SGT gene 
families in response to methyl jasmonate (MeJA) further suggests 
a role for sterol glycosylation in plant response to biotic stress 
imposed by necrotrophic pathogens. However, the impact of this 
transcriptional response on the levels of steroidal glycoalkaloids 
in tomato and whitanolides in W. somnifera remains to be 
established. These defense compounds are not produced in the 
model plant Arabidopsis thaliana, which presents a rather scarce 
secondary metabolism. Consequently, the Arabidopsis double 
mutant ugt80A2;B1 impaired in the SGs biosynthesis (DeBolt 
et al., 2009) is a very suitable tool to study the role of this kind 
of conjugated sterols in the plant defense response to pathogen 
attack, which involves changes at the transcriptional, biochemical, 
and physiological levels (AbuQamar et al., 2017).

When a pathogen is detected by the plant, it activates different 
layers of defense depending of the pathogen invasion stage. A first 
layer is constituted by a repertoire of plasma membrane pattern 
recognition receptors that perceive signals produced by the 
pathogen, known as pathogen- or microbe-associated molecular 
patterns (MAMPs), or plant-derived damage-associated molecular 
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patterns (DAMPs) produced by the host upon pathogen infection 
(Bohm et al., 2014; Zipfel, 2014). This induces a basal disease 
resistance response called pattern-triggered immunity that protects 
the plant against most nonadapted pathogens (Couto and Zipfel, 
2016). Conversely, pathogens try to overcome plant defenses by 
releasing effectors that alternatively can also be recognized by 
cytoplasmic receptors (Cui et al., 2015; Couto and Zipfel, 2016). 
Following either PAMPs or effector recognition, plant immune 
responses involve a complex network of signaling pathways that 
can be modulated by phytohormones (Pieterse et al., 2012). 
Salicylic acid (SA) and jasmonic acid (JA) are recognized as the two 
major defense hormones, and their response pathways are usually 
considered effective against biotrophic and necrotrophic pathogens, 
respectively (Pieterse et al., 2012). Other phytohormones, mainly 
ethylene and abscisic acid (ABA), are also involved in the defense 
response interacting synergically or antagonistically (Shigenaga 
and Argueso, 2016; Berens et al., 2017). In the case of Arabidopsis, 
other key components of the innate immune system are 
tryptophan-derived secondary metabolites such as the phytoalexin 
camalexin and the indole glucosinolates (IGs) (Bednarek, 2012). 
The biosynthesis of these compounds is induced in response to 
different pathogens, including bacteria and fungi (Clay et al., 
2009; Ahuja et al., 2012), and their role in the immune response 
has been confirmed by analysis of different biosynthetic mutants 
(Tsuji et al., 1992; Glazebrook and Ausubel, 1994; Thomma et al., 
1999; Lipka et al., 2005; Bednarek et al., 2009; Clay et al., 2009). It 
is important to note that JA has been acknowledged as a regulator 
of the Trp derivatives biosynthesis (Guo et al., 2013). Simultaneous 
applications of glucose and JA have a dramatic impact on both 
aliphatic and indolic glucosinolates accumulation, although the 
latter ones seem to be more sensitive to the treatments.

As a first step to elucidate the role of glycosylated sterols in the 
plant response to biotic stress, we have assayed the response of the 
Arabidopsis double mutant ugt80A2;B1 against Botrytis cinerea 
infection, which is considered the second most important plant 
pathogen (Dean et al., 2012). This fungus produces several toxic 
compounds and cell wall degrading enzymes that can kill the host 
cells and decompose the plant tissue (Williamson et al., 2007). In 
Arabidopsis, global transcriptional analyses of B. cinerea–infected 
plants have identified thousands of transcripts whose expression 
is altered upon infection (AbuQamar et al., 2006; Birkenbihl and 
Somssich, 2011; Mulema and Denby, 2012; Windram et al., 2012). 
These data, together with genetic studies, have shown that several 
groups of transcription factor families, including ERFs (Huang 
et al., 2016; Zhang et al., 2016), WRKYs (Birkenbihl et al., 2012; 
Jiang and Yu, 2016), MYBs (Ramírez et al., 2011; Mengiste, 2012), 
and NACs (Wang et al., 2009; Nuruzzaman et al., 2013), have a 
major role in coordinating these changes, but only few target 
genes or upstream regulators have been identified (Windram et al., 
2012). An exception is WRKY33, which targets multiple signaling 
pathways simultaneous upon B. cinerea infection, acting as a dual 
transcription factor in a promoter-dependent manner (Liu et al., 
2015) because it binds directly to the promoter of genes involved 
in JA signaling (JAZ1 and JAZ5), ET-JA crosstalk (ORA59), and 
camalexin biosynthesis (PAD3 and CYP71A13) up-regulating 
their expression, but down-regulates the expression of other 
targets, as some ABA biosynthetic genes (NCED3 and NCED5) 

(Birkenbihl et  al., 2012; Liu et al., 2015). In addition, Pangesti 
et al. (2016) already suggested that the JA-responsive transcription 
factor ORA59 is related to the camalexin accumulation during ISR.

Here we report that the ugt80A2;B1 mutant shows increased 
resistance against B. cinerea infection, which is paralleled by an 
increase in the levels of JA and camalexin, and a concomitant 
up-regulation of several genes involved in the defense JA 
signaling pathway and the biosynthesis of camalexin, as well as 
of some of the transcription factors mentioned above, suggesting 
that the resistance phenotype observed in the mutant is the result 
of these transcriptional and metabolic changes.

MATERIALS AND METHODS

Plant Material and Growth Conditions
All A. thaliana plants used in this study were of the Wassilewskija 
(Ws-0) ecotype. The generation of the ugt80A2;B1 double 
mutant by crossing two single mutants carrying homozygous 
T-DNA insertions in the UGT80A2 and UGT80B1 genes and the 
subsequent characterization of the single and double mutant lines 
have been previously reported by DeBolt et al. (2009). Seeds of the 
double mutant were kindly provided by Dr. DeBolt (University 
of Kentucky, USA). Mutants and wild-type (WT) seeds were 
stratified at 4°C for 3 days and sown in jiffy7 peat pellets (Clause-
Tezier Ibérica, http://www.clausetezier.com/). Plants were grown 
in a chamber with a light intensity of 150 to 200 μEm−2 s−1 at 23°C 
under 10-h light/14-h dark cycles and 60% humidity.

Botrytis cinerea Infection
For B. cinerea infections, six fully expanded leaves of 5-week-old 
plants were inoculated as described by Coego et al. (2005) with 6 
ml droplets of a fungal spore suspension containing 2.5 × 104 spores 
microliters in potato dextrose broth (PDA) (12 g L−1, Difco). Plants 
exposed to the same treatment but without fungal spores were 
used as control (mock). All the treated plants were covered with 
transparent plastic to maintain 100% relative humidity and returned 
to the growth chamber. Four biological replicates with 12 to 15 
WT or mutant plants were performed for each treatment (infected 
or mock). Disease symptoms were evaluated by determining 
the lesion diameter of at least 50 lesions 3 days after inoculation. 
Three more biological replicates (15–20 plants per treatment) were 
performed to analyze changes in gene expression and metabolite 
levels (hormones and camalexin) induced by fungal infection. For 
this, infected or mock-treated rosette leaves from WT and mutant 
plants were harvested before (0 h) and after infection (24 and 48 h), 
pooled (five to six plants per time point and treatment), frozen in 
liquid nitrogen, lyophilized, and stored until used.

High-Throughput Reverse Transcription–
Quantitative Polymerase Chain Reaction 
Analyses of Gene Expression
Lyophilized rosette leaf samples (10 mg) from Arabidopsis WT 
and mutant plants obtained as described above were used for 
total RNA extraction using a Maxwell 16 LEV Plant RNA kit 
(Promega) and a Maxwell® 16 Instrument (Promega) according 
to manufacturer’s instructions. The cDNA samples for reverse 
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transcription–quantitative polymerase chain reaction (RT-qPCR) 
gene expression analyses were prepared from 1 microgram of total 
RNA using SuperScript III Reverse Transcriptase (Invitrogen) and 
oligo(dT) primers according to the manufacturer’s instructions. 
The expression of the different genes analyzed in this work was 
quantified by real-time PCR using the Biomark™ instrument 
(Fluidigm Corporation, San Francisco, USA) and 2 × SsoFast™ 
EvaGreen® Supermix with low Rox (Bio-Rad, www.bio-rad.com) 
as previously reported (Manzano et al., 2016), using PP2AA3 
(At1g13320) (Hong et al., 2010) and UBC (At5g25760) (Czechowski 
et al., 2005) as housekeeping reference genes and specific primers 
for each analyzed gene (Supplemental Table 1). Data for each WT 
and ugt80A2;B1 mutant samples, infected or treated with mock, are 
expressed as normalized quantity values versus the housekeeping 
genes. Expression was calculated using Data Analysis Gene 
Expression software (http://www.dagexpression.com/dage.zip) 
(Ballester et al., 2013). Quantification of transcript levels was done 
in three independent biological replicates, and for each biological 
replicate, two technical replicates were performed.

Determination of Hormones and 
Camalexin Levels
Hormones and camalexin were extracted from the same samples 
used for gene expression analysis as described by Sánchez-Bel et al. 
(2017). Briefly, 30 mg of dry material was extracted with 1 ml of 
H2O:MeOH (90:10) with 0.01% of HCOOH with a mix of internal 
standards. After centrifugation and filtration of the supernatant 
with 0.22-µm filter of regenerated cellulose, 20 µl was injected into 
a Waters Acquity UPLC coupled with a triple quadrupole tandem 
mass spectrometer (Waters), and the separation of compounds was 
performed with a Kinetex C18 analytical column (Phenomenex), 5 
µm of particle size and 2.1 × 100 mm. Before the analysis, external 
calibration curves with pure chemical standards were obtained 
for each tested compound complemented with heavy isotopes of 
each hormone as internal standards. The MassLynx 4.1 software 
(Waters) was used to process the quantitative data from calibration 
standards and plant samples.

RESULTS

Impairment of SGs Biosynthesis Leads to 
Enhanced Resistance of Arabidopsis to B. 
cinerea Infection
The current knowledge about the specific contribution of 
glycosylated sterols to plant biotic stress response is scarce. To 
gain some insight about the role of these compounds in the 
plant response to this kind of stress, we checked the effect of 
B. cinerea infection, a common necrotrophic fungal pathogen, 
in Arabidopsis WT plants (Ws-0) and the previously generated 
double mutant ugt80A2;B1, which has inactivated the two genes 
reported to encode SGT in Arabidopsis (UGT80A2 and UGT80B1) 
and presents reduced levels of glycosylated sterols in different 
plant organs, including the rosette leaves (DeBolt et al., 2009). 
To this end, leaves of WT and mutant plants were inoculated 
with a B. cinerea spore suspension, and the size of the resulting 
lesions was measured 3 days after inoculation. The results from 

four independent experiments showed that the average diameter 
of the lesions in the ugt80A2;B1 mutant plants was significantly 
smaller (about one half) than in the WT plants (Figure 1). These 
results indicate that the simultaneous inactivation of Arabidopsis 
UGT80A2 and UGT80B1 genes results in increased resistance 
against B. cinerea infection. Interestingly, infection with this 
necrotrophic fungus did not affect the expression of UGT80A2 
and UGT80B1 genes in the WT plants because their transcript 
levels at 24 and 48 h postinoculation (hpi) remained unchanged 
compared to the noninfected plants (Figure 2).

Resistance of the Arabidopsis ugt80A2;B1 
Mutant to B. cinerea Involves JA Signaling
The JA-mediated defense pathway is assumed to have a central 
role in plant resistance against necrotrophic pathogens (Rowe 
et  al., 2010). In order to determine if the resistance to the B. 
cinerea observed in the ugt80A2;B1 mutant was associated to this 
pathway, we analyzed the expression of some JA-responsive marker 
genes of the two major branches recognized in the Arabidopsis 
JA signaling pathway, the ERF and the MYC branches (Pieterse 
et al., 2012), in plants infected or not with the pathogenic fungus 
at different time points. The expression of PDF1.2, a JA-responsive 
gene representative of the ERF branch, was significantly induced 
after infection with B. cinerea both in the WT and the mutant 
plants, but at 48 hpi, the induction in the ugt80A2;B1 mutant 
was about twice that in the WT plants (Figure 3A). A similar 
expression pattern was observed for PR4, another JA-responsive 
gene of the ERF branch, but in this case, the transcript levels 
were more than twofold higher in the mutant than in the WT 
(Figure 3B). On the contrary, the expression of the MYC-branch 
representative gene VSP2 was not significantly affected by the 
infection neither in the WT plants nor in the mutant (Figure 3C). 
This was not unexpected because activation of the MYC branch 
has been related with defense against chewing insects, while 
defense against necrotrophic pathogens is mediated by the ERF 

FIGURE 1 | The ugt80A2;B1 mutant impaired in steryl glycosides biosynthesis 
shows enhanced resistance to B. cinerea infection. (A) Symptoms of infection 
in leaves of wild-type (WT) and ugt80A2;B1 mutant plants 3 days after 
inoculation with B. cinerea. Red arrows point to B. cinerea inoculation sites 
(B) diameter of the resulting lesions. Data represent the average ± SEM of at 
least 50 lesions in one experiment. The experiment was repeated three more 
times with similar results. Asterisks indicate significant differences between 
WT and mutant plants according to Student t test (***P < 0.001).
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one (Pieterse et al., 2012). In addition to genetic responses, plants 
usually experience important hormonal changes after pathogen 
attack. Thus, we measured the levels of JA in the same tissue 
samples used for the gene expression analysis. As shown in Figure 
3D, JA levels increased after infection with the fungal pathogen 
in both WT and ugt80A2;B1 mutant plants. However, JA levels 
were markedly higher in the mutant than in the WT, with values 
that were approximately twofold and threefold higher at 24 and 
48 hpi, respectively (Figure 3D). It is worth to mention that 48 h 
after B. cinerea infection the expression of ACS6, a gene involved 
in ethylene biosynthesis (Li et al., 2012), increased more than 
twofold in the WT plants and about fourfold in the ugt80A2;B1 
mutant compared with the mock treatment at the same time 
point (Figure S1). This hormone interacts synergistically with JA 
in the ERF branch (Pieterse et al., 2012). However, the expression 

of NCED3 and RAB18, two genes involved, respectively, in the 
biosynthesis and response to ABA, a hormone that interacts with 
JA in the MYC branch (Anderson et al., 2004), was not affected 
by B. cinerea treatment neither in the WT nor in the mutant 
plants (Figure S2).These results indicate that the resistance of the 
ugt80A2;B1 mutant to B. cinerea is mediated by the ERF branch of 
the JA pathway, mainly as a result of an increased accumulation of 
this hormone in the infected mutant.

A crosstalk between hormone signaling pathways, particularly 
those mediated by SA and JA, has been found to contribute to 
plant resistance to different types of pathogens (Pieterse et al., 
2012). Therefore, SA levels were determined in the same samples 
used for JA quantification. The levels of SA were similar in 
WT and ugt80A2;B1 mutant plants, and no significant changes 
were detected upon infection (Figure S3A). Furthermore, 
significant differences were neither observed between the WT 
and the mutant plants when the expression levels of NPR1, the 
gene encoding the main regulatory protein of the SA signaling 
pathway, were determined in plants infected or not with the 
pathogen (Figure S3B). The expression of PR1, a marker gene of 
the SA signaling pathway, increased about 10-fold upon fungus 
infection (48 hpi) either in the WT or in the ugt80A;2B1 mutant 
plants (Figure S3C). These results suggest that the SA-mediated 
defense pathway is not involved in the response of the ugt80A2;B1 
mutant to B. cinerea infection.

The Synthesis of Camalexin and Indole 
Glucosinolates Is Induced in the 
ugt80A2;B1 Mutant Upon B. cinerea 
Infection
In response to pathogen attack, plants induce the biosynthesis 
of phytoalexins and other defense secondary metabolites, 
such as glucosinolates (Figure 4). Because camalexin is the 
main phytoalexin accumulated in Arabidopsis after infection 
by fungi or bacteria, and its biosynthesis has been reported 
to be elicited by JA (De Geyter et al., 2012), we investigated 
if it could be involved in the resistance response observed in 
the Arabidopsis ugt80A2;B1 mutant infected with B. cinerea. 
To this end, the levels of camalexin were analyzed in the 
WT and mutant plant samples used for JA quantification. A 
marked accumulation of this compound was detected in WT 
and ugt80A2;B1 plants after 48 hpi with B. cinerea, but the 
levels in the mutant were significantly higher (about twofold) 
than in the WT (Figure 5A). The accumulation of camalexin 
in response to fungal infection was paralleled by an increase 
in the expression of several genes related to its biosynthesis 
(Figures 5B–D). The expression of the CYP79B2, CYP71A13, 
and CYP71B15 biosynthetic genes was strongly induced by 
fungal infection, particularly at 48 hpi, both in the WT and 
the ugt80A2;B1 mutant plants, but the transcript levels of these 
three genes were higher in the mutant than in the WT plants, 
specifically about threefold in the case of CYP79B2 (Figure 
5B) and approximately 1.5-fold in CYP71A13 and CYP71B15 
(Figures 5C, D).

Camalexin biosynthesis involves the conversion of tryptophan 
to indole-3-acetaldoxime (IAOx), which is also the precursor of the 

FIGURE 2 | Expression of the UGT80A2 and UGT80B1 genes remains 
unchanged upon B. cinerea infection. The transcript levels of UGT80A2 
(A) and UGT80B1 (B) were measured by reverse transcription–quantitative 
polymerase chain reaction using RNA extracted from rosette leaves of 
Arabidopsis WT plants inoculated (infected) or not (mock) with B. cinerea 
at time points 0, 24, and 48 h. Data for each WT sample, infected or 
treated with mock, are expressed as normalized quantity values using two 
independent housekeeping genes (UBC and PP2A). Values are means ± 
SEM of three independent biological experiments.
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phytohormone indole-3-acetic acid (IAA) and the plant defense 
secondary metabolites IGs (Figure 4). Thus, we investigated if 
the inactivation of the two Arabidopsis SGTs also affected these 
biosynthetic pathways. While no relevant changes were observed 
in the IAA levels between WT and mutant plants (Figure S4), the 
transcript levels of several genes encoding specific enzymes of 
the indole glucosinolate pathway, such as CYP83B1, UGT74B1, 
and CYP81F2 (Sønderby et al., 2010), were higher in the mutant 
than in the WT plants at 48 hpi (Figure 6). The expression 
of CYP83B1 and UGT74B1 remained essentially unaltered in 
noninoculated leaves but was significantly up-regulated 48 h after 
Botrytis inoculation only in the ugt80A2;B1 mutant (Figures 6A, 
B). The transcript levels of CYP81F2, a gene specifically involved 
in the synthesis of 4-hydroxy-3-indolyl-methyl glucosinolates, 

increased significantly in the WT and mutant plants at 48 hpi, 
but this increase was significantly higher in the mutant than in 
control plants (Figure 6C). Altogether these data indicate that a 
transcriptional activation of the pathways involved in the synthesis 
of the Trp-derived defense compounds camalexin and indole 
glucosinolates is induced in the Arabidopsis ugt80A;2B1 mutant 
upon infection with B. cinerea. In agreement with the above results, 
the expression of some genes encoding transcriptional regulators 
of the camalexin and indole glucosinolates biosynthetic genes in 
the infected mutant was higher than in the infected WT plants. As 
shown in Figure 7A, the expression of the MYB51 transcription 
factor, a positive regulator of the biosynthetic steps required for 
the production of IAOx (Frerigmann et al., 2015), was significantly 
more expressed at 48 hpi in the ugt80A2;B1 mutant than in the 

FIGURE 3 | Increased transcript levels of JA-responsive marker genes and JA levels in ugt80A2;B1 mutant plants compared to WT upon infection with B. 
cinerea. The transcript levels of PDF1.2 (A), PR4 (B), and VSP2 (C) were determined by reverse transcription–quantitative polymerase chain reaction using 
RNA extracted from rosette leaves of Arabidopsis WT and ugt80A2;B1 mutant plants infected or not (mock) with B. cinerea at time points 0, 24, and 48 h. Data 
for each WT and ugt80A2;B1 mutant samples, infected or treated with mock, are expressed as normalized quantity values calculated using two independent 
housekeeping genes (UBC and PP2A). JA was quantified in leaf extracts by ultraperformance liquid chromatography–mass spectrometer and expressed as 
µg/g of dry weight (D). Values are means ± SEM of three independent biological experiments. Asterisks represent significant differences determined by one-way 
analysis of variance (**P < 0.005, ***P < 0.001).
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WT plants, while the expression of ANAC042, a regulator of 
camalexin biosynthesis that acts downstream IAOx (Saga et al., 
2012), increased in both WT and ugt80A2;B1 mutant plants upon 
infection, but at 48 hpi, this increase was significantly higher in the 
mutant (Figure 7B). A similar induction profile was observed for 
the transcript levels of WRKY33 (Figure 7C), a transcription factor 
activated by the mitogen-activated protein kinase cascade that has 
been well characterized as a camalexin biosynthesis inductor (Saga 
et al., 2012). All these results suggest that camalexin and, probably, 
also indole glucosinolates are actively involved in the enhanced 
resistance of the ugt80A2;B1 mutant to B. cinerea infection.

The Synthesis of Alkylglucosinolates in 
the Arabidopsis ugt80A2;B1 Mutant Is Not 
Affected by B. cinerea Infection
Alkylglucosinolates (AGs) are also a class of plant defense 
secondary metabolites whose biosynthetic pathway is related 
to that of indole glucosinolates (Figure 4), and it has been 
reported that both biosynthetic pathways may affect each 
other (Liu et al., 2016). This prompted us to investigate if the 
biosynthesis of this kind of glucosinolates could also be altered 
in the ugt80A2;B1 Arabidopsis mutant. To check this possibility, 
we analyzed the expression of several genes encoding enzymes 

involved in their biosynthetic pathway. The transcript levels of 
BCAT4 and CYP79F1 were similar in the WT and ugt80A2;B1 
mutant plants infected or not with B. cinerea (Figures S5A, B). 
These genes are involved in the first stages of AGs biosynthesis, 
which involves the side-chain elongation of the precursor amino 
acid methionine and its subsequent oxidation to aldoxime 
(Sønderby et al., 2010) (Figure 4). No significant changes were 
observed between WT and mutant plants in the transcript levels 
of CYP83A1 (Figure S5C) and UGT74C1 (Figure S5D), two 
genes involved, respectively, in the metabolism of the aldoxime 
to the corresponding alkylthiohydroximate and the subsequent 
conversion of this intermediate to AGs (Figure 4). These results 
indicate that, unlike indole glucosinolates, the synthesis of AGs 
is not transcriptionally activated either in the ugt80A2;B1 mutant 
or in the WT upon infection with B. cinerea. This observation 
is further supported by the lack of induction of MYB28 and 
MYB29, two genes coding for transcription factors that positively 
regulate the expression of many alkyl glucosinolate biosynthetic 
genes (Yatusevich et al., 2010) whose transcript levels are similar 
in the WT and the mutant plants infected or not with the 
pathogen (Figures S5E, F). These results suggest that AGs are not 
involved in the defense response of Arabidopsis against infection 
by B. cinerea whether plants have normal or depleted levels of 
glycosylated sterols.

FIGURE 4 | Schematic representation of camalexin and glucosinolate biosynthesis pathways. The biosynthesis of the tryptophan (camalexin, indole glucosinolates, 
and IAA) and methionine (alkylglucosinolates) derived compounds is indicated in a simplified form showing the biosynthetic steps mediated by genes whose 
expression levels have been quantified in this work. Genes whose expression increase in the ugt80A2;B1 mutant compared to WT upon B. cinerea infection are 
indicated in red, whereas those whose expression does not change are shown in blue. Solid arrows indicate single enzymatic steps, whereas dashed ones represent 
several enzymatic steps. Figure is based on previous representations of these pathways (Kliebenstein et al., 2005; Yatusevich et al., 2010; Frerigmann et al., 2016).
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DISCUSSION

Changes in the profile of glycosylated sterols have been widely 
related with the plant response to different abiotic stresses 
(Palta et al., 1993; Mishra et al., 2013; Pandey et al., 2014; Mishra 
et  al., 2015; Saema et al., 2016; Takahashi et al., 2016; Singh 
et al., 2017). However, there are less experimental evidence 
supporting their involvement in biotic stress responses 
(Pandey et al., 2014; Singh et al., 2016; Mishra et al., 2017). 
Furthermore, most of the published data related with this issue 
were obtained using Solanaceae species with simultaneously 
altered levels of glycosylated sterols and glycosylated defense 
compounds, such as whithanolides in W. somnifera (Singh 
et al., 2016) and rutin in tobacco (Pandey et al., 2014), which 
could be ultimately responsible for the observed responses. 
Because A. thaliana lacks this kind of specialized secondary 
metabolites, it represents a suitable model to assess the role 

of conjugated sterols in plant defense against biotic agents. 
In this regard, Kopischke et al. (2013) reported a role for 
conjugated sterols in the plant response to Phytophthora 
infestans using the Arabidopsis psat1 mutant impaired in steryl 
ester (SE) biosynthesis. However, the observed response could 
not be correlated with changes in a specific sterol fraction 
because the levels of SE and ASG are reduced in the leaves 
of this mutant, whereas those of SGs are increased, and FSs 
remain unaltered. Because Phytophthora is a sterol-auxotroph 
pathogen, the altered profile of sterols in the mutant, together 
with the described capacity of pathogenesis-related 1 (PR-
1) to inhibit pathogen growth by sequestering its sterols 
(Gamir et al., 2017), might explain the resistance phenotype 
of the psat1 mutant. Our results suggest that reduced levels 
of glycosylated sterols in the Arabidopsis ugt80A2;B1 mutant 
(DeBolt et al., 2009) confer resistance to the necrotrophic 
fungus B. cinerea (Figure 1). The leaves of this mutant contain 

FIGURE 5 | The ugt80A2;B1 mutant displays camalexin accumulation and increased transcript levels of camalexin biosynthetic genes in comparison to WT upon 
infection with B. cinerea. Camalexin was quantified in leaf extracts of Arabidopsis WT and ugt80A2;B1 mutant plants infected or not (mock) with B. cinerea at 
time points 0, 24, and 48 h using ultraperformance liquid chromatography–mass spectrometer and is expressed as µg/g of dry weight (A). The transcript levels of 
CYP79B2 (A), CYP71A13 (B) and CYP71B15 (PAD3) (C) were determined by reverse transcription–quantitative polymerase chain reaction using RNA extracted 
from the same leaf samples used for camalexin quantification. Data for each WT and ugt80A2;B1 mutant samples, infected or treated with mock, are expressed 
as normalized quantity values calculated using two independent housekeeping genes (UBC and PP2A). Values are means ± SEM of three independent biological 
replicates. Asterisks represent significant differences determined by one-way analysis of variance (*P < 0.05, **P < 0.005, ***P < 0.001).
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FIGURE 6 | Increased transcript levels of indole glucosinolate biosynthetic 
genes in the ugt80A2;B1 mutant compared to WT upon infection with B. 
cinerea. The transcript levels of CYP83B1 (A), UGT74B1 (B), and CYP81F2 
(C) were determined by reverse transcription–quantitative polymerase chain 
reaction using RNA extracted from rosette leaves of Arabidopsis WT and 
ugt80A2;B1 mutant infected or not (mock) with B. cinerea at different time 
points (0, 24, and 48 h). Data for each WT and ugt80A2;B1 mutant samples, 
infected or treated with mock, are expressed as normalized quantity values 
calculated using two independent housekeeping genes (UBC and PP2A). 
Values are means ± SEM of three independent biological replicates. Asterisks 
represent significant differences determined by one-way analysis of variance 
(*P < 0.05, **P < 0.005, ***P < 0.001).

FIGURE 7 | The ugt80A2;B1 mutant shows increased transcript levels of genes 
coding for transcription factors regulating camalexin and indole glucosinolate 
biosynthesis compared to WT upon infection with B. cinerea. The transcript 
levels of MYB51 (A), ANAC042 (B) and WRKY33 (C) were determined by 
reverse transcription–quantitative polymerase chain reaction using RNA extracted 
from rosette leaves of Arabidopsis WT and ugt80A2;B1 mutant infected or not 
(mock) with B. cinerea at different time points (0, 24, and 48 h). Data for each WT 
and ugt80A2;B1 mutant samples, infected or treated with mock, are expressed 
as normalized quantity values calculated using two independent housekeeping 
genes (UBC and PP2A). Values are means ± SEM of three independent 
biological replicates. Asterisks represent significant differences determined by 
one-way analysis of variance (*P < 0.05, **P < 0.005, ***P < 0.001).
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normal levels of nonglycosylated sterols (FSs + SE), whereas 
those of glycosylated sterols (SG + ASG) are markedly reduced, 
albeit not completely abolished (DeBolt et al., 2009). Thus, our 
results establish for the first time a direct link between reduced 
levels of glycosylated sterols and resistance against pathogen 
attack. We also show that expression of the two genes encoding 
the SGTs that synthesize the bulk of SGs in Arabidopsis 
remains unaltered upon infection with B. cinerea (Figure 2). 
This observation supports the notion that SG biosynthesis is 
not induced in response to B. cinerea infection, although the 
possibility that a gene coding for an as yet unreported SGT 
potentially involved in the residual production of SGs and/
or the synthesis of a specialized SG could be up-regulated 
cannot be entirely excluded. It is reported that although both 
enzymes display sterol glucosyltransferase activity, substrate 
specificity is apparent in that UGT80A2 is responsible for the 
accumulation of major SGs, while UGT80B1 is involved in 
accumulation of minor SGs and ASGs (Stucky et al., 2015).

In order to understand the molecular mechanism acting 
behind the resistance phenotype observed in the ugt80A2;B1 
mutant plants, we first measured the levels of JA and SA in mutant 
and WT plants infected or not with B. cinerea because it is well 
known that these phytohormones act as primary signals in the 
regulation of plant responses to biotic stress (Santino et al., 2013). 
After infection with B. cinerea, JA content increased in both WT 
and mutant plants (Figure 3D), which is not surprising because 
an increase in the levels of this hormone has long been described 
in response to necrotrophic pathogen infection (Penninckx et al., 
1996) and herbivore damage (Reymond et al., 2000). However, 
after 24 and 48 hpi, the JA levels were significantly higher in the 
mutant than in the WT (Figure 3D), and this differential increase 
correlated with a stronger up-regulation of some defense genes 
such as plant defensin 1.2 (PDF1.2) and the pathogenesis related 
protein 4 (PR4) in the infected ugt80A;2B mutant compared 
to WT (Figures 3A, B). These two genes are markers of the 
ERF branch of the JA signaling pathway that is activated upon 
necrotrophic pathogen attack (Santino et al., 2013), suggesting 
that this branch of the downstream JA signaling is activated in 
the ugt80A;2B mutant after Botrytis infection. Interestingly, 
the expression of ACS6 increased about twofold and fourfold, 
respectively, in WT and ugt80A2;B1 mutant plants 48 h after 
fungus infection (Figure S1), which agrees with its previously 
reported induction by B. cinerea infection (Han et al., 2010; Li 
et al., 2012). ACS6 is one of the nine members of the Arabidopsis 
gene family encoding 1-amino-cyclopropane-1-carboxylic acid 
synthase, the rate-limiting enzyme in ethylene biosynthesis 
(Wang et al., 2002), a hormone that acts synergistically with JA 
on the expression of the ERF branch signaling pathway upon 
infection by necrotrophic pathogens (Pieterse et al., 2012). On 
the contrary, the JA signaling branch regulated by the MYC2 
transcription factor, which has been reported to have a specific 
role in response to insect attack (Santino et al., 2013), was not 
activated after Botrytis infection neither in the WT nor in the 
mutant plants because no significant changes were observed 
in the expression of the MYC-branch marker gene vegetative 
storage protein 2 (VSP2) (Figure 3C). This is in accordance with 
the absence of changes observed after fungus infection in the 

expression of NCED3, one of the major genes encoding 9-cis-
epoxycarotenoid dioxygenase, a key enzyme in the biosynthesis 
of ABA (Leng et al., 2014), and RAB18, an ABA-responsive gene, 
either in the WT or the ugt80A2;B1 mutant plants (Figure S2), 
because ABA has been reported to act synergistically with JA on 
the expression of the MYC branch upon wounding or herbivory 
attack (Anderson et al., 2004). Similarly, the levels of SA, a 
hormone that usually interacts antagonistically with JA (Pieterse 
et al., 2012), and the expression of the NPR1 gene coding for 
a key transcriptional activator of the SA-dependent immune 
response (Pieterse et al., 2012) remained unaltered in infected 
and noninfected WT and mutant plants (Figures S3A, B). The 
expression of PR1, a marker gene of SA response (Pieterse et al., 
2012), increased about 10-fold either in WT or mutant plants 
upon Botrytis infection (Figure S3C). This agrees with the results 
of Govrin and Levine (2002) indicating that PR1 induction by B. 
cinerea can be independent of SA. These results indicate that the 
SA signaling pathway is not involved in the response to B. cinerea 
either in the WT or in the mutant plants. All these observations 
indicate that depletion of glycosylated sterols content in the 
Arabidopsis ugt80A2;B1 mutant leads to an enhancement 
of Botrytis-induced JA levels that specifically activate the JA 
signaling pathway regulated by the ERF family of transcription 
factors. This finding further reinforces the hypothesis that 
changes in the relative proportions of sterols are perceived by 
plants as a stress signal that activates different hormone-related 
defensive responses in a sterol profile-dependent manner (Wang 
et al., 2012; Singh et al., 2015; Manzano et al., 2016).

The intricate immune response network evolved by plants 
to protect themselves against pathogens includes also the 
biosynthesis of different types of secondary metabolites 
that serve as defense compounds, such as phytoalexins and 
glucosinolates. Camalexin, a tryptophan-derived compound 
(Figure 4), is the major phytoalexin of A. thaliana (Glawischnig, 
2007). Interestingly, camalexin content was enhanced by B. 
cinerea infection in both WT and ugt80A2;B1 mutant plants 
(Figure 5A), but their levels were significantly higher in the 
mutant than in the WT plants (Figure 5A), suggesting a role 
of this phytoalexin in the resistance to the fungus observed 
in the mutant. A positive role of camalexin in plant resistance 
against pathogens, including several necrotrophic fungi, has 
previously been demonstrated by genetic approaches (Lemarié 
et al., 2015). Mutants with reduced camalexin levels show 
increased susceptibility to B. cinerea, while its accumulation 
has been correlated with resistance to the fungus (Ferrari et al., 
2003; Kliebenstein et al., 2005; Ferrari et al., 2007; Van Baarlen 
et al., 2007). Because the secondary metabolites are derived 
from primary metabolic pathways, their biosynthesis should be 
temporally and spatially coordinated to maintain normal growth 
and plant development. Thus, the accumulation of camalexin in 
the proximity of the lesions induced by Botrytis is associated to 
a strong induction of tryptophan and camalexin biosynthetic 
genes in the same tissues (Schuhegger et al., 2006; Schuhegger 
et al., 2007). According to these observations, the increase in 
camalexin levels observed at 48 hpi (Figure 5A) correlates with 
significantly higher transcript levels of a set of cytochrome P450 
genes encoding key enzymes of the camalexin biosynthetic 
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pathway, such as CYP79B2, CYP71A13, and CYP71B15 (PAD3) 
(Figures 5B–D), and the WRKY33 and ANAC042 genes coding 
for transcriptional activators of camalexin biosynthesis (Figures 
7B, C), being all these responses significantly more intense in the 
ugt80A;2B1 mutant than in WT plants (Figures 5 and 7). It has 
been reported that WRKY33 binds to the promoters of CYP71B15 
and CYP71A13 to induce camalexin biosynthesis (Petersen et al., 
2008) during the early stages of pathogen infection (Birkenbihl 
et al., 2012), while upon induction of camalexin biosynthesis by 
treatment with AgNO3, the time course of ANAC042 expression 
parallels that of the biosynthetic genes CYP79B2, CYP71A12, and 
CYP71B15 (Saga et al., 2012). These observations indicate that 
camalexin biosynthesis induction in Arabidopsis leaves infected 
with B. cinerea is coordinately controlled at the transcriptional 
level similarly to what has been described in Arabidopsis roots 
treated with Flg22, where induction of camalexin biosynthesis 
was associated with the transcriptional induction of the PAD3, 
CYP71A12, and CYP71A13 biosynthetic genes (Millet et al., 2010). 
Moreover, these results support the hypothesis that the enhanced 
camalexin accumulation in the ugt80A2;B1 mutant infected with 
B. cinerea is due to a higher transcriptional up-regulation of its 
biosynthetic pathway compared to WT plants. Interestingly, 
ANAC042, CYP79B2, CYP71A12, and CYP71B15 genes have 
been previously included in a coexpression module closely 
related with another module comprising, among others, MYB51 
(Saga et al., 2012), a gene reported to encode a positive regulator 
of both camalexin and IG biosynthesis whose expression is 
induced by B. cinerea infection (Frerigmann et  al., 2015). Our 
results support these observations because the expression profile 
of MYB51 (Figure 7A) was similar to that of ANAC042 (Figure 
7B), which, as mentioned above, correlated with that of some 
camalexin biosynthetic genes (Figure 5).

Indole glucosinolates are small secondary metabolites involved 
in plant immunity (Bednarek et al., 2009; Clay et al., 2009) 
that share with camalexin the initial step of their biosynthetic 
pathways, the conversion of tryptophan to IAOx catalyzed 
by CYP79B2 (Figure 4). MYB51, together with MYB122 and 
MYB34, regulates the IG biosynthesis in A. thaliana (Celenza 
et al., 2005; Gigolashvili et al., 2007), although the contribution 
of each MYB factor to IG production is different in shoots and 
roots, being MYB51 the main regulator in shoots (Frerigmann 
and Gigolashvili, 2014). In Arabidopsis WT and ugt80A2;B1 
mutant plants, the expression of MYB51 increased after Botrytis 
infection, and its transcript levels were significantly higher in the 
mutant (Figure 7A). A similar expression pattern was observed 
for the genes involved in IG (CYP83B1, UGT74B1, and CYP81F2) 
(Figure 6) and camalexin biosynthesis (CYP79B2, CYP71A13, 
and CYP71B15) (Figures 5B–D), which supports a role of 
MYB51 as a transcriptional regulator of the pathways leading to 
the synthesis of these kinds of defense compounds. In the case 
of camalexin biosynthesis, MYB51 would act in concert with 
WRKY33 and ANAC042 to activate the entire pathway because 
it is known that MYB51 induces the expression of CYP79B2 but 
not that of the downstream biosynthetic genes (Frerigmann et al., 
2015), which as stated above would be activated by WRKY33 
and ANAC042. Our results indicate that B. cinerea infection 
activates the expression of different Arabidopsis transcription 

factors (MYB51, WRKY33, and ANAC042) to enable camalexin 
biosynthesis. The higher expression of the genes coding for these 
transcriptional activators and the resulting higher accumulation 
of camalexin in the ugt80A2;B1 mutant compared to WT plants 
could be the reason of its resistance phenotype. Because the 
expression of the genes involved in the IG biosynthesis is also 
up-regulated in the infected mutant, it is reasonable to speculate 
that these compounds play also a role in this defense response. 
It is worth to mention that MYB51 is inducible by the ERF1 
branch of the JA signaling pathway (Millet et al., 2010) whereas 
glucosinolate levels are reduced when the JA signaling is blocked 
(Mikkelsen et al., 2003; Mewis et al., 2005; Li et al., 2006). This, 
together with the fact that WRKY33 and ANAC042, can be 
regulated by JA (De Geyter et al., 2012) suggests that the different 
signaling pathways leading to the resistance phenotype against 
B. cinerea observed in the ugt80A2;B1 mutant might be activated 
by the increased JA levels detected in the mutant after infection 
with the fungus, compared to the WT (Figure 3D).

Alkylglucosinolates are a class of glucosinolates synthesized 
from methionine that are biosynthetically related with IGs because 
they share the common metabolic intermediate thiohydroxymate 
(Figure 4). In fact, a crosstalk between both pathways has been 
reported. For instance, a cyp83a1 mutant produces lower levels of 
AG, but accumulates higher levels of IG than the corresponding 
WT (Hemm et al., 2003; Naur et al., 2003; Sønderby et al., 
2010). However, in our experimental conditions, this kind 
of interaction does not seem to occur since, in contrast to the 
changes observed in the expression of the genes coding for the 
IG biosynthetic enzymes and the corresponding transcriptional 
activators (Figures 6 and 7), no changes were detected between 
ugt80A2;B1 mutant and WT plants infected or not with B. cinerea 
either in the expression of the BCAT4, CYP79F1, CYP83A1, and 
UGT74C1 genes involved in AG biosynthesis (Figures S5A–D) 
or in the transcript levels of the genes coding for the transcription 
factors MYB28 and MYB29 reportedly involved in controlling 
the AG biosynthetic pathway in response to biotic and abiotic 
stress (Hirai et al., 2007; Sønderby et al., 2010) (Figures S5E, F). 
These results are in agreement with those obtained by Ferrari 
et al. (2007) in a full-genome expression analysis of Arabidopsis 
plants treated with B. cinerea, where the genes encoding enzymes 
involved in the biosynthesis of Trp and indole compounds were 
up-regulated, whereas most genes encoding enzymes involved 
in the biosynthesis of AG, like CYP79F1, REF2, and UGT74C1 
(Hansen et al., 2001; Hemm et al., 2003; Gachon et al., 2005), 
were repressed or not significantly affected.

In conclusion, the results of this work show that an Arabidopsis 
ugt80A2;B1 mutant is more resistant to the infection by the 
necrotrophic fungus B. cinerea than the corresponding WT plants. 
This effective response against B. cinerea seems to be mediated by 
the enhanced levels of some defense secondary metabolites, such 
as camalexin and probably also IG, in the ugt80A2;B1 mutant 
compared to the WT. The biosynthesis of these compounds is 
regulated by a set of transcription factors that can be activated 
by the high levels of JA present in the mutant, which in turn 
would induce the expression of some defense genes, like PDF1.2 
and PR4. However, the upstream mechanisms that trigger this 
response, including the membrane localized signal transduction 
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steps, remain elusive. Steryl glycosides are enriched in the plasma 
membrane lipid rafts or DRM, which control dynamic protein 
interactions in a specific sterol-lipid environment (Zauber et al., 
2014). The biological function of these microdomains has been 
linked to signaling and transport, since proteomic analysis have 
identified several proteins involved in these processes in the DRM 
(Shahollari and Berghöfer, 2004; Kierszniowska et al., 2009). Thus, 
it might be hypothesized that an altered composition of glycosylated 
sterols in the membrane rafts might affect their structure and 
function, resulting in an indirect differential modulation of some 
signaling pathways, such as those described in this work. The 
identification of some immunity-related proteins whose levels are 
increased in the DRM of the ugt80A2;B1 mutant (Zauber et al., 
2014) would support this hypothesis. These proteins include 
PERK1, a membrane receptor-like kinase involved in the general 
perception and response to wounding and/or pathogen stimulus 
(Silva and Goring, 2002); PLC2 (phospholipase C2), a protein that 
plays a role in MAMP-triggered immunity by modulating ROS 
production (D’Ambrosio et al., 2017); and AtRBOHD, a protein 
required for ROS production induced by DAMPs and pathogen 
attack (Liu and He, 2016). An alternative possibility is that the 
resistance phenotype observed in the ugt80A2;B1 mutant could 
be due to a defect in a signaling role mediated directly by SGs, as 
described for the pleiotropic developmental phenotypes observed 
in different sterol biosynthesis mutants (Schrick et al., 2000; 
Schrick et al., 2002; He et al., 2003). The dissection of the activated 
transduction pathways and the identification of their different 
components will provide further insights about the mechanism 
of action by which glycosylated sterols may modulate the plant 
defense response against pathogen attack.
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Seed germination is a complex trait determined by the interaction of hormonal, metabolic, 
genetic, and environmental components. Variability of this trait in crops has a big impact 
on seedling establishment and yield in the field. Classical studies of this trait in crops have 
focused mainly on the analyses of one level of regulation in the cascade of events leading 
to seed germination. We have carried out an integrative and extensive approach to deepen 
our understanding of seed germination in Brassica napus by generating transcriptomic, 
metabolic, and hormonal data at different stages upon seed imbibition. Deep phenotyping 
of different seed germination-associated traits in six winter-type B. napus accessions 
has revealed that seed germination kinetics, in particular seed germination speed, are 
major contributors to the variability of this trait. Metabolic profiling of these accessions 
has allowed us to describe a common pattern of metabolic change and to identify the 
levels of malate and aspartate metabolites as putative metabolic markers to estimate 
germination performance. Additionally, analysis of seed content of different hormones 
suggests that hormonal balance between ABA, GA, and IAA at crucial time points 
during this process might underlie seed germination differences in these accessions. In 
this study, we have also defined the major transcriptome changes accompanying the 
germination process in B. napus. Furthermore, we have observed that earlier activation 
of key germination regulatory genes seems to generate the differences in germination 
speed observed between accessions in B. napus. Finally, we have found that protein–
protein interactions between some of these key regulator are conserved in B. napus, 
suggesting a shared regulatory network with other plant species. Altogether, our results 
provide a comprehensive and detailed picture of seed germination dynamics in oilseed 
rape. This new framework will be extremely valuable not only to evaluate germination 
performance of B. napus accessions but also to identify key targets for crop improvement 
in this important process.
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INTRODUCTION

A plant´s life cycle starts with seed germination, a process aiming 
to produce a seedling able to grow, develop, and generate viable 
offspring. Germination is a crucial step for the establishment of 
crops in the soil and the uniformity of seedling emergence that, 
in turn, influence crop yield and quality. Seed germination is a 
complex trait influenced by different intrinsic (physiological and 
hormonal state of the seed) and external factors (environmental 
conditions during seed development, germination, and early 
seedling growth) as well as harvest and posterior storage (Basnet 
et al., 2015; Finch-Savage and Bassel, 2016). Thus, continuous 
interaction between environment and genotype allows seeds to 
germinate when conditions are suitable for plant growth (Kendall 
et al., 2011; Penfield and MacGregor, 2017). In crops, this trait 
seems to be controlled by several genes adding complexity to 
its study and their application in biotechnological and breeding 
programs. Moreover, seed germination encompasses a wide 
number of metabolic, hormonal, and molecular events aimed 
to timely produce the emergence of the embryo radicle through 
the surrounding seed tissues (Bewley, 1997; Holdsworth et al., 
2008a). Therefore, improving germination in crops will require 
integrative approaches, combining a wide variety of global 
analyses (metabolic, molecular, and genomic analyses) with an 
array of computational methods.

Oilseed rape (OSR) is one of the world’s most important 
sources of high-quality vegetable oils for human nutrition and 
vegetable protein diets for livestock (Paterson et al., 2001). Brassica 
napus productivity is being challenged by variable environmental 
conditions that affect the reliability of seed germination in the 
field. Germination is a crucial trait in OSR production because 
seedlings must quickly attain self-sufficiency to survive. Previous 
studies in B. napus, focused mainly on the phenotypic and genetic 
aspects of germination traits, demonstrated that B. napus seed 
germination has substantial potential for improvement (Hatzig 
et al., 2015a). In this context, important efforts have been made 
to characterize the basic mechanisms regulating this trait using 
omic approaches, such as proteomics (Gu et al., 2016), hormonal 
profiling (Nguyen et al., 2016), oil content profiling (Ding et al., 
2019), transcriptomics (Luo et al., 2019), and combination of 
microarray and proteomic data (Kubala et al., 2015). All these 
studies have been very useful to uncover some new regulatory 
mechanisms as well as to identify common mechanisms with 
other plant species. Nevertheless, an integration of all these 
data to provide a reliable framework to study and improve 
germination in this crop is still missing.

B. napus is closely related to the model crucifer Arabidopsis 
thaliana, and more than 86% of the protein coding sequences are 
conserved between them (Cavell et al., 1998). Most studies have 
taken advantage of the genetic and physiological proximity of both 
species to provide valuable guidance to analyze seed germination 
response in B. napus (Zhang et al., 2004). Nevertheless, there are 
clear differences between both species regarding seed size, seed 
composition, and seed dormancy. Moreover, Arabidopsis has not 
been subjected to the selection pressures of crop domestication, 
and therefore its seeds have not been challenged to perform in 
an agricultural context (Li et al., 2005; Finch-Savage and Bassel, 

2016). Thus, it is expected that the mechanisms underlying the 
control of germination in this crop could be more complex and/
or different to those found in Arabidopsis.

Seed germination begins with water uptake by the quiescent 
seed (imbibition) and ends with the elongation of the embryonic 
axis inside the seed. Seed imbibition triggers the reactivation 
of various metabolic, physiological, and biochemical processes 
necessary for the seed-to-seedling transition, such as resumption 
of respiratory activity, acquisition of energy, activation of repair 
mechanisms, protein biosynthesis from stored and newly 
synthesized mRNA, and reserve mobilization. Accordingly, initial 
catabolism of stored reserves of protein, oil, or starch accumulated 
during seed maturation will support the changes related with cell 
expansion, chloroplast development, and root growth that have to 
take place during this transition from heterotrophic to autotrophic 
nutrition (Holdsworth et al., 2008b; Rajjou et al., 2012). Many 
of these events are triggered and controlled by integration 
of environmental signals by hormones, mainly abscisic acid 
(ABA) and gibberellins (GAs), with antagonistic effects on the 
germination process (Shu et al., 2016). Environmental signals that 
are favorable or unfavorable for seed germination are associated 
with high GA/ABA or ABA/GA ratios, respectively. There is 
also a clear crosstalk between ABA and GAs since mutants with 
decreased or increased ABA content have altered expression of 
GA biosynthetic genes (Seo et al., 2006). An increased number 
of regulatory loci, additional hormones, and metabolic pathways 
have been identified as important for the germination process, 
and some of these components have been shown to work similarly 
in several plant species (Holdsworth et al., 2008a; Linkies et al., 
2009; Morris et al., 2011; Rajjou et al., 2012; Shu et al., 2016). For 
instance, the role of ABA in regulating dormancy and germination 
through ABI3 and ABI5 (Graeber et al., 2010) and the function of 
GAs, PIL5, and DELLA proteins (Bassel et al., 2008; Davière and 
Achard, 2016; Zhou et al., 2017) are well established. However, 
to our knowledge, other important regulators discovered more 
recently, such as HFR1, NF-YC9, or NAC25, have not been 
investigated in the context of seed germination in plant species 
other than Arabidopsis (Shi et al., 2013; Liu et al., 2016; Ravindran 
et al., 2017; Sánchez-Montesino et al., 2019). Although all of 
these mechanisms would presumably be conserved in B. napus, 
differences in some of the regulatory aspects are expected to be 
different in the polyploid context of the crop genome. Other levels 
of regulation have also been shown to control germination in 
plants. Several studies have described global changes in mRNA 
populations during seed germination (Nakabayashi et al., 2005; 
Narsai et al., 2011; Narsai et al., 2017; Luo et al., 2019), adding 
the interaction of complex gene regulatory networks to the 
underlying mechanisms regulating this process. All these events 
have to be coordinated, temporally regulated, and integrated 
with environmental signals to accomplish a successful seedling 
establishment. Thus, combined metabolomic and transcriptomic 
approaches to integrate global transcriptional networks with 
metabolic and hormonal interactions are required to decipher 
this complex coordination.

For that reason, we have decided to build a framework to 
study seed germination traits in B. napus. We have used an 
integrative approach encompassing all of these different analyses 
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based on data from six winter-type accessions (Hatzig et al., 
2015). Accessions selected by their distinct germination rates 
were used to quantify hormones, metabolites, and RNA species 
at different stages upon seed imbibition. The robustness of the 
traits was confirmed by using seeds from glasshouse-grown 
plants to perform similar germination and seed trait assays. In 
silico analyses of all of these data sets together with quantitative 
expression analysis and protein–protein interaction assays have 
allowed us the identification of gene regulatory and hormonal 
networks as well as key genes that may explain the differences 
observed in germination traits between B. napus accessions. The 
germination framework reported here would be useful to define 
and evaluate targets that may be suitable for improvement of 
germination in OSR crops.

MATERIALS AND METHODS

Plant Material and Growth Conditions
A total of six B. napus winter OSR five oil types and one fodder 
type) varieties showing contrasting vigor performance in previous 
experiments were used: C129, C032, C033, C166, C124, and C110 
(Hatzig et al., 2015a). B. napus seeds were sown in MS (Murashige 
and Skoog) plates supplied with 1% sucrose. Plates were incubated 
in a germination chamber at 22ºC with 16-h light/8-h darkness 
photoperiod for 7 days before transferring seedlings to soil 
pots (3:1 peat-vermiculite fertilized with NPK 25-9-10 every 15 
days). Soil pots were kept in a glasshouse with the same light and 
temperature regimes for 1 month, moved to a vernalization module 
(4–6ºC) for 2 months, and transferred to bigger soil pots (25 cm 
∅) fertilized with NPKS 15-15-15-25 before moving them back to 
the glasshouse. Seeds were harvested from individual plants when 
siliques turned brown and stored in a dry and cold environment. 
For germination kinetics measurements (except Figures 1A, B), 
metabolic and hormone profile analyses, and RNAseq analyses, 
seeds were produced by controlled self-pollination in Asendorf, 
Germany, in field trials.

Germination Assays and Seed 
Measurements
For germination kinetics measurements and metabolomic and 
hormone profile analyses, at least three biological replicates (50 or 
more seeds per replicate) were imbibed on moistened filter paper 
in Jacobsen germination vessels filled with 50 ml distilled water 
and germinated in a growth chamber at a constant temperature 
of 20°C and with a relative humidity between 50 and 75% in the 
dark. Material was collected, frozen, and ground up for further 
molecular analyses. For hormone profile analyses, the three 
biological replicates were pooled before measurements. Pictures 
were taken before material collection at time 0 (dry seeds), 2 h, 
12 h, 36 h, and 72 h after imbibition to measure seed germination. 
Significant differences in germination performance among the 
varieties were confirmed by one-way and two-way ANOVA and 
Student’s t-test. Four biological replicates of 15 seeds (Figure 1B) 
and three biological replicates of 25 seeds of each accession were 
used for germination kinetics and qPCR analysis (Figure  8), 

respectively. All seeds were sown in 0.6% agarose plates and 
incubated in a germination chamber at 22ºC, with 16-h light/8-h 
darkness photoperiod. Germination was scored as radicle 
emergence through the endosperm and testa at different times 
after sowing. Significant differences in germination performance 
among the varieties were confirmed by one-way ANOVA and 
Student’s t-test.

Monitoring of seed imbibition, germination, and early radicle 
growth was conducted under in vitro conditions using the 
automated phenotyping platform of the variety control office 
of the French national seed testing agency (Station Nationale 
d’Essais de Semences, Groupe d’Etude et de contrôle des Variétés 
et des Semences—GEVES, Angers, France). The phenotyping 
platform is described in detail by Ducournau et al. (2004, 2005) 
and Wagner et al. (2011). Image acquisition, image analysis, and 
data analysis methods are described in detail by Demilly et al. 
(2014). The following parameters were determined: Volume 
increase within first 8 h (VI; in %), imbibition speed during first 
4 h after initiation of imbibition (IS; in mm3/h), total germination 
rate within 72 h after initiation of imbibition (GR72; in %), first 
germination time (FG; in h), mean germination time (MGT; 
in h), radicle elongation speed (ES; in mm/h), time to reach 50% 
of germination (T50; in h), and germination rate within 36 h 
after initiation of imbibition (GR36; in %) (Hatzig et al., 2015a). 
Additionally, thousand seed weight (TSW; in g) was measured 
before germination monitoring. In total, 100 seeds per genotype 
were analyzed in four replicates (25 seeds per replicate). For 
seed length, seed volume, and seed area shown (Supplemental 
Figures  1B, D), three replicates of 100 seeds each from three 
different plants were measured. Seed images were processed using 
ImageJ (FIJI). Seed volume and area were inferred from the seed 
area, assuming seeds as spheres. Thousand seed weight (TSW) 
was determined by counting and weighting three replicates of 
100 seeds each from three different plants.

Metabolite Profiling
Metabolite analysis was performed on a Waters Acquity 
UltraPerformance Liquid Chromatography machine with diode 
array detection (Waters ACQUITY UPLC-DAD) using methods 
and software described in the Waters Corporation user manual. 
The manual was adapted for OSR tissue (Albert et al., 2012; 
Deleu et al., 2013). The AccQtag method was used to quantify 
amino acids, and the integration software Empower (Waters 
Corporation, Milford, USA) was used for analysis. Samples 
were resuspended in 100 ml distilled water. Subsequently, 5 ml 
were derivatized using AccQTag Ultra Derivatization Kit, 
according to the manufacturer’s recommendations. An external 
standard of 100 mmol/L of each amino acid was run every 
10 samples. Quantification of sugars was performed using a Gas 
Chromatography-Flame Ionization Detector (GC-FID) System 
from Agilent Technologies (Santa Clara, CA, USA) according to 
(Lugan et al., 2009). The integrated Agilent software ChemStation 
Rev.B.04.02 was used for data analysis. Samples were resuspended 
in 50 ml pyridine (100%) with methoxamine hydrochloride 
(240 mmol/L), then derivatized with 50 ml MSTFA (N-methyl-
N-(trimethylsilyl)trifluoro acetamide) (100%). An external 
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standard containing 400 mmol/L of each sugar, sugar alcohol, 
and organic acid was run every 10 samples.

Hormone Profiling
Chemicals and Calibration Curves
A number of compounds, namely, DPA, ABA-GE, PA, 7’- 
OH-ABA, neoPA, trans-ABA, and IAA-Glu were synthesized and 

prepared at the National Research Council of Canada, Saskatoon, 
SK, Canada; ABA, IAA-Leu, IAA-Ala, IAA-Asp, IAA, Z, ZR, iPR, 
and iP were purchased from Sigma–Aldrich; dhZ and dhZR were 
purchased from Olchemim Ltd. (Olomouc, Czech Republic); and 
GAs 1, 3, 4, 7, 8, 9, 19, 20, 24, 29, 44, and 53 were purchased from 
the Research School of Chemistry, Australian National University 
(Canberra, AU). Deuterated forms of the hormones that were 
used as internal standards include d3-DPA, d5-ABA-GE, d3-PA, 

FIGURE 1 | B. napus winter accessions show variability on seed germination kinetics. (A) WOSR accessions show significant differences in germination speed. 
Although most accessions started to germinate, defined as the radicle breaking through the testa, at 12 hai, main differences arise at T50 (required time to reach 
50% of germination) with values that differ from 27 to 42 hai. The graph represents germination rates obtained for WOSR accessions C166, C129, C124, C033, 
and C032 for each time point tested (2, 12, 36, and 72 hai). (B) WOS accessions seeds with representative germination rates (high, medium, or low; C129, C033, 
and C032, respectively) were photographed during the time course to show visual differences in germination stages: seed imbibition (12 h), radicle breaking through 
the testa (24 h), radicle growth and cotyledon expansion (36 h), emerged seedling (48 h), and green seedling (72 h). Mean germination rates for each time point are 
written at the top right corner of each picture. (C) Dendrogram plot of WOSR accessions groups them in three clusters according to their germination kinetics. We 
used hierarchical clustering where Y-axes represent similarity based on Pearson correlation coefficients. (D) Biplot of principal component analysis (PCA) based on 
seed and germination traits shows that major contributors to variability in WOSR accessions (labeled in bold black) are seed germination kinetic parameters (blue 
boxes), whereas seed and seed imbibition traits show less contribution. Values were obtained from the GEVES automated phenotyping platform and measured for 
the C166, C129, C124, C110, C033, and C032 WOSR accessions. All traits are labeled in blue. All data were obtained using four biological replicates (25 seeds 
per replicate). For complete value data set, see Supplementary Table S1. GR, germination rate at 72 h; GR36, germination rate at 36 h; MGT, mean germination 
time; T10 to T70, time to reach 10% to 70% GR, respectively; FG, first germination time; ES, root elongation speed; MC, moisture content; IS, imbibition speed; 
VI, volume increase; CF, chlorophyll fluorescence; TSW, 10,000 seed weight; Lt0, seed length at time 0; Vt0, seed volume at time 0.
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d4-7’-OH-ABA, d3-neoPA, d4-ABA, d4-trans-ABA, d3-IAA-
Leu, d3-IAA-Ala, d3-IAA-Asp, and d3-IAA-Glu were synthesized 
and prepared at NRCC SK according to Lulsdorf et al. (2013) and 
Zaharia et al. (2005); d5-IAA was purchased from Cambridge 
Isotope Laboratories (Andover, MA); d3-dhZ, d3-dhZR, d5-Z-
O-Glu, d6-iPR, and d6-iP were purchased from Olchemim Ltd.; 
and d2-GAs 1, 3, 4, 7, 8, 9, 19, 20, 24, 29, 34, 44, 51, and 53 were 
purchased from the Research School of Chemistry, Australian 
National University. Calibration curves were created for all 
compounds of interest. Quality control samples (QCs) were 
run along with the tissue samples. Analysis was performed on a 
UPLC/ESI-MS/MS utilizing a Waters ACQUITY UPLC system, 
equipped with a binary solvent delivery manager and a sample 
manager coupled to a Waters Micromass Quattro Premier XE 
quadrupole tandem mass spectrometer via a Z-spray interface. 
MassLynx™ and QuanLynx™ (Micromass, Manchester, UK) were 
used for data acquisition and data analysis.

Extraction and Purification
An aliquot (100 µl) containing all the internal standards, 
each  at  a concentration of 0.2 ng µl-1, was added to 
homogenized sample (approximately 50 mg). Three milliliters of 
isopropanol:water:glacial acetic acid (80:19:1, v/v/v) were further 
added, and the samples were agitated in the dark for 14–16 h 
at 4ºC. Samples were then centrifuged, and the supernatant 
was isolated and dried on a Büchi Syncore Polyvap (Büchi, 
Switzerland). Furthermore, they were reconstituted in 100 µl 
acidified methanol, adjusted to 1 ml with acidified water, and then 
partitioned against 2 ml hexane. After 30 min, the aqueous layer 
was isolated and dried as above. Dry samples were reconstituted 
in 800 µl acidified methanol and adjusted to 1 ml with acidified 
water. The reconstituted samples were passed through equilibrated 
Sep-Pak C18 cartridges (Waters, Mississauga, ON, Canada), the 
final eluate was split in two equal portions. One portion (#1) was 
dried completely (and stored), whereas the other portion was 
dried down to the aqueous phase on a LABCONCO centrivap 
concentrator (Labconco Corporation, Kansas City, MO, USA). 
The second portion was partitioned against ethyl acetate (2 ml) 
and further purified using an Oasis WAX cartridge (Waters, 
Mississauga, ON, Canada). The GA-enriched fraction (#2) was 
eluted with 2 ml acetonitrile:water (80:20, v/v) and then dried on 
a centrivap as described above. An internal standard blank was 
prepared with 100 µl of the deuterated internal standards mixture. 
A quality control standard (QC) was prepared by adding 100 µl 
of a mixture containing all of the analytes of interest, each at a 
concentration of 0.2 ng µl-1, to 100 µl of the internal standard mix. 
Finally, fractions #1 and #2, blanks, and QCs were reconstituted 
in a solution of 40% methanol (v/v), containing 0.5% acetic acid 
and 0.1 ng µl-1 of each of the recovery standards.

Hormone Quantification by HPLC- 
ESI-MS/MS
The procedure for quantification of ABA and ABA catabolites, 
cytokinin, auxin, and gibberellins in plant tissue was performed 
as described in detail in Lulsdorf et al. (2013). Samples were 
injected onto an ACQUITY UPLC® HSS C18 SB column 

(2.1 × 100 mm, 1.8 µm) with an in-line filter and separated by a 
gradient elution of water containing 0.02% formic acid against an 
increasing percentage of a mixture of acetonitrile and methanol 
(50:50, v/v).

Briefly, the analysis utilizes the Multiple Reaction Monitoring 
(MRM) function of the MassLynx v4.1 (Waters Inc.) control 
software. The resulting chromatographic traces are quantified 
off-line by the QuanLynx v4.1 software (Waters Inc.) wherein 
each trace is integrated and the resulting ratio of signals 
(nondeuterated/internal standard) is compared with a previously 
constructed calibration curve to yield the amount of analyte 
present (ng per sample). Calibration curves were generated from 
the MRM signals obtained from standard solutions based on the 
ratio of the chromatographic peak area for each analyte to that of 
the corresponding internal standard, as described by Ross et al. 
(2004). The QC samples, internal standard blanks, and solvent 
blanks were also prepared and analyzed along each batch of 
tissue samples.

RNA Extraction, Library Construction, 
and Sequencing
The total RNA was extracted using the Nucleospin miRNA kit 
(Mecherey-Nagel, Düren, Germany). The protocol dedicated to 
the isolation of total RNA was used. RNA quality was assessed 
using the QIAxcel capillary electrophoresis (Qiagen, Hilden, 
Germany), and the concentration was measured using the Qubit 
2.0 fluorometer (Life Technologies, Surrey, UK). Samples were 
stored at -80°C. For high-quality RNA extraction, three biological 
replicates (30 seeds each) were collected and pooled for each time 
point. cDNA libraries were constructed using the TruSeqnRNA 
Sample Prep Kit v2 (Illumina) and were sequenced on the Illumina 
HiSeq2000 platform at LGC Genomics (Berlin, Germany) with 
100-bp paired-end sequencing. The TRUSEQ PE Cluster Kit v3 
and the TruSeq SBS Kit v3 were used, respectively, for cluster 
generation and for sequencing. The RNAseq data reported in this 
article have been deposited in the public functional genomics data 
repository GEO (accession number GSE137230, https://www.
ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE137230).

Sequencing Data Analysis
Reads obtained from the sequencers were filtered to remove 
adapters. Reads were mapped to the reference genome (Genome 
assembly, AST_PRJEB5043_v1, Chalhoub et al., 2014) using 
HISAT. Assembly and quantification of transcripts in each sample 
were performed using StringTie. From all sets of probes obtained 
from each WOSR variety, we selected all probes that were seen 
in at least one time point (74,019 coding genes remained out 
of 101,040). Differentially expressed genes lists were obtained 
by pairwise comparison of all transcripts across samples and 
conditions [cutoff -1 > log2 fold change (FC) > 1]. For pipeline 
details, see Pertea et al., 2016.

RNA Isolation and qRT-PCR
Ground tissue from 25 seeds was used for RNA isolation for each 
replicate (three biological replicates were used for each time 
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point and accession). RNA extraction from seeds was carried 
out as described previously (protocol 2 in Oñate-Sánchez and 
Vicente-Carbajosa, 2008) with some modifications as described 
in Sánchez-Montesino et al. (2019). Total RNA samples were 
treated with DNase enzyme according to manufacturer’s 
protocol. Two micrograms of RNA were used for first-strand 
cDNA synthesis as described by Rueda-Romero et al. (2012) 
but using a mix of oligonucleotide dT (2.5 µM) and random 
hexamers (20 µM) as primers. Real-time qPCR conditions have 
been previously described (Rombolá-Caldentey et al., 2014) 
with the following modifications: i) annealing and extension 
temperature was 50°C; ii) expression values were normalized 
with those of 18S rRNA; iii) the 5x PyroTaq EvaGreen qPCR 
Mix Plus (Cultek Molecular Bioline) was used. Primers used for 
amplification of specific B. napus are listed in Supplementary 
Table 3.

Protein–Protein Interaction Analyses
Specific full-length B. napus gene coding sequences (CDS) were 
amplified by two-step nested PCR as described in Castrillo et al. 
(2011). Primer sequences are listed in Supplementary Table 
S3. PCR products were subjected to electrophoresis, purified 
using the Geneclean Turbo Kit (MP Biomedicals) and cloned 
into a pDONR207 donor plasmid by a BP reaction (Invitrogen). 
CDSs in donor plasmids were transferred to the pGBKT7(GW) 
or pGADT7(GW) plasmids by an LR reaction (Invitrogen) to 
generate N-terminal translational fusions with the GAL4BD or 
GAL4AD CDSs, respectively, as specified in the text and figure 
legends. Integrity and quality of every construct were checked by 
sequencing. Constructs were introduced into the Saccharomyces 
cerevisiae pJ694a or YM4271A strains as described in Sánchez-
Montesino and Oñate-Sánchez (2017, 2018). Alpha and A strains 
containing the BD or AD fusions, respectively, were used to 
interrogate for protein–protein interactions in a yeast two-hybrid 
system as described in Sánchez-Montesino and Oñate-Sánchez 
(2017, 2018).

Statistics and Data Analysis
Hierarchical clustering was performed using the germination 
data shown in Figure 1A by the R software package with the 
HCLUST method using Pearson correlation distance as a metric. 
Correlation matrices were calculated for seed trait data from the 
automatic phenotyping platform and for hormone profile data 
(Supplementary Table S1, Datasheet 1, 3) using R software 
and Pearson’s correlation coefficient as the statistical metric. 
To find positive and negative correlations between hormones 
and germination, the germination data shown in Figure 1 was 
added as a continuous variable together with the hormone 
levels data. Principal component analysis (PCA) was performed 
using FactoMiner and factoextra R packages. Correspondence 
analysis shown in Figure 6C was performed using COA tool 
in MeV software (Chu et al., 2008). For k-means clustering of 
differentially expressed genes, we used Fuzzy K-means algorithm 
from XLSTAT software (Addinsoft) using a fuzziness coefficient 
of 1. Gene ontology analysis was performed using SeqEnrich 
software (Becker et al., 2017). Comparison of GOs obtained for 

each cluster was performed using SEACOMPARE tool included 
in AgriGO toolkit (Du et al., 2010).

RESULTS

Seed Germination Speed Is a Key 
Contributor to Germination Variability 
in B. napus Winter Accessions
Rapid and uniform seed germination is key for seedling 
establishment and high crop yield. Variability in seed germination 
has been reported previously of B. napus, but a framework to 
analyze such differences has not yet been fully established. To 
define this framework, we performed a detailed analysis of the 
germination kinetics of six winter-type B. napus accessions 
(WOSR) selected by their variability in terms of germination. 
Germination in the selected WOSR accessions started as early as 
12 h after imbibition (hai), although the first germination event (the 
radicle breaking through the testa) was observed predominantly 
at ~24 hai (Figures 1A, B). In fact, we observed that most of the 
variability in the germination traits measured in these WOSR 
accessions arises at early time points. Thus, 50% of germination 
(T50) in these varieties was observed in a period spanning from 
27 hai (C129) to 42 hai (C032) while final GRS (GR at 72 hai, 
end of germination for WOSR) varied from 93% (C129) to 83% 
(C110) (Figure 1A). In most of the WOSR accessions, cotyledons 
were visible at 36 hai, fully developed at 48 hai, and the greening 
of cotyledons was observed at 72 hai (Figure 1B). Although 
these results define a common developmental pathway during 
germination for all of the WOSR accessions analyzed, significant 
deviations from mean GRS were observed between 24 and 48 hai 
(Figure 1A). Specifically, at 36 hai, some accessions (C129, C124, 
and C033) were reaching 70% GR, whereas other lines (C032 and 
C110) were still close to just 40% GR (Figure 1A), suggesting a 
difference between accessions in germination kinetics rather than 
in their final GRS. To find key germination traits responsible for 
this variability, we first categorized the accessions based on their 
germination kinetics by hierarchical clustering. This analysis 
separated the accessions into three clusters (Figure  1C). C129, 
C124, and C033 grouped together (Cluster 1) and corresponded 
to accessions with faster germination speed (high GR at 36 hai 
in Figure 1A), whereas C110 and C166 with an intermediated 
germination speed grouped in a different category (Cluster 
2). C032, showing the slowest germination speed (Low GR 
at 36  hai in Figures 1A, B), was the accession showing the 
greatest distance from clusters 1 and 2 and therefore constituted 
a separated group (Cluster 3). This clustering again supported 
the conclusion that the major germination trait responsible for 
WOSR variability is their germination speed. Then, we further 
characterize germination variability of these accessions using an 
automated phenotyping platform that allowed us to estimate a 
higher number of germination traits (Supplementary Table S1, 
Datasheet 1; Ducournau et al., 2004; Ducournau et al., 2005; 
Wagner et al., 2011; Demilly et al., 2014; Hatzig et al., 2015a). 
We use all of these measurements to assess the influence of 
each of these traits in the seed germination variability observed 
in the accessions by performing a PCA as well as a correlation 
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analysis. As shown in Figure 1D, accessions with fast (C129 and 
C033) and slow (C032) germination are clearly separated on the 
horizontal axis, representing the first principal component (PC1). 
Furthermore, the PC1 explained a high percentage (61.12%) of 
the observed variability in the accessions, and the variables with 
major contribution to PC1 were all germination traits related to 
kinetics, GR36 (6.74%), T20 to T70 (50.4%, altogether), and mean 
germination time (MGT; 7.07%). Accordingly, high GR36 and 
low T20–T70 were observed for C129 and C033 while high T50 
and MGT were measured for C032. Interestingly, PCA analysis 
highlighted root elongation speed (ES) as a trait with significant 
negative correlation with T50 (5.73% contribution to the PC1; 
Figure  1D and Supplementary Figure S1A). Consequently, 
accessions with higher germination speed (C129 and C033) 
showed higher ES. The second component (PC2) only explained 
15.96% of the observed variability in the samples and was mainly 
related with seed associated traits like thousand seed weight 
(TSW), seed length at time 0 (Lt0), and seed volume at time 0 
(Vt0), as well as with initial water uptake parameters like seed 
imbibition speed (IS), moisture content (MC), or seed volume 
increase (VI). Although these traits contributed to the overall 
phenotypic variation observed in the accessions used in this 
study, they were not significantly correlated with germination-
associated traits like GR36 or T50 (Supplementary Figure S1A). 
Moreover, when we directly quantified these seed parameters in 
WOSR accessions with high, medium, or low germination rates 
(C129, C033, and C032, respectively), we did not observe clear 
correlation either. For instance, although C129 produces bigger 
seeds than C032 and C033, C129 and C032 showed similar TSW 
values. Moreover, C129, C033, and C032 have different values of 
seed volume, area, and length (C129 > C032 > C033) that also do 
not correlate with their GRS (Supplementary Figures S1B–E). 
Together, all of these results suggested that phenotypic variability 
related to germination in B. napus accessions relied primarily on 
the speed of germination rather than on final GRS.

Germination is a trait that needs to be addressed at 
different levels to get an insight of the major contributors to its 
performance. For this reason, we decided to make an integrative 
study comprising metabolic, hormonal, and transcriptional 
analyses to find the most relevant biological processes underlying 
the observed seed germination variability in B. napus. Based 
on hierarchical clustering and the previous multivariate 
germination analysis, we selected C129 and C033 as accessions 
showing a high-medium germination performance and C032 as 
an accession with low germination performance to carry out all 
of these analyses.

Metabolomic Profile of Different WOSR 
Accessions During Germination Defines a 
Common Pattern of Metabolic Change in 
B. napus
B. napus seeds sustain intense desiccation by the end of their 
maturation period and retain their germination potential over long 
periods of dry storage (Roberts, 1973). To accomplish this, specific 
mechanisms maintain the state of metabolic quiescence in mature 
dry seeds to ensure that cell metabolism is activated and restarted 

during germination (Rajjou et al., 2012). Storage compounds are 
key for metabolism activation during seed imbibition and along the 
germination process to sustain early seedling growth (Weitbrecht 
et al., 2011; Nonogaki, 2014; Paszkiewicz et al., 2017).

To get a global view on the metabolic changes that occur 
during seed germination, we analyzed the sugar, polyalcohols, 
organic compounds, and amino acid content in our WOSR 
accessions at key developmental times during seed germination 
(Supplementary Table S1, Datasheet 2). Then, we used PCA in 
our panel of selected accessions to identify the main contributors 
to the variability in germination related to these metabolites. 
First, we analyzed sugars and polyalcohols, and we identified 
sucrose, raffinose, and galactinol as main carbohydrate forms 
accumulated from 0 (dry seeds) to 12 hai. These results are 
consistent with previously published sugar models in B. napus 
where it was established that as the embryo develops, sucrose 
levels increase associated with degradation and mobilization of 
the reserves accumulated during seed maturation (Hill et  al., 
2003; Schwender et al., 2003). At 36 hai, we observed that those 
sugars started to decrease and monosaccharides (fructose, 
glucose, and xylose) and polyalcohols (myo-inositol and sorbitol) 
started to accumulate similarly to other seed germination profiles 
in other plants (Howell et al., 2008; Gu et al., 2016). Interestingly, 
PCA analysis of carbohydrates evidenced a clear separation of 
accession C129 based on malate content during germination. 
Detailed examination of malate levels revealed that the rapid-
germination C129 has significantly lower levels of malate at 
all time points analyzed (Figures 2A, C). As malate is a key 
intermediate of the tricarboxylic acid (TCA) and glyoxylate 
cycle (Eastmond and Graham, 2001), we speculate that the 
better seed germination performance could be related to a more 
efficient mobilization of seed storage compounds to supply 
energy for seed germination and early seedling development. 
Second, we analyzed the amino acids levels in all accessions. 
We found a global and similar increase in all of the amino acids 
detected, accumulating during the progression of germination as 
described for seeds of other species (Fait et al., 2006) (Figure 2B). 
Interestingly, the PCA analysis highlighted a peak of aspartate at 
36 hai. In this case, C129 reached higher levels of aspartate than 
C032 and C033 (Figure 2D), which correlates with higher levels 
observed for other accessions in cluster 2 (Supplementary Table 
S1, Datasheet 2). Aspartate is, with other amino acids, part of the 
metabolites required for the TCA cycle (Weitbrecht et al., 2011), 
suggesting that higher levels of aspartate could also be related to 
better energy efficiency during germination. In summary, results 
from our analysis on metabolic profiles of B. napus accessions 
agree with previous data obtained for other crops and point to 
malate and aspartate as putative metabolic markers to estimate 
germination performance.

Comparative Hormonal Profiling 
Highlights Hormonal Balance as a 
Key Process Determining Germination 
Performance in B. napus
Germination has been found to be under strict regulation of 
plant hormones, mainly GAs and ABA, with the involvement of 
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other hormones, such as auxin and cytokinins (Finkelstein et al., 
2008; Han and Yang, 2015; Shu et al., 2016). Generally, ABA 
biosynthesis and sensitivity increase during seed development 
and maturation to prevent premature germination, whereas 
GA accumulation and sensitivity dictate germination after 
seed imbibition, promoting the transition to germination 
(Holdsworth et al., 2008a; Rajjou et al., 2012; Nonogaki, 2014; 
Vishal and Kumar, 2018).

To dissect the influence of hormonal pathways (ABA, auxin, 
cytokinins, and GAs) in B. napus germination, we performed 
hormone profiling of our six WOSR genotypes at different 
germination times (Supplementary Table S1, Datasheet  3). 

Correlation analyses between GRs and hormone levels along 
time lead to the identification of significant positive correlations 
of germination with GAs (GA4, GA8, GA24, and GA34) and 
cytokinins (c-Z and t-Z) levels, whereas significant negative 
correlations were found with ABA and t-ABA (active ABA 
species), along with PA and 7´OH-ABA (inactive ABA catabolites) 
levels. Additionally, negative correlations were identified 
between ABA and GAs content, confirming their opposite role in 
B. napus germination (Supplementary Figure 2A). Consistently, 
we observed a constant decrease in ABA content very early 
from imbibition in all the accessions, starting between 2 and 
12 hai and reaching its lowest levels between 12 and 36 hai 

FIGURE 2 | Metabolic profiles of winter oilseed rape (WOSR) accessions show that malate and aspartate levels correlate with germination performance. 
(A) Principal component analysis (PCA) of sugar, polyalcohol, and organic compound profiles at distinct developmental stages during seed germination reflects the 
requirement of metabolic energy during this process. Levels of malate (blue box) contribute to differential germination rates of C129 from 0 to 36 hai (blue dashed 
circle). WOSR accessions are labeled in black and sugar metabolites in blue. (B) Amino acid levels increase during germination in all accessions tested. Amino 
acid dynamics in WOSR accessions during germination represented as a biplot of PCA based on amino acid profiles and seed germination rates. Aspartate (blue 
box) has a differential accumulation, especially in C129 at 36 hai. WOSR accessions are shown in black and sugar metabolites in blue. (C) C129 has lower malate 
levels compared to C032 and C033. Quantification of malate (µmol/g DW) at 0, 12, 24, 48, and 72 hai in C129, C032, and C033 accessions is shown. (D) C129 
has higher aspartate levels compared to C032 and C033. Quantification of aspartate levels (µmol/g DW) at 0, 12, 24, 48, and 72 hai in C129, C032, and C033 
accessions is shown. All data were obtained using three biological replicates (50 seeds per replicate). For data of all metabolites, see Supplementary Table S2.
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(Figure 3A). However, steady state levels of ABA in dry seeds 
varied between accessions despite grouping in different clusters 
according to their germination kinetics. C129, C124, and C110 
showed lower levels of ABA in dry seeds at early time points (2 
and 12 hai) compared with C032, C033, and C116. However, at 
36 hai, homogeneous low ABA levels were found in all varieties 
examined, concordant with germination data described before 
(Figures 1A, B). Consequently, levels of inactive ABA metabolites 
(DPA, ABAGE, PA, 7’OH-ABA, and neo-PA) were higher in 
C032 and C033 compared to C129 (Figures 3B–D). Together, 

all of these results suggest that although ABA content is not a 
major contributor to seed germination variability in B. napus, it 
could affect germination speed in combination with other traits, 
as we have observed for the C129 accession. In agreement with 
our correlation analysis, we found in our hormone profile data 
that GAs increased throughout the germination process with 
a peak at 36–72 hai in all of the WOSR accessions, coinciding 
with simultaneously lower levels of ABA (Figure 4A and 
Supplementary Table S1, Datasheet 3). However, detailed 
examination of GA content accumulation for each accession at 

FIGURE 3 | ABA metabolite profile in WOSR accessions has uncovered the contribution of ABA pathway to variability on B. napus seed germination dynamics. 
(A) ABA levels progressively diminished along germination in all WOSR accessions, but steady state levels of ABA in dry seeds varied between them. Stacked 
columns histograms show the distribution of ABA and related metabolites (ABA, PA, DPA, 7′-OH-ABA, neoPA, and ABA-GE) in the WOSR accessions during seed 
germination. (B), (C), and (D) Levels of ABA active (ABA + t-ABA) and inactive ABA metabolites (DPA, ABAGE, PA, 7’OH-ABA, and neo-PA) are higher in C032 
and C033 compared to C129, correlating with lower germination rates. Stacked columns histograms show the relative accumulation patterns of ABA active and 
inactive metabolites in C129, C033, and C032 accessions, respectively. All data were obtained using three pooled biological replicates (50 seeds per replicate). For 
complete value data set, see Supplementary Table S1 (Datasheet 3).
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different times after imbibition showed that accumulation of 
bioactive gibberellin (GA4) and GA24 was markedly delayed in 
C032 (between 36 hai and 72 hai) compared to C129 and C033 
(between 12 and 36 hai), according to its slower germination 
speed (Figures 4B–D). Interestingly, we also found a significant 
difference in the GA8 content, the inactive catabolite of active 
GA1, being higher in C129 compared with C033 and C032. These 
results would suggest that in contrast to Arabidopsis, where 
GA4 has been described to be the major endogenous active GA 
in germinating seeds, GA1 might also play a key role in WOSR 
seed germination (Ogawa et al., 2003; Nguyen et al., 2016). 

Based on these results, we propose that kinetics of GA levels 
might underlie differential germination in B. napus. In addition, 
we measured IAA levels in all of the WOSR accessions during 
germination. We found that although we could not establish a 
significant correlation with GRs from all of the WOSR accessions 
(Supplementary Figure 2A), IAA and IAA-asp levels were 
higher in C033 and C032 than in C129 (Supplementary Figures 
2B–D and Supplementary Table S1, Datasheet 3), suggesting 
a contribution of these hormones to differences in germination 
between these accessions. Moreover, C033 showed higher levels 
of IAA-Asp, a low molecular weight amide conjugate that acts 

FIGURE 4 | Gibberellins dynamics underlie differential seed germination in WOSR accessions. (A) Levels of all GA metabolites differentially increase in WOSR accessions 
during seed germination. Stacked columns histograms show the distribution of GA metabolites (GA51, GA34, GA29, GA24, GA20, GA8, GA4) in the varieties during seed 
germination. (B), (C), and (D) Active gibberellin GA4 and GA24 accumulation was markedly delayed in C032 accession from 36 to 72 hai compared to C129 and C033, 
and GA8 content is higher in C129 accession compared to C033 and C032, correlating with their germination speed. Stacked columns histograms show the relative 
accumulation patterns of GA4 (active GA), GA24 (GA4 precursor), and GA8 inactive GAs in C129, C033, and C032 accessions, respectively. Dashed curves highlight the GA4 
(active GA) accumulation dynamics in each accession. All data were obtained using three pooled biological replicates (50 seeds per replicate). For complete value data set, 
see Supplementary Table S1 (Datasheet 3).
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as an intermediate during the auxin degradation pathway (Tam 
et al., 2002). We have previously shown that the crosstalk of 
auxin-ABA is important for germination in B. napus seeds (Liu 
et al., 2013; Thole et al., 2014; Nguyen et al., 2016). It has been 
proposed that IAA acts as an enhancer of ABA in germination. 
Accordingly, we found a positive correlation between IAAs and 
ABA (Supplementary Figure 2A). These results suggest that 
higher levels of IAA and ABA at early time points could slow 
down germination speed in C032 and C033 varieties, suggesting 
that ABA/auxin balance may contribute to the differential 
germination in B. napus.

All of these results reinforce the hypothesis that the balance 
between the different hormonal pathways regulating germination 
is responsible for the differential germination process observed in 
the studied WOSR accessions. To confirm this, we performed a 
PCA analysis on hormone levels versus accessions at the different 
time points. As shown in Figure 5A, the accessions did not group 
in the plot, suggesting that no major differences were present 
in terms of overall hormone levels. However, the 41.8% of the 
observed variability explained by PC1 in our samples includes 
major contributors from ABA and ABA inactive metabolites 
(t-ABA, 7’OH-AB, PA) as well as GA4, GA24, and GA34 levels, 
supporting a role of hormonal balance in the variability in 
germination observed in the WOSR accessions. As expected, 
germination time points of accessions aligned along the PC1 
axis as germination progressed and correlated with GA/ABA 
ratios (from high GA/ABA to low GA/ABA ratios; Figure 5B). 
Interestingly, C129 and C032 are grouped at early time points 
of their germination but separated after 36 hai likely because 
their initially similar BA/GA ratios evolve differently along the 
germination time course. This confirms hormonal combinations 
at key time points are drivers of germination in B. napus (Figures 
5A, B). Finally, at early time points (from 0 to 12 hai), accession 
C033 was slightly different from the others primarily due to 
higher IAA levels as we have described previously (Figure 5 
and Supplemental Figures 2B–D). All of these results together 
reinforce the idea that variability in germination traits in B. 
napus is regulated by the combinatorial contribution of several 
hormonal pathways.

Major Transcriptome Changes Occur 
During B. Napus Seed Germination
Germination is a complex trait regulated by the interplay of 
different physiological, metabolic, and hormonal pathways 
(Bentsink and Koornneef, 2008; Holdsworth et al., 2008b). To 
unravel the genetic bases of this complexity, we decided to use 
comparative transcriptomic analyses of the WOSR accessions 
during the germination process. Our aim was to use genome-wide 
transcriptomic analysis of these different genetic backgrounds 
to identify not only the major transcriptomic changes that 
define the germination process in B. napus but also a set of 
genes that may contribute to the differences in germination 
rates detected in these accessions. For this purpose, we carried 
out RNA sequencing (RNA-seq) on three selected accessions 
(C129, C032, and C033) at different stages of seed germination. 
The same time points were used for transcriptomic, metabolic, 

and hormonal profiling to integrate all of these data into a 
comprehensive working framework for B. napus germination. 
Our RNA-seq analyses allowed us to detect the expression of 
74,019 genes, 73.25% of the total genes in B. napus (based on 
ensemblgenomes, Genome assembly AST_PRJEB5043_v1). 
Differential gene expression analysis identified 44,615, 46,220, 
and 42,516 differentially expressed genes (DEGs,  -1 > log2FC 
> 1) in C129, C032, and C033, respectively (Figure 6A and 
Supplementary Table S2, Datasheets 1–3). More than 60% 
of detectable genes are therefore changing their expression at 
the different sampled times. Moreover, comparison between 
accessions showed that there is an important overlap in 
DEGs, with approximately 89% being shared between two 
or more accessions (Figure 6A). This finding indicates that 
the global transcriptome reprogramming that takes place 
during germination does not change dramatically between 
WOSR accessions and that a common transcriptional pathway 
can be defined in B. napus. In addition, we observed a clear 
predominance of upregulated genes over downregulated genes. 
An increase in the number of upregulated genes reached a 
maximum between 12 and 36 hai in C129 and at 72 hai in C032 
and C033, whereas downregulated genes peaked at 36 hai in all 
accessions (Figure 6B). These results suggest that predominantly 
a wave of transcriptional gene activation underlies the 
regulation of germination and that an earlier activation could 
be responsible for the differences between accessions during 
B. napus seed germination. To explore this possibility, we did 
correspondence analysis between DEGs and WOSR accessions 
during the germination process. After projecting the results in 
a 2D space, we observed again that the transcriptome changes 
corresponding to each accession were very similar, reinforcing 
the idea that there are basic genetic and molecular mechanisms 
governing germination in B. napus (Figure 6C). This analysis 
also highlights that although samples tend to group together 
at each time point, indicating their similar gene expression 
profiles, some transcriptomic differences were detected at 12 
hai just ahead of the first germination events observed in our 
germination assays (Figure 1). At this time point, C129, C033, 
and C033 did not cluster together but arrayed on the graph 
according to their seed germination speed (Figure 6C). Based 
on these results, we could speculate that differences on the 
transcriptional activation of key genes at early times (12 hai) 
precedes and marks the differences in germination speed (36 
hai) observed between accessions in B. napus.

To find these key genes and to capture gene expression 
dynamics associated with the germination process in B. napus, 
we focused on C129 accession, which showed the highest 
germination speed, and categorized the DEGs according to 
their different transcription profiles during seed germination. 
K-means clustering of normalized expression data led to the 
identification of nine expression profiles or clusters (Figure 6D). 
Clusters 1, 2, and 3 contained genes with transient expression at 
2, 12, and 36 hai, respectively. On the other hand, clusters 4, 5, 
and 6 contained transcripts whose expression increased gradually 
during germination. Cluster 7 contained transcripts with a 
very sharp increase of expression at 72 hai (postgermination, 
green seedling stage). Finally, clusters 8 and 9 corresponded to 

150

https://www.frontiersin.org/journals/plant-science#articles
https://www.frontiersin.org/journals/plant-science/
www.frontiersin.org


`Integrative Analyses of Oilseed Rape GerminationBoter et al.

12 October 2019 | Volume 10 | Article 1342Frontiers in Plant Science | www.frontiersin.org

transcripts repressed upon seed imbibition (2 hai) or later (12 
hai), respectively. The higher number of clusters with dynamics 
involving mainly transcriptional activation compared to 
transcriptional repression (seven out of nine) is consistent with 
our previous observation (Figure 6B).

After identifying the major patterns of gene expression during 
seed germination, we performed a hierarchical clustering on each 
k-means cluster. Later, we represented the corresponding heatmaps 
in a chronological order based on their expression patterns (Figure 
7A). The results of these analyses highlighted 12 hai again as a key 

FIGURE 5 | Differences in hormonal dynamics underlie germination variability in WOSR accessions. Differential and combinatorial hormonal levels of ABA, GAs, and 
IAAs during the germination process contribute to differences in the germination traits observed in WOSR accessions. (A) Biplot of principal component analysis 
(PCA) based on hormone profiles and seed germination rates in the six WOSR accessions. Each hormone class is shown in one color: ABA (red), GAs (blue), 
auxins (green), and cytokinins (orange). Dashed green circle highlights C033 clustering at early time points (0–12 hai), correlating with higher IAA-Asp levels. Dashed 
red circle highlights C129 clustering at early time points (0–12 hai), correlating with lower ABA levels. Dashed black arrows highlight the delay in GA accumulation 
observed in C032 compared to C033 and C129. WOSR accessions are shown in black. (B) GA:ABA ratio dynamics of WOSR accessions during seed germination. 
All data were obtained using three pooled biological replicates (50 seeds per replicate). For complete value data set, see Supplementary Table S1 (Datasheet 3).
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point for a major switch in transcriptome dynamics. Accordingly, 
no major transcriptional changes take place before this time point, 
with most genes showing low expression levels, except the ones 
categorized in clusters 8 and 9 (repression clusters).

We carried out a detailed gene ontology analysis of these two 
clusters to identify the most relevant biological processes being 
altered at early time points during germination (Figure 7B and 
Supplementary Table 2, Datasheets 6, 7). In cluster 8, there is 

FIGURE 6 | Differential gene expression and transcriptomic dynamics define seed germination in B. napus winter accessions. (A) Comparison of differentially expressed 
genes (DEGs) in winter oilseed rape (WOSR) accessions with different germination kinetics showed a common transcriptional regulation. Venn diagram of differentially 
expressed genes during germination of C129, C032, and C033 seeds from 0 to 72 hai. We compared each time point with 0 hai and also to its previous time point and 
selected those genes that showed a -1 > log2 FC > 1 in at least one of the comparisons. Our final list for C129, C033, and C032 contained 44,615, 42,519, and 46,220 
DEGs, respectively. (B) Comparison of successive time points for significantly upregulated (red) and downregulated (green) transcripts revealed differences in the timing of 
significant alterations in the transcriptome. Quantification of the number of DEGs between successive time points during germination in WOSR accessions.T-1 stands for 
previous time point (C) The dynamics of the transcriptional changes associated with the progress of seed germination uncover crucial differences at 12 hai between WOSR 
accessions. Correspondence analysis between DEGs and WOSR accessions (C129, C033, and C032) during seed germination. DEGs (-1 > log2 FC > 1) are represented as 
a gray dot cloud modeled by the samples (labeled black dots). For each time point, samples tend to lie close to their higher differentially expressed genes, and similar samples 
tend to stay closer, meaning that they show very similar gene expression profiles. The farther the points are from the origin, the stronger the association between genes 
and samples. A dashed purple line traces an imaginary trajectory that would represent the dynamics of the transcriptional changes associated with the progress of seed 
germination. The purple arrows point to the germination time where transcriptional differences between samples are bigger. (D) Identification of major clusters representing 
gene expression dynamics defines a wave of transcriptional activation preceded by an early transcriptional repression during germination of B. napus. K-means clustering of 
differentially expressed genes during C129 seed germination. We use Fuzzy K-means algorithm with Cosine dissimilarity index (1 - Cosine similarity), number of iterations 10, 
coefficient of fuzziness 1, and initialization random method. The graphs correspond to each of the nine primary clusters obtained (panels 1–9). Each cluster corresponds to a 
particular gene expression dynamic represented by the colored line. The x-axis represents time after imbibition (2, 12, 36, and 72 hai). Pooled samples of 30 seeds each were 
used with three biological replicates for each time point.
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enrichment in genes involved in heat and oxidative stress, seed 
maturation, seed dormancy, and ABA response, as well as lipid 
storage. In this cluster, we also found homologs of Arabidopsis 
DNA ligase VI, involved in DNA ligase-mediated rejoining of 
single- and double-strand breaks (LIG6; Waterworth et al., 2016) 
or homologs of L-isoaspartyl-O-methyltransferase (PIMT; Ogé 
et al., 2008), involved in protein repair as well as chaperones 
like BnaHSP17.6, BnaHSP22 (Supplementary Figure S3; 
Rueda-Romero et al., 2012), and other chaperones involved in 
protein folding. These findings agree with the fact that a number 
of protection and repair mechanisms are set up during seed 

maturation to keep the integrity of membrane systems, proteins, 
and DNA during desiccation. Many of these genes are induced 
by ABA during seed maturation and their expressions only 
increase upon imbibition if seeds are dormant. A more detailed 
analysis by RT-qPCR of the kinetics of BnaHSP17.6 revealed 
differences in quantity and timing between accessions that 
correlated with their different germination speeds (Figure 8). 
ABA1 (Koornneef et al., 1982; Supplementary Figure S3) and 
NCED6 (Lefebvre et al., 2006), involved in ABA biosynthesis, 
and ABI5 (Supplementary Figure S3) and NF-YC9, among 
other ABA signaling genes (Koornneef et al., 1982; Finkelstein 

FIGURE 7 | Progressive gene expression and functional gene categorization outline a transcriptomic and genetic framework for seed germination in B. napus. 
(A) The identification of the major patterns of gene expression during seed germination highlights 12 hai as a key point for a major switch in transcriptome dynamics. 
Hierarchical clustering of previously k-means categorized DEGs from C129 WOSR accession and chronological representation of the corresponding heatmaps. 
Expression values in TPMs for genes included in each gene expression profile, obtained by k-means clustering, were normalized by genes and log transformed, 
separately. Then, hierarchical clustering using Pearson correlation (complete linkage) and gene leaf order optimization was applied for each cluster (clusters 
1–9). The gradient green to red scale represents relative expression units for gene repression or gene induction, respectively. (B) We identified the most relevant 
biological processes being altered during germination in B. napus. Functional enrichment for the B. napus genes included in each of the previous clusters. The 
heatmap represents the number of significant functional categories (GO categories) for each cluster obtained by the SEACOMPARE from AgriGO v1.2 (Du et al., 
2010) using the B. napus GOs and the corresponding p-value obtained with SeqEnrich prediction tool (Becker et al., 2017). The heatmap on the left is a schematic 
representation of the number of GOs with a p-value < 0.001 cut. P-values > 0.001 are represented as value 1 for graphic simplification. On the right, a summary of 
some of the most representative functions encompassed in each cluster is presented (see Supplementary Table S2, Datasheet 14, for detailed GOs).
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and Somerville, 1990; Lopez-Molina et al., 2002; Liu et al., 2016), 
were also present in cluster 8. It is worth to mention that ABA1 
catalyzes the first step in the biosynthesis of ABA, and aba1 
mutants have enhanced seed germination (Koornneef et al., 1982; 
Barrero et al., 2005). ABI5 is a repressor of seed germination able 
to reactivate late embryogenesis programs (Lopez-Molina et al., 
2002). This function requires the presence of ABA to promote 
ABI5 phosphorylation and protein activity (Piskurewicz et al., 
2008), as well as the NF-YC9 transcription factor to support ABI5 
transcription (Liu et al., 2016). During seed maturation, ABA 
accumulates and exerts an inhibitory effect on mechanisms that, 
otherwise, would trigger germination of developing seeds in the 

mother plant (preharvest sprouting). Therefore, cluster 8 reflects 
the shutdown of ABA biosynthesis and signaling pathways 
necessary to alleviate the inhibition of the germination program. 
Finally, oleosin family genes were highly abundant in this cluster, 
reflecting the active accumulation of oil seed bodies during the 
late seed maturation program. Seed maturation is completed 
when storage compounds have accumulated, water content has 
decreased, ABA levels have increased, and desiccation tolerance 
is established. Thus, genes belonging to cluster 8 were related 
with the recapitulation of the seed maturation program ending 
in seed dormancy and the later shift to a germination-driven 
program of development.

FIGURE 8 | Quantification of B. napus gene expression by RT-qPCR during seed germination. RNA was isolated from dry seeds (t = 0) of B. napus lines (C129, 
C033, C032) and at the following time points after seed imbibition: 2, 6, 12, 24, 36, 48, 72 h. Expression values of B. napus specific genes were determined 
by RT-qPCR, and relative expression levels were obtained by normalization with Bna18S (ENSRNA049478716-T1) rRNA values. Averages and SE of three 
biological replicates are shown. Amplified gene loci: BnaHSP17.6 (BnaC03g05240D/BnaC02g04180D/BnaA03g03740D), BnaGID1a (BnaC05g46680D), BnaGA1 
(BnaA09g01090D), BnaABI3 (BnaC03g44820D), BnaRGL2 (BnaC05g47760D), and BnaKO1 (BnaC07g28980D). Three biological replicates were used for each 
time point and accession.
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Cluster 9 is the other cluster containing genes with a high 
transcript accumulation in dry seeds but, in contrast to cluster 
8, those transcripts continued increasing their levels until 12 
hai and are repressed by 36 hai (coinciding with the transition 
from germination to greening). Cluster 9 mainly contains genes 
involved in RNA processing (rRNA and mRNA), translation 
initiation and elongation, transcription, mRNA splicing, 
mRNA decay, and protein modification, especially mono and 
polyubiquitination as well as protein dephosphorylation and 
degradation. Several genes involved in those processes have been 
shown to reduce ABA sensitivity during seed germination like 
AHG1 (Supplementary Figure S3) or DCAF, HUB1, PRT6, and 
ATE2 (Liu et al., 2007; Nishimura et al., 2007; Holman et al., 2009; 
Seo et al., 2014). Additionally, cluster 9 is enriched in DEAD-box 
RNA helicases as well as translation initiation and elongation 
factors (eIF4E, eIF4G, Lellis et al., 2010; Dinkova et al., 2011) with 
possible roles in mRNA selective translation of proteins from seed 
stored mRNAs that would support germination (Sajeev et al., 
2019). Cluster 9 is also enriched in mRNA decapping and decay 
related genes (DCP1, Basbouss-Serhal et al., 2017), especially 
nonsense-mediated mRNA decay. Selective mRNA decay 
could also play a role in alleviating dormancy and promoting 
germination (Basbouss-Serhal et al., 2017). In this cluster, we 
also found GID1a, a GA receptor, suggesting that an increase 
in GA sensitivity parallels the reduction in ABA sensitivity to 
promote germination. To study in more detail this gene, we 
carried out a more comprehensive analysis of its RNA kinetics by 
qPCR. BnaGID1a showed different kinetics between accessions 
(Figure 8). C129 was the only accession with a clear induction 
upon imbibition peaking at 6 hai and showing a sharp decrease 
afterward. On the contrary, only a small increase in transcript 
abundance was detected in C033 and C032 with a sharp decrease 
afterward, and overall levels were lower than those observed in 
C129. Additionally, BnaGID1a mRNA levels peaked later in C032 
when compared with the other two accessions. These results 
suggest that C129 may be more sensitive to GAs upon imbibition 
than the other accessions. Interestingly, this cluster also contains 
PIL5 (Supplementary Figure S3), a negative regulator of seed 
germination involved in the control of hormone metabolism and 
signaling (Oh et al., 2004).

The remaining clusters encompass transcriptional activation 
events taking place during germination. Cluster 2 marks early 
transcriptional induction events occurring at 12 hai. In this cluster, 
we found a clear enrichment of genes with transcription factor 
activity as well as genes involved in GA metabolism and signaling. 
These GO categories (GO:0009686, GO:0009740, GO:0009739, 
and GO:0045544) constitute 3.6% of the genes, whereas they 
only account for 0.75% of all B. napus genes (Supplementary 
Table S2, Datasheet 8). We also found a significant enrichment 
of genes involved in ABA perception and signaling as well as in 
ABA degradation (Vishal and Kumar, 2018). Thus, these results 
suggest that the previously described changes from low GA/ABA 
ratios to high GA/ABA ratios (Figure 5B) that will determine 
the initiation of the germination process in B. napus are preceded 
by transcriptional regulatory events set up mainly at 12 hai. In 
this context, the presence of GA1 in this cluster. GA1 catalyzes 
the first committed step in the GA biosynthesis pathway, and ga1 

mutants only germinate when exogenous GAs are added (Sun 
and Kamiya, 1994; Ogawa et al., 2003). Expression analyses by 
qPCR showed that BnaGA1 mRNA levels peaked later in C032 
when compared with the other two accessions, a result similar to 
that obtained for BnaGID1a (Figure 8). ABI3 and RGL2 are two 
important negative regulators of seed germination also present 
in this cluster. Both regulators are intimately connected in the 
repression of seed germination by quickly responding to changes 
in GA/ABA ratios (Piskurewicz et al., 2009). Our qPCR results 
revealed that BnaABI3 RNA levels peak at 12 hai in all accessions, 
while BnaRGL2 RNA levels peak earlier in the C129 accession 
(12 hai) compared to C033 and C032 (Figure 8). Clusters 3 and 
4 included transient and gradual increases of transcriptional 
activation peaking at 36 hai. Cluster 4 encompassed genes 
coding for mitochondrion and respiratory chain components, 
genes related to ribosomes and translation, Golgi apparatus, 
endoplasmic reticulum, and vesicle mediated transport. We also 
found genes encoding for key enzymes involved in fatty acid 
beta-oxidation and glyoxylate cycle (MLS, ICL, Comai et al., 
2007), tricarboxylic acid cycle (ACO3, CSY3, Pracharoenwattana 
et al., 2005; Hooks et al., 2014), carbohydrate biosynthesis, and 
glycolysis (HXK1, Aguilera-Alvarado et al., 2019). In the case of 
BnaHKX1, we found that the peaking time point in C033 and 
C032 was delayed compared to C129 (Supplementary Figure 
S3). These results suggest that the main metabolic pathways 
are fully functional at 36 hai, processing the seed reserves and 
supplying the embryo with the energy and all of the organic 
compounds required for its transition to a seedling.

In cluster 3 (genes transiently induced at 36 hai), we found 
a significant enrichment of genes encoding for structural 
ribosome constituents as well as genes involved in ribosome 
biogenesis, translation, and mRNA binding. This suggests that 
after the germination program has been established, major 
efforts are dedicated to the translation of mRNAs to protein. 
The ent-kaurene synthase (KO1), an enzyme required for 
the GA biosynthesis pathway (Rademacher, 1989; Nambara 
et al., 2008) is also present in this cluster together with well-
known GA-responsive genes, such as CP1, EXPA2, and EXPA8 
(Supplementary Figure S3; Ogawa et al., 2003; Rombolá-
Caldentey et al., 2014; Sánchez-Montesino et al., 2019). KO1 is a 
useful marker for GA levels given that its transcription is under 
feedback regulation, stimulated by paclobutrazol and repressed 
by GA4 (Ogawa et al., 2003; Nambara and Marion-Poll, 2005). 
Consequently, we observed that RNA levels of BnKO1 increase 
upon imbibition at 12 hai and peak at 24 hai for C129 and C033 
and at 36 hai for C032 (Figure 8). These transcriptional profiles 
are in agreement with the germination kinetics of our accessions 
(Figure 1A) as well as with their timing of GA4 accumulation 
(Figures 4B–D). The sharp decrease of RNA levels observed after 
their peaking times may indicate that this gene, as in Arabidopsis, 
is also under GA negative feedback in B. napus.

Cluster 5 contains genes that are mainly induced at 36 hai 
and maintained at high expression levels until 72 hai. This 
cluster was enriched in genes involved in cell wall biogenesis and 
organization (XTH9, Supplementary Figure S3; Shin et al., 2006; 
Sánchez-Montesino et al., 2019), fatty acid biosynthesis (FDH/
KCS10, Supplementary Figure S3; Yephremov et al., 1999; 
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Rombolá-Caldentey et al., 2014), heterochromatin organization, 
and nucleosome assembly (specially H2A-related genes). 
Interestingly, we also found a significant enrichment in genes 
related with microtubule and kinesin complex, mainly involved 
in cytokinesis, and many cell division and cell cycle-associated 
genes. TCP14, a transcription factor that positively regulates seed 
germination by mediating GA action and cyclin gene expression, 
was also found in this cluster (Supplementary Figure S3; 
Tatematsu et al., 2008; Resentini et al., 2015). After embryo 
formation in the dry seed, developmental control imposes a 
pause in cell proliferation. However, imbibition does not cause 
an immediate entry into the cell cycle (Vázquez-Ramos and de 
la Paz Sánchez, 2003). In general, cell division is concomitant 
with or take place after radicle protrusion (Barrôco et al., 2013), 
and cell proliferation is an absolute requirement for seedling 
establishment (Vázquez-Ramos and de la Paz Sánchez, 2003). 
Therefore, the enrichment in cell wall biogenesis and organization 
and cell cycle genes suggested that the transition from germination 
(embryo expansion) to post-germinative (seedling) growth in B. 
napus takes place at around 36 hai, agreeing with our previous 
phenotypic, metabolic, and hormonal data, pointing to this time 
as crucial for germination performance. Finally, both clusters 6 
and 7 contain induced genes with maximum expression at 72 
hai but differing in their activation dynamics. They are highly 
enriched in genes associated with photosynthesis (photosystems 
I and II and light-harvesting complex). Additionally, cluster 7 was 
highly enriched in genes associated with response to both biotic 
and abiotic stresses as well as in light perception (red, far red, and 
blue light) and hormone signaling, specially abscisic acid, auxins, 
ethylene, and cytokinins. These GOs enrichment indicates that 
the switch to a photosynthetic seedling is taking place at this time 
point, marking the completion of the germination process and 
the transition to the seedling establishment phase.

All of these results together define a transcriptional framework 
determined by a wave of transcriptional activation preceded by an 
early transcriptional repression that regulates specific biological 
process during germination in B. napus. Genes associated to key 
regulatory events identified in this analysis could be used as genetic 
markers as well as targets for improvement of B. napus germination.

Key Protein Interactions Involved in 
ABA/GA Signaling and Crosstalk During 
Germination Are Conserved in B. napus
Several regulatory proteins have been shown to play important 
roles in ABA/GA signaling and crosstalk during seed germination 
in Arabidopsis thaliana and other plant species. In particular, 
direct protein–protein interactions between some of these key 
regulators have been found to be essential for a coordinated 
response to both hormones. We used a yeast two-hybrid system 
(Y2H) to test whether these strategic interactions have been 
conserved in B. napus.

The RGL2 protein is the main DELLA protein involved in 
the control of seed germination (Piskurewicz et al., 2008). RGL2 
is able to interact with NF-YC transcription factors to promote 
transcription of ABI5 to negatively regulate seed germination 
(Liu et al., 2016). BnaRGL2 kinetics (Figure 8), as well as 

BnaNF-YC9 and BnaABI5 (Supplementary Figure S3), are 
similar to their Arabidopsis counterparts, suggesting that their 
roles could be conserved. We tested if their interactions are 
also conserved using Y2H. As observed in Figure 9, yeast cells 

FIGURE 9 | Protein interactions between important regulators of seed 
germination are conserved in B. napus. Interactions between selected 
B. napus transcription factor (TF) proteins analyzed in a yeast two-hybrid 
system. Bait constructs were generated by N-terminal translational fusions 
between the GAL4-binding domain (BD) coding sequence (CDS) and 
selected TF CDSs (BD-BnaNAC25, BD-BnaSPT, BD-BnaNF-YC9, and 
BD-BnaPIL5). Prey constructs were generated by N-terminal translational 
fusions between the GAL4-activation domain (AD) CDS and selected TF 
CDSs (AD-BnaRGL2, AD-BnaABI3, and AD-BnaHFR1). The GAL4-AD and 
the GAL4-AD fused to the CDS of the green fluorescent protein (GFP) were 
used as negative controls. Yeast strains containing baits were mated to 
strains containing preys in the combinations indicated in the figure, and the 
diploid cells obtained were grown on diploid (-L-W) and screening (-L-W-H) 
plates with or without 3-AT. Cells containing combinations of baits and preys 
able to interact were able to grow on screening plates at concentrations of 
3-AT that blocked the growth of negative controls.

156

https://www.frontiersin.org/journals/plant-science#articles
https://www.frontiersin.org/journals/plant-science/
www.frontiersin.org


`Integrative Analyses of Oilseed Rape GerminationBoter et al.

18 October 2019 | Volume 10 | Article 1342Frontiers in Plant Science | www.frontiersin.org

carrying AD-BnaRGL2 with the BD-BnaNF-YC9 constructs show 
enhanced growth in the presence of increasing concentrations 
of 3-aminotriazole when compared to cells carrying the 
AD-BnaRGL2 and any of the negative control plasmids (AD-Ø, 
AD-GFP). These results indicate that BnaRGL2 is able to interact 
with BnaNF-YC9 as in Arabidopsis. RGL2 also sequesters NAC25 
in a physical interaction to repress endosperm cell expansion, cell 
wall-related gene expression, and seed germination (Sánchez-
Montesino et al., 2019). We observed that BnaEXPA2, one of 
the main targets of the RGL2-NAC25 complex, was expressed as 
AtEXPA2 and that both BnaRGL2 and BnaNAC25 proteins are 
able to interact (Figure 9). SPT is another negative regulator of 
seed germination and cotyledon expansion that has been shown 
to interact with RGL2 in yeast (Penfield et al., 2005; Gallego-
Bartolomé et al., 2010). Yeast cells carrying AD-BnaRGL2 with 
BD-BnaSPT constructs also show growth in selective media, 
indicating a similar interaction than in Arabidopsis. All of these 
results indicate that BnaRGL2 interactions with key regulators of 
germination are conserved in B. napus.

PIL5 is another negative regulator of seed germination, 
integrating light and hormone signals (Oh et al., 2004; Oh et al., 
2006; Oh et al., 2009). When PIL5 protein is not degraded by light, 
their regulatory properties depend on several interactions with 
other proteins and gene promoters. Moreover, PIL5 and ABI3 
collaboratively activate the expression of SOM by directly binding 
to and interacting with each other at the SOM promoter (Park 
et al., 2011). In turn, SOM negatively regulates seed germination 
by modifying the expression levels of ABA/GA metabolic genes 
(Kim et al., 2008). The kinetics of these genes (Figure 8 and 
Supplementary Figure 3) are similar to those observed for 
Arabidopsis genes (Parcy et al., 2007; Piskurewicz et al., 2008; 
Park et al., 2011; Hsieh et al., 2012), suggesting that this important 
regulatory network is conserved in B. napus. Indeed, the result 
from our Y2H experiment indicates that BnaPIL5 (BD-BnaPIL5) 
and BnaABI3 (AD-BnaABI3) proteins are able to interact strongly 
in this system (Figure 9). Contrary to PIL5, HFR1 is a positive 
regulator of light-induced seed germination able to directly 
interact with and sequester PIL5 to prevent it from binding to its 
target genes (Shi et al., 2013). In addition, this interaction promotes 
reciprocal codegradation of PIL5 and HFR1 (Xu et al., 2017). This 
way, light-induced germination promotes increased abundance of 
HFR1, thus enhancing PIL5 degradation and leading to increased 
GA levels (Oh et al., 2006; Xu et al., 2017). As observed in Figure 
9, BnaPIL5 and BnaHFR1 are able to interact strongly since yeast 
cells carrying the BD-BnaPIL5 and AD-BnaHFR1 constructs have 
enhanced growth in the presence of 3-AT above control levels and 
as strongly as the BnaPIL5-BnaABI3 interaction.

Altogether, these results suggest that protein interactions 
between transcription factors with a relevant role in seed 
germination by modifying and signaling hormone levels have 
been conserved in B. napus.

DISCUSSION

Seed germination is a major component of seed vigor affecting 
plant survival and crop yield. Our analyses of a panel of B. napus 

accessions showing robust differences in seed germination have 
determined that the speed of this process is responsible for 
germination variability. Briefly, despite our accessions being very 
similar in terms of seed viability (understood as the germination 
potential of the seed, final germination rates), major differences 
in seed germination were observed in T50 values, spanning 15 h 
between the fastest (C129) and slowest (C032). In other words, 
when considering 36 hai as the average T50, a 30% GR difference 
between extreme accessions was observed. Although seedling 
establishment is largely dependent on seed viability, our results 
indicate that high seed viability does not always correlate with 
high germination speed in B. napus. Given that germination 
speed could have a greater impact on seedling survival and crop 
yield when environmental conditions are not favorable, this trait 
will be a valuable parameter to estimate and to improve seedling 
establishment in all environmental conditions affecting this crop 
in the field. In fact, farmers require vigorous seeds that ensure 
the reliable and successful establishment of their crops under 
environments subjected to changing environmental cues (Finch-
Savage and Bassel, 2016). Thus, seeds performing well under 
optimal conditions are also more likely to perform better under 
stress (Bettey et al., 2000; Foolad et al., 2007). It has been shown 
that B. napus seed germination can be substantially improved 
(Hatzig et al., 2015), and our results suggest that using the genetic 
variability to increase germination speed is a promising approach 
to achieve it. Moreover, our results have confirmed that OSR 
seeds germinate faster than Arabidopsis seeds, in agreement with 
previously published data (Li et al., 2005; Hatzig et al., 2015a; Kubala 
et al., 2015; Wang et al., 2016; Gu et al., 2019; Luo et al., 2019). This 
acceleration of germination in B. napus could be reflecting the 
enhanced pressure to germinate that crop seeds have to face on 
agricultural challenging environments, again pointing to this trait 
as an interesting target to increase B. napus seed performance in the 
field. However, testing this hypothesis is not easy given the existing 
differences in seed size between Arabidopsis and oilseed rape and 
the absence of B. napus wild-type accessions.

Seed reserves, such as oils, proteins, and carbohydrates, are 
key for metabolism activation during seed imbibition along the 
germination process and serve to support early seedling growth 
(Weitbrecht et al., 2011; Nonogaki, 2014; Paszkiewicz et al., 2017). 
Our metabolic profiles agree with other seed germination profiles 
in other plants and crops, where at later stages of germination, 
there is also an increase in sugars (fructose, glucose, and maltose) 
and minor carbohydrate metabolism (raffinose, sorbitol, and 
xylose) related with the increased necessity of energy during 
the germination process as well as compounds associated with 
cell wall metabolism (myo-inositol and galactinol) (Howell 
et  al., 2008; Gu et al., 2016). During seed germination, carbon 
skeletons of oil reserves are utilized to produce sugars to feed the 
energy metabolism machinery (glycolysis, Krebs cycle, oxidative 
phosphorylation, and mitochondrial electron transport)—thanks 
to the glyoxylate cycle. Interestingly, PCA analysis of carbohydrates 
evidenced that the high germination speed C129 accession has 
significant lower levels of malate at all time points analyzed 
(Figure 2C). Malate is an important metabolite that can be oxidized 
to oxaloacetate, a precursor of gluconeogenesis, and is produced by 
the glyoxylate cycle (glyoxysomes) as well as by the Krebs cycle in 
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the mitochondria (Eastmond and Graham, 2001). One explanation 
for our result would be that C129 is able to use malate faster than 
other accessions, resulting in lower basal levels of the metabolite. 
Consequently, this accession would be more efficient generating 
energy required for germination that, in turn, will be accelerated. 
Although our analyses on amino acid levels yielded results similar 
to those obtained for Arabidopsis (Figure 2B; Fait et al., 2006), a 
peak of aspartate at 36 hai was observed for C129 but not for C033 
and C032. The plant Asp-family pathway leads to the synthesis 
of the essential amino acids lysine, threonine, methionine, and 
isoleucine and, for this reason, has been of interest for plant breeders 
(Jander and Joshi, 2009; Galili, 2011). Besides their importance for 
human food quality, these amino acids are also well-known donor 
metabolites that feed the TCA cycle (Weitbrecht et al., 2011). Thus, 
higher levels of aspartate could also be related to extra carbon being 
available for germination and early seedling development. Both 
results suggest that malate and aspartate would be good markers to 
monitor germination efficiency in this crop.

ABA accumulates in dry seeds during seed and embryo 
development, but endogenous ABA content decreased significantly 
within 6–24 h after the onset of imbibition in Arabidopsis and rice 
(Ali-Rachedi et al., 2004; Ye et al., 2012). Consistently, ABA levels 
progressively diminished over time in all accessions, although steady 
state levels of ABA in dry seeds varied between them. Thus, we found 
that among the accessions studied, rapidly germinating C129 has 
lower levels of ABA in dry seeds and at early time points. However, 
our results combining germination kinetics of C129, C033, and C032 
and clustering analyses indicate that ABA content does not seem to 
be a major contributor to germination variability on B. napus seeds. 
Moreover, RNA levels of key genes involved in ABA metabolism are 
similar between the accessions along the sampled germination times, 
resembling the pattern observed for their orthologs in Arabidopsis 
(Supplementary Figure S3). However, it seems that is the ABA/
GA balance and the sensitivity to these hormones that play a 
central role in the control of germination (Finch-Savage and Footitt, 
2017). Bioactive GA accumulates in the embryo just before radicle 
protrusion (Ogawa et al., 2003; Kucera et al., 2005). We detected 
GA4 (bioactive) in the C129 and C033 accessions and found that its 
accumulation is delayed in the C032 accession (selected for its slow 
germination speed). In accordance with these results, we found that 
the kinetics of two genes encoding key enzymes for early steps of 
the GA biosynthetic pathway (BnaGA1 and BnaKO1) are delayed 
in the C032 accession in comparison to C129 and C033 (Figure 8). 
Taking all these data together, the ABA/GA balance could explain 
some of the differences observed in germination speed between 
accessions. Thus, C129 has low ABA and medium GA levels, C033 
has more ABA but higher GA levels, and C032 has high ABA 
(similar to C033) but delayed accumulation and low levels of GA. In 
addition, it has been proposed that IAA acts as an enhancer of ABA 
in germination (Liu et al., 2007; Nguyen et al., 2016). Interestingly, 
we detected high levels of IAA at early time points in C032 and C033 
varieties (Supplementary Figure S2) that could be accounting for 
slowing down germination speed. Moreover, the higher IAA-Asp 
levels observed in the C033 accession compared to C032 suggest that 
the former would be able to overcome the inhibitory effects of IAA 
by activation of IAA degradation pathways to ensure germination 
(Ljung, 2013).

Unexpectedly, we also found significant differences in GA8 
content, being higher in C129 accession compared with C033 
and C032. GA8 is an inactive GA catabolite from the early 
13-hydroxylation pathway where active GA1 is formed (Hedden 
and Phillips, 2000; Sun, 2008). The amount of GA1 is usually 
10% of that detected for GA4 (Yamauchi et al., 2004), and our 
inability to detect GA1 could be due to the existence of lower 
levels compared to other species. Although GA4 is likely to be 
the major endogenous active GA in Arabidopsis (Talon et al., 
1990; Derkx et al., 1994; Hedden and Kamiya, 2002; Ogawa 
et al., 2003), our results suggest that GA1 may play a key role in 
WOSR seed germination. In Arabidopsis, it has been shown that 
the effects of GAs on seed germination are also related to the 
sensitivity to the hormone (Nakajima et al., 2006). Among the 
three Arabidopsis GA receptors, genetic evidence has shown that 
GID1a and GID1c are the most important for seed germination 
(Voegele et al., 2011) and that GID1a is the most abundant (Cao 
et al., 2006; Griffiths et al., 2006; Hauvermale et al., 2014). In that 
respect, it is worth mentioning that C129 is the accession with 
the highest levels of BnaGID1a mRNA (Figure 8), and the sharp 
decrease in RNA levels of BnaGID1a observed in the accessions, 
that preceded peaking levels of GA4, is compatible with its role as 
GA receptor (Griffiths et al., 2006). Thus, we propose that B. napus 
accessions differences in GA homeostasis and GA sensitivity 
underlie variation in germination speed in B. napus accessions.

Transcriptomic analyses are extremely useful to uncover the 
basic biological process underlying any trait. Correspondence 
analysis between DEGs and WOSR varieties along the germination 
process and their projection in a 2D space highlighted that changes 
in the transcriptomes corresponding to each accession were very 
similar (89%; Figure 6C). In fact, most of the RNA kinetics (RNA-
seq or/and qPCR) of genes related to ABA and GA metabolism 
and signaling, including key regulators of the process, had similar 
patterns of gene expression between accessions. In the same 
way, important protein–protein interactions known to control 
germination by integrating environmental and hormone signals 
in other species (Gallego-Bartolomé et al., 2010; Park et al., 2011; 
Liu et al., 2016; Xu et  al., 2017; Sánchez-Montesino et al., 2019) 
were found to be conserved when using B. napus ortholog proteins 
(Figure 9). All together, these results reinforce the idea that the 
basic molecular mechanisms governing germination are the 
same in the different accessions. However, some transcriptomic 
differences were located mainly at 12 hai, where C129, C033, 
and C032 did not cluster together along transcription progress 
associated with seed germination. Indeed, several genes were 
found to have different kinetics between the accessions that could 
contribute to their distinct germination speed (Figure 8). Most 
of these differences fits with an early activation of germination-
related gene networks, mainly related with hormonal pathways, in 
the rapid-speed germination variety C129 and a delayed response 
of slow-speed C032 (Figure 8 and Supplementary Figure S3). 
Furthermore, some of these genes could contribute directly to 
some of the seed germination traits differences in WOS. Thus, we 
found that some genes previously associated to seed germination, 
BnaTPC1 and BnaGDSL1, showed differential expression kinetics 
between our accessions (Supplementary Figure 3; Hatzig et  al., 
2018; Ding et al., 2019). BnaGDSL1 is highly induced during 
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seed germination and is phylogenetically very close to BnaLIP1. 
The Arabidopsis orthologue gene of BnaLIP1 is a marker gene for 
GA-induced expression during seed germination in the embryo 
epidermis, positively affecting seed germination speed (Rombolá-
Caldentey et al., 2014). Seed germination requires GA signaling in 
the epidermis mediated by DELLA and HD-ZIP IV proteins that 
control the expression of genes involved in growth of the embryonic 
axis (Rombolá-Caldentey et al., 2014). One of the target genes of this 
regulatory complex is EXPA8 (cluster 3; Supplementary Figure 3), 
an important player for cell wall remodeling during growth and a 
convergence point for several signaling pathways (de Lucas et al., 
2008; Feng et al., 2008; Stavang et al., 2009; Bai et al., 2012; Gallego-
Bartolomé et al., 2012; Park et al., 2013). Interestingly, this gene 
was found highly expressed in C129 compared to C032, and C033, 
supporting again a GA-related mechanism underlying germination 
speed in these varieties. We have seen a correlation between ES of 
the radicle and germination speed parameters. Taking into account 
that root elongation is mediated by cell expansion, it is intriguing 
to think that a GA-mediated cell expansion could be taking part 
in this germination response. In summary, our results provide a 
comprehensive framework of seed germination dynamics in OSR. 
Metabolic, hormonal, and transcriptomic data of this study could 
be used not only to evaluate germination performance of B. napus 
accessions but also to identify key players for their application in 
biotechnological and breeding programs in this crop. Although 
further analyses with biparental segregation populations will be 
needed to validate these molecular signatures for seed germination, 
in this study, we have identified a combination of metabolites, 
hormones, and genes (aspartate, malate, IAA/IAA-asp, GA/ABA, 
BnaGA1, BnaKO1, BnaGID1a, BnaEXPA8) that correlate with 
germination performance and could be putative targets for crop 
improvement of B. napus.

DATA AVAILABILITY STATEMENT

This manuscript contains previously unpublished data. The name 
of the repository and accession number(s) are not available.

AUTHOR CONTRIBUTIONS

MB carried out in silico data analysis and together with MP 
and LO-S interpreted the results. GW generated the RNA-seq 
sequence data and prepared samples for additional analyses. SH 
was involved in generation of the metabolite/hormone data. JC-C 
did RT-qPCRs, germination experiments, and seed measurements, 
and GC-C carried out protein–protein interactions assays. NN and 
RS coordinated previous experiments to select appropriate B. napus 
genotypes. LL and GB performed the metabolite profiling assays. 
NN, AB, LL, and GB analyzed the metabolite data. MB, MP, and 
LO-S wrote the paper. All authors read and approved the manuscript.

FUNDING

This work was supported with a grant to LO-S by the Spanish 
Ministry of Science and Universities of Spain (BIO2016- 77840-R) 

and to MP by FP7. FACCE-JPI-ERA-NET+ CLIMATE SMART 
AGRICULTURE (ERA46-SYBRACLYM). RS acknowledges 
funding from BMBF grants 031A549 (SYBRACLIM) and 
0315910 (CONVIGOUR). NN, AB, LL, and GB acknowledge 
funding from the transnational PLANT-KBBE cooperation 
project CONVIGOUR with funding from ANR (France). MB was 
supported by a postdoctoral research fellowship and JC-C by a PhD 
contract (FPI), both funded by grant SEV-2016-0672 to the CBGP 
(Centre of Excellence Severo Ochoa Program of the Agencia Estatal 
de Investigación, Spain). GC-C was supported by a PhD contract by 
Universidad Politécnica de Madrid (UPM; programa propio).

ACKNOWLEDGMENTS

We thank Marie Héléne Wagner and Sylvie Ducournau from 
GEVES (Station Nationale d’Essais de Semences, Groupe d’Etude 
et de contrôle des Variétés et des Semences, Angers, France) 
for the PHENOTIC platform data, the Metabolic Profiling and 
Metabolomic Platform (P2M2) for metabolic data (IGEPP, 
Rennes, France), Frank Breuer from KWS SAAT AG (Einbeck, 
Germany) for hormonal profiling analysis, and Zeljko Micic 
from DSV Deutsche Saatveredelung AG (Salzkotten, Nordrhein-
Westfalen, Germany) for the multiplication of the different 
seedlots in the field. We also thank Genomics4All (Madrid, 
Spain) for the re-annotation of Brassica napus genome and for 
the differential expression analyses of the RNA sequencing data.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online 
at: https://www.frontiersin.org/articles/10.3389/fpls.2019.01342/
full#supplementary-material

SUPPLEMENTARY FIGURE S1 | Seed traits do not correlate with germination 
associated traits. (A) Correlation plot of seed traits showing a negative correlation 
of TSW, Lt0, Vt0, IS, MC and ER with seed germination traits. Data was obtained 
from the GEVES automated phenotyping platform. Positive and negative 
correlations are shown in blue and red, respectively. Size and color intensity are 
indicative of correlation coefficient values and when the p-value<0.05 is indicated 
with an asterisk (*). All data were obtained using four biological replicates (25 
seeds per replicate). (B) Quantification of TSW, (C) Vt0, (D) area and (E) Lt0 
from C129 (medium GR36), C033 (medium GR36) and C032 (low GR36) 
WOSR accessions showed significant differences in these seed parameters 
(C129>C032>C033) but no correlation with germination rates. Statistic analyses 
of the different mean values of weight, volume, area and length, were done by 
one-way ANOVA analysis (nonparametric). *α = 0.05; **α = 0.01; ***α = 0.001. 
Three replicates of 100 seeds each, from three different plants, were measured. 
GR (germination rate at 72 hours), GR36 (germination rate at 36 hours), MGT 
(mean germination time), T10 to T70 (time to reach 10% to 70% GR, respectively), 
FG (first germination time), ES (root elongation speed), MC (moisture content), IS 
(imbibition speed), VI (volume increase), CF (chlorophyll fluorescence), TSW (ten 
thousand seed weight), Lt0 (seed length at time 0), Vt0 (seed volume at time 0).

SUPPLEMENTARY FIGURE S2 | Hormonal balance between GA, ABA and 
IAA regulates germination in B. napus. (A) ABA and GA metabolites are the 
main hormones correlating with germination rates. Pearson correlation plot 
of the continuous variable germination with hormone profiles of the 6 WOSR 
accessions. Significant correlations between germination rate (GR) and GA34, 
GA24, 7’OH-ABA, t-ABA, GA4, t-Z, PA, ABA and GA8 (p-val<0.05) are labelled 
with blue lines as well as between ABA, 7’OH-ABA, t-ABA and PA with IAA and 
IAA-Asp. Negative correlations between GAs and ABA are labelled with red lines. 
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Positive and negative correlations are shown in blue and red, respectively. Size 
and color intensity are indicative of correlation coefficient values and when the 
p-value<0.05 is indicated with an asterisk (*). (B), (C) and (D) IAA metabolites 
differentially accumulate in WOSR seeds during germination. Stacked columns 
histograms showing the relative accumulation patterns of IAA (active IAA) and 
IAA-Asp (inactive IAA) in C129, C033 and C032 accessions, respectively. All data 
were obtained using three pooled biological replicates (50 seeds per replicate). 
For complete value data set see Supplementary Table S1 (datasheet 3).

SUPPLEMENTARY FIGURE S3 | Kinetics of RNA levels of genes related to ABA 
and GA metabolism and signaling. RNA levels according to the RNA-seq data 
generated in this paper for B. napus accessions C129, C33 and C32 (left to right 

in each graph). The five time points per accession were: dry seed, 2, 12, 36, 72 
hai. Pooled samples of 30 seeds each were used with three biological replicates 
for each time point. B. napus gene codes and names are indicated in each graph.

SUPPLEMENTARY TABLE S1 | Seed trait analysis and metabolic and 
hormonal profiles of WOSR accessions during germination.

SUPPLEMENTARY TABLE S2 | Data of DEGs between C129, C033 and C032; 
k-means cluster and corresponding representative GOs.

SUPPLEMENTARY TABLE S3 | List of oligonucleotides.
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Stomatal abundance determines the maximum potential for gas exchange between the 
plant and the atmosphere. In Arabidopsis, it is set during organ development through 
complex genetic networks linking epidermal differentiation programs with environmental 
response circuits. Three related bHLH transcription factors, SPCH, MUTE, and FAMA, 
act as positive drivers of stomata differentiation. Mutant alleles of some of these genes 
sustain different stomatal numbers in the mature organs and have potential to modify 
plant performance under different environmental conditions. However, knowledge 
about stomatal genes in dicotyledoneous crops is scarce. In this work, we identified the 
Solanum lycopersicum putative orthologs of these three master regulators and assessed 
their functional orthology by their ability to complement Arabidopsis loss-of-function 
mutants, the epidermal phenotypes elicited by their conditional overexpression, and the 
expression patterns of their promoter regions in Arabidopsis. Our results indicate that 
the tomato proteins are functionally equivalent to their Arabidopsis counterparts and that 
the tomato putative promoter regions display temporal and spatial expression domains 
similar to those reported for the Arabidopsis genes. In vivo tracking of tomato stomatal 
lineages in developing cotyledons revealed cell division and differentiation histories 
similar to those of Arabidopsis. Interestingly, the S. lycopersicum genome harbors a 
FAMA-like gene, expressed in leaves but functionally distinct from the true FAMA 
orthologue. Thus, the basic program for stomatal development in S. lycopersicum uses 
key conserved genetic determinants. This opens the possibility of modifying stomatal 
abundance in tomato through previously tested Arabidopsis alleles conferring altered 
stomata abundance phenotypes that correlate with physiological traits related to water 
status, leaf cooling, or photosynthesis.
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INTRODUCTION

Terrestrial plants take up CO2 and release water vapor to the 
atmosphere through stomata, microscopic pores that punctuate 
the epidermis of leaves and other aerial organs (Ziegler, 1987). 
Each stoma is delimited by two twin guard cells, whose dynamic 
shape changes brought about by cell turgor adjustments 
associated to endogenous and environmental cues open or close 
the stomata, effectively increasing or decreasing the total pore 
area (Ziegler, 1987; Raven, 2002). The total surface available for 
gas exchange depends on the degree of stomatal opening, but 
also on the number, size, and spatial distribution of stomata 
across the aerial epidermis. In the last few years, these anatomical 
features emerged as crucial players in water relations and in 
photosynthesis and thus in plant growth and reproduction (Dow 
et al., 2014a; Dow et al., 2014b; Hughes et al., 2017; Devi and 
Reddy, 2018; Dittberner et al., 2018; Bertolino et al., 2019; Caine 
et al., 2019). This growing evidence offers a rationale for targeted 
modification of stomatal abundance aimed at altered physiology 
useful for crops under particular environments.

Stomata appear gradually during leaf development (Geisler 
and Sack, 2002; de Marcos et al., 2015). The molecular 
components regulating this process have been studied in depth 
in the model species Arabidopsis thaliana, providing insight 
into the networks that control the genetic program of stomatal 
development (Bergmann and Sack, 2007; Pillitteri and Torii, 
2012; Simmons and Bergmann, 2016; recently reviewed by Qu 
et al., 2017). The links of this program to environmental factors 
such as light, temperature, atmospheric CO2, or water availability 
have also been explored (Hetherington and Woodward, 2003; 
Casson and Grey, 2008; Lake and Woodward, 2008; Franks 
and Beerling, 2009; Casson and Hetherington, 2010; Tricker 
et al., 2012; Lee et al., 2017; Lau et al., 2018; Meng et al., 2018; 
Qi and Torii, 2018). The present scenario describes a complex 
network where membrane receptors and signaling peptides act 
through protein kinase cascades (to prevent too many stomata 
and ensure that they are flanked by the needed subsidiary cells 
to function), modulating the activity of positive drivers of 
stomata development, the outcome of these opposed regulators 
determining stomatal abundance and distribution on the leaf 
epidermis. The key positive regulators are a triad of closely 
related basic helix-loop-helix (bHLH) transcription factors 
termed SPEECHLESS (SPCH; MacAlister et al., 2007), MUTE 
(Pillitteri et al., 2007), and FAMA (Ohashi-Ito and Bergmann, 
2006), their transient expression in specific epidermal cell types 
driving a complex cell division and differentiation process 
whose outcome is stomata production. These three master 
bHLHs are collectively referred as SMF proteins and they act in 
consecutive stages and cell types of the stomatal lineage. SPCH 
initiates stomatal lineages through the asymmetric division of a 
protodermal cell that gives rise to a meristemoid and amplifies 
the meristemoid population by repeated asymmetric divisions 
(MacAlister et al., 2007). MUTE directs the commitment of the 
late meristemoid to differentiate into a guard mother cell that 
will execute a final symmetric division (Pillitteri et al., 2007), 
and FAMA acts to differentiate the twin cell products into guard 
cells that compose the stoma and to prevent any further cell 

division, terminating the life history of this lineage (Ohashi-
Ito and Bergmann, 2006). SMFs act together with the bHLHs 
SCREAM1/ICE1 and SCREAM2 (Kanaoka et al., 2008), and 
their activity is regulated by phosphorylation involving, among 
others, YODA-related MITOGEN ACTIVATED PROTEIN 
KINASE (MAPK) cascades and brassinosteroids-related 
BRASSINOSTEROID INSENSITIVE 2 (BIN2) (Bergmann et al., 
2004; Gudesblat et  al., 2012). The main pathway is leaded by 
the MAPKKK YDA, signaled by peptides of the EPIDERMAL 
PATTERNING FACTORS (EPFs) family (Torii, 2015) perceived 
by homo or heterodimers of the membrane receptor TMM 
(Nadeau and Sack, 2002) and receptor-kinases of the ERECTA 
family (ERf,; Shpak et al., 2005; Lee et al., 2012). An additional 
class of peptides from the CLE family and their receptors 
participate in stomatal development (Qian et al., 2018; Vatén 
et  al., 2018). All these components act in a combinatorial fashion 
(Lau and Bergmann, 2012; Torii, 2012). This ever increasingly 
complex scenario (Horst et al., 2015; Qi et  al., 2017; Han et al., 
2018; Simmons et al., 2019) not only allows stomata to be made, 
but it also determines stomata distribution and abundance.

Several studies have identified putative orthologs of 
Arabidopsis SMFs in a range of species distributed across the 
plant phylogeny, from mosses to monocotiledoneous species 
(reviewed by MacAlister and Bergmann, 2011; Ran et al., 2013; 
Han and Torii, 2016; Chater et al., 2017; Hepworth et al., 2018). 
Because most of these studies have an evo-devo approach, they 
concentrate in scanning the phylogenetic landscape, including 
model species for hornworts, mosses, ferns, gymnosperms, 
and, among angiosperms, mostly monocots and basal dicots, 
adopting Arabidopsis as the model for eudicots. Several of these 
studies include functional assessments of the putative SMFs in 
various species. In the moss Physcomitrella patens, knock-out 
of the unique functional SMF-like gene present in its genome 
and phylogenetically close to AtFAMA, rendered stomataless 
sporophytes, as did the deletion of PpSCREAM1, which was 
essential for stomata formation in contrast with Arabidopsis 
(Caine et al., 2016; Chater et al., 2016). For some monocots, 
functional studies on putative SMFs are also available. These 
include complementation assays of Arabidopsis loss-of-function 
mutants with the putative SMF orthologs in rice and maize, 
which rendered partial positive results and the interesting finding 
that these grass genomes have duplicated SPCH, among other 
functional differences between the two grasses and Arabidopsis 
(Liu et al., 2009; Wu et al., 2019). This work also established 
that rice mutants altered in SPCH or FAMA have compromised 
stomatal development. Further insight in grass stomatal genes 
came from Brachypodium distachyon mutants and showed 
that the two BdSPCH genes act together for normal stomatal 
production and exhibit mixt SPCH and MUTE functions (Raissig 
et al., 2016). In B. distachyon, GMC-expressed MUTE drives the 
symmetric division to form two guard cells but, unexpectedly, it 
also traffics to neighbor cells to determine stomatal subsidiary 
cell identity (Raissig et al., 2016).

In dicots, putative SMF orthologs are recognizable in all 
species studied so far (Ran et al., 2013), but few eudicots have been 
included in these evo-devo studies and only one of the candidate 
SMF genes from eudicot crops, the soybean SPCH orthologue, 

165

https://www.frontiersin.org/journals/plant-science#articles
https://www.frontiersin.org/journals/plant-science/
www.frontiersin.org


Tomato Stomatal Development GenesOrtega et al.

3 October 2019 | Volume 10 | Article 1300Frontiers in Plant Science | www.frontiersin.org

has been functionally validated (Danzer et al., 2015). This is 
surprising, since in monocot crops, it has been well established 
that stomatal abundance impacts in key physiological processes 
and this character is therefore a target for breeding (Hughes 
et al., 2017; Caine et al., 2019). Regarding the potential of SMF 
genes to modify stomatal numbers, the Arabidopsis hypomorphic 
spch-5 allele renders a normal-growth phenotype but extremely 
low stomata abundance, and it is therefore an example of how 
mutants in this class of proteins could be exploited (de Marcos 
et al., 2017). Other approaches have studied the physiology of 
Arabidopsis mutants or overexpressors of stomatal development 
proteins and peptides that modify stomatal abundance (Masle 
et al., 2005; Tanaka et al., 2013; Dow et al., 2014b; Franks et al., 
2015) sometimes concurring with aberrant stomata spacing. In 
tomato, overexpression of a putative S. chilense orthologue of 
SDD1, a negative regulator of stomatal density, decreased stomatal 
abundance resulting in a desiccation avoidance phenotype 
(Morales-Navarro et al., 2018). Genotype-specific expression 
changes of several stomatal development genes during drought 
have been described in poplar (Viger et al., 2016). Recently, 
Papanatsiou et al. (2019) engineered S. lycopersicum stomata 
to undergo faster opening and closure under fluctuating light 
by expressing the artificial light-activated K+ channel BLINK, 
and as a result, growth increased without spending additional 
water. This pioneer work of optogenetics in plants highlights the 
relevance of stomata-related processes for improved growth of a 
dicot crop.

In this work, we aimed at identifying the functional orthologs 
of the stomatal SMF genes in the dicot crop Solanum lycopersicum. 
After selecting the candidates by the amino acid sequence 
homology of their deduced proteins to Arabidopsis SPCH, MUTE, 
and FAMA, we tested their ability to complement Arabidopsis 
loss-of-function mutants in the three genes, the epidermal 
phenotypes elicited by their conditional overexpression, and the 
expression patterns of their promoter regions in Arabidopsis. 
Our results show that the three selected tomato genes encode 
proteins that carry out the expected functions during Arabidopsis 
stomatal development and that the promoters of at least 
SolycMUTE and SolycFAMA are interpreted by the Arabidopsis 
transcriptional machinery and support expression patterns that 
indicate a similar highly specific activation in specific cell stages 
during stomatal development. We also identified a FAMA-like 
gene with no apparent function during this process. As the three 
tomato genes here identified are highly probable master stomatal 
development regulators, variants identified in available mutant 
collections or targeted mutations obtained through genome 
editing could sustain altered stomatal abundance that might 
exhibit useful changes in water use efficiency or modified cooling 
capacity without yield penalties.

MATERIALS AND METHODS

Plant Genotypes and Growth Conditions
The Arabidopsis thaliana L. (Heyn) wild-type genotype used in this 
work was Columbia-0 (purchased from NASC, N1092). Mutant 
lines in Col-0 background were spch-3 (T-DNA insertion line 

SAIL_36_B06; MacAlister et al., 2007), mute-3 (an Ethyl Methane 
Sulfonate-induced mutant carrying a point mutation; Triviño 
et al., 2013), and fama-1 (T-DNA insertion line SALK_100073 
T-DNA; Ohashi-Ito and Bergmann, 2006). Tomato plants used 
in this work were S. lycopersicum L. cv. MoneyMaker, purchased 
from Gartenland GmbH Aschersleben®.

For in vitro growth, Arabidopsis seeds were chlorine gas-sterilized 
overnight (Clough and Bent, 1998), plated on Petri dishes with 
solidified growth media as indicated, stratified, and grown at 22ºC 
and 70% relative humidity with 70 µmol m-2 s-1 of photosynthetically 
active radiation (PAR) under a long-day photoperiod (16-h light). 
For soil growth, seeds were sown in preformed 44-mm Jiffy-7® 
containers, and plants were grown under the same conditions. 
Tomato seeds were placed on wet filter paper in the dark at 28°C 
for 48–96 h, transferred to 44-mm Jiffy- 7® containers and grown at 
23°C–24°C, 70% relative humidity and 104 μmol photon cm-2 s-1 
under a long-day photoperiod.

RNA Extraction and cDNA Libraries 
Construction
RNA was extracted from 100 mg (fresh weight) of S. lycopersicum 
3-day-old (after light exposure) cotyledons from 10 plants. 
Fresh cotyledons were frozen in liquid nitrogen and RNA was 
extracted as described (de Marcos et al., 2017) and purified using 
the Spectrum Plant Total RNA kit (Sigma-Aldrich®) and RNase-
Free DNase (Qiagen® Nº 79254). RNA quantity and quality in the 
resultant solution were determined with a NanoDrop ND-1000 
spectrophotometer (NanoDrop Technologies®). Samples of 1–2 
micrograms of purified RNA were reverse transcribed with 
the High Capacity cDNA Reverse Transcription de Applied 
Biosystems® kit. Aliquots of the cDNA library were used to 
selectively amplify the target sequences with Taq Polimerase HiFi 
(Applied Biosystem®) and the primers listed in Supplementary 
Table 1. Amplicons were fractionated by agarose electrophoresis, 
and bands with the expected length purified, sequenced, and 
used for further cloning.

Cloning
Cloning was performed through standard procedures using 
Multisite Gateway® technologies. Each of the S. lycopersicum 
coding sequences for SPCH, MUTE, and FAMA (see Table 1 
for gene identities in iTAG2.40) was cloned in the entry vector 
PDONR221. The Arabidopsis promoters for the three genes 
were cloned into pDONRP1P4r and in pDONRP2P3r, in 
which GFP was also cloned. The cDNAs and promoters were 
recombined into the destination vectors pK7m24GW, or in 
pK7m34GW to obtain C-terminal translational fusions to GFP. 
Gene fusions for conditional expression of the tomato proteins 
were done mobilizing the cDNAs to pH7m24GW, resulting 
in transcriptional fusions to Olex artificial promoter, and 
then mobilized to the binary vector pER8GW—which carries 
the XVE artificial transcription factor under the control of a 
constitutive promoter (Coego et al., 2014). The promoters of the 
S. lycopersicum genes were defined as the 3,000 bp upstream of 
their ORFs in GRAMENE. These regions (genomic positions 
3:1948998:1951998:1’ for SPCH, 1:79169121:79172121:1’ for 
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MUTE, and 5:63718221:63721221:1’ for FAMA) were synthesized 
by INVITROGEN, cloned in pDONRP1P4r and mobilized to the 
destiny vector pGWB404, generating transcriptional fusions to 
GFP. The putative promoter region of SolycFAMA-like (genomic 
positions 9:70977801:70981100:1) was amplified from genomic 
DNA extracted using the DNeasy Plant Mini Kit (QIAGEN) 
(forward primer: 5´-GCACTAGGTATAGCCCTTAC AGTC-
3´; reverse primer: 5´-TTGTTGATGTTGATAATAATTATAA 
GAATCATCATCAAG-3´) and cloned into pGWB404 to 
generate its transcriptional fusion to GFP. Supplementary 
Table 2 lists the constructs generated in this work.

Construction and Analysis of Arabidopsis 
Transgenic Lines
Arabidopsis transformation was by the floral dip method (Clough 
and Bent, 1998). The S. lycopersicum promoter-GFP and the 
conditional overexpression fusions were transformed into Col-
0. The tomato cDNAs fused to the Arabidopsis promoters were 
transformed into lines heterozygous for the corresponding 
mutations (spch-3, mute-3, or fama-1). Seeds from these T0 
plants were plated on MS medium supplemented with 50 mg/L 
kanamycin or 25 mg/L hygromycin. T1 antibiotic-resistant plants 
were genotyped at the SPCH, MUTE, and FAMA loci, and plants 
homozygous for the loss-of-function alleles were selected. These 
were self-crossed and the T2 progenies used to identify plants 
homozygous for the transgenes. Among these, four to eight 
independent lines were chosen for further studies. Genotyping of 
spch-3 and fama-1 was done by testing with PCR the presence of 
the T-DNA insertions and the absence of the wild-type alleles; for 
the point mutation in mute-3, a Cleaved Amplified Polymorphic 
Sequences (CAPS; (Konieczny and Ausubel, 1993) strategy was 
followed, using Hph1. The primers and restriction enzyme used 
for genotyping are listed in Supplementary Table 3.

Microscopy
For Differential Interference Contrast (DIC), cotyledons were 
fixed in ethanol:acetic acid 9:1 (v/v) for 16 h, incubated in 
90% (v/v) ethanol, and rehydrated in ethanol dilutions 70%, 
50%, 30%, and 10% ethanol, and pure distilled water, for 1 h 
at room temperature per each dilution. Fixed specimens were 
placed in a chloral hydrate:glycerol:water (8:1:2, w/v/v) clearing 
solution. Fixed cotyledons were examined with a Nikon Eclipse 
90i microscope, and images were recorded with a DXM 1200C 
camera (Nikon). Cell counts were made with the free software. 

Confocal microscopy to detect GFP and propidium iodide was 
done as described (Delgado et al., 2012) with a Leica® TCS SP2 
confocal microscope. Prior to observation, plants were incubated 
for 15 minutes in a 10 µg/mL propidium iodide solution (Sigma-
Aldrich) to reveal epidermal cell shapes.

Quantitative Real-Time PCR
RNA for qPCRs was obtained from 50 Arabidopsis seedlings 
for each genotype, collected 3 days after light exposure. 
Samples from three independent biological replicates were 
frozen in liquid nitrogen and RNA was extracted with TRIzol 
(Invitrogen), and column-purified with the High Pure RNA 
extraction kit (Roche Diagnostics). RNA quality was determined 
with a NanoDrop ND-1000 spectrophotometer (NanoDrop 
Technologies). cDNA was synthesized with the High-Capacity 
cDNA reverse transcription kit (Applied Biosystems) according 
to the manufacturer’s instructions. The real-time amplification 
was monitored with the maxima SYBR green qPCR master mix 
(Thermo Scientific) on a LightCycler® 480 II PCR amplification 
and detection instrument (Roche diagnostics). For the primer 
sets used for amplification, see Supplementary Table 4. Each 
target gene was paired with two different reference genes (ACT2 
[At3g18780] and UBQ10 [At4g05320]). Expression values were 
calculated with the efficiency method in the LightCycler® 480 
software version 1.5 (Roche Diagnostics).

β-estradiol Treatments
Seeds for the conditional overexpression lines were germinated 
on MS plates containing 10 µM 17-β-estradiol (SIGMA, E8875) 
as described by de Marcos et al. (2015). At different times after 
germination, seedlings were examined by confocal microscopy 
after propidium iodide staining.

Quantitative Stomatal Traits and Statistics
Organ areas, stomatal index, and density were determined as 
described by Delgado et al. (2011). To determine SI (number 
of stomata/total number of epidermal cells × 100), SD (number 
of stomata per mm2), and PCD (number of pavement cells per 
mm2), two 0.4 mm2 areas adjacent to the median cotyledon 
axis were scored (modified by Delgado et al., 2011). At least 10 
independent plants were used for all determinations. Statistic 
treatments were done with SPSS vs. 17.0. Index and density data 
comply with normality according to the Kolmogorov-Smirnov 

TABLE 1 | Candidate tomato orthologs for Arabidopsis SPCH, MUTE, and FAMA.

Species Database Gene Gene ID %ID with AT % aa ID with AT Protein
length (aa)

Arabidopsis
thaliana

TAIR10 SPCH AT5G53210 100 100 364
MUTE AT3G06120 100 100 202
FAMA AT3G24140 100 100 414

Solanum 
lycopersicum

iTAG2.40 SPCH Solyc03g007410 50.00 54.6 334
MUTE Solyc01g080050 64.10 65.8 195
FAMA Solyc05g053660 48.56 58.1 383
FAMA-like Solyc09g091760 56.28 59.3 247
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test and variance homogeneity as determined with the Kruskal-
Wallis test. Pairwise phenotypic differences were tested 
statistically by Student’s t-test.

Sequence Analysis
The deduced protein sequences of Arabidopsis SPCH, MUTE, 
and FAMA were retrieved from the GRAMENE platform 
(www.gramene.org) and used to find the tomato proteins 
with the highest degree of sequence homology through a Pan-
taxonomic Compara tree. Deduced protein sequences for the 
Arabidopsis and tomato stomatal bHLH were obtained from 
TAIR10 and iTAG2.40 and used for a global alignment with the 
Geneious program (Cost Matrix Blosum90; default settings) in 
the GENEIOUS R8 platform, to assess the degree of homology. 
Protein domains and motifs were identified in the current 
literature and mapped to the deduced proteins.

Phylogenies were constructed with the genetic distance 
model and the neighbor-joining as statistical method with 
the Jukes-Cantor program using the Geneious tree builder 
with a global alignment and the Cost Matrix Blosum90 in the 
GENEIOUS platform. Deduced protein sequences for the 
Arabidopsis and tomato stomatal bHLHs were obtained from 
TAIR10 and iTAG2.40.

In Vivo Tracking of Stomatal Lineages
In order to describe the histories of cell division and 
differentiation events during the development of stomatal 
lineages in the tomato cotyledon, serial in vivo impressions 
were used, as described by de Marcos et al. (2016). Dental resin 
impressions of the tomato cotyledon were taken (Light Body 
Genie®; SultanHealthcare), from the earliest stage in which 
the cotyledon epidermis is accessible after seed germination. 
Impressions were taken at 24-h intervals, starting at 24-h post 
light (T1) until 96–120 h (T4–T5) of the same region of the same 
specimen. Fifty lineages that had produced stomas or CMG at the 

final time were backtracked up to T1, retrospectively identifying 
the divisions and cell types (M, SLGC, and CG), recording the 
type and orientation of each division, cell morphology, and 
cell fate in later stages. Replicas of the resin impressions were 
carried out with transparent nail polish, and the replicas were 
photographed with a Nikon® Eclipse 90i microscope with DIC 
optics connected to a DXM1200C camera.

RESULTS

Identification of Putative SPCH, MUTE, 
and FAMA Orthologs in S. lycopersicum
As the three master bHLH stomatal proteins show a recognizable 
degree of conservation across a broad range of species 
(MacAlister and Bergmann, 2011; Ran et al., 2013; Chater et al., 
2017), we used the Arabidopsis thaliana protein sequences to 
search the GRAMENE (www.gramene.org) database for putative 
orthologs in the translated S. lycopersicum genome, predicted 
by a Pan-taxonomic Compara tree. For AtSPCH and AtMUTE, 
the search rendered only one candidate, while for AtFAMA, we 
found a primary candidate, which we termed SolycFAMA, and a 
second, shorter protein that was still a putative candidate, which 
we termed SolycFAMA-like. Table 1 lists gene names and IDs, 
along with the percentage of nucleotide conservation between 
each candidate gene and its Arabidopsis counterpart and the % of 
amino acid identity among the deduced proteins.

Domain analysis of the candidate proteins (Figure 1) showed 
that tomato SMF proteins displayed recognizable domains 
described for the Arabidopsis proteins (Ran et al., 2013; Davies 
and Bergmann, 2014). These include the bHLH domain and 
the characteristic SMF C-terminal domain (green; MacAlister 
and Bergmann, 2011). Domains specific for SPCH, MUTE, 
and FAMA (unique I, unique II, and Ia extension) and the SQR 
putative phosphorylation target (Chater et al., 2017) and the 
LxCxE RBR-binding motif (Lee et al., 2014; Matos et al., 2014) 

FIGURE 1 | Domain structure of the stomatal SMF proteins in Arabidopsis thaliana and the Solanum lycopersicum candidates. Arabidopsis SPCH, MUTE, and 
FAMA proteins and their candidate orthologs in tomato are aligned taking as reference their shared bHLH domain (blue). The characteristic SMF C-terminal domain 
(green) is present in all the proteins. Domains specific for SPCH (yellow), MUTE (orange), and FAMA (unique I in red, unique II in deep purpl, and Ia extension 
in light purple) are also identifiable in all the proteins, with the exception of FAMA unique I, absent in SolycFAMA-like. The characteristic FAMA SQR putative 
phosphorylation region and RBR-binding site are shown.
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are also identifiable in the candidate tomato proteins, with 
the exception of FAMA-unique I, absent in SolycFAMA-like. 
Domain order and sizes were similar, with some exceptions in 
SolycFAMA-like that, however, presented most of the relevant 
FAMA domains.

Sequence comparisons between Arabidopsis and tomato for 
each protein revealed a variable degree of amino acid identity 
in the different domains (Supplementary Figure 1). The bHLH 
putative DNA-binding domain was remarkably conserved 
between all the tomato proteins (including FAMA-like) and their 
Arabidopsis orthologs, as described for other species (Ran et al., 
2013). SolycSPCH had a slightly shorter N-terminal region that 
shared a limited identity with AtSPCH, but the SPCH-distinct 
phosphorylation sites, targets of different signaling cascades 
during stomatal development and key for protein stability 
and function in Arabidopsis (Lampard et al., 2008; Gudesblat 
et al., 2012) were almost identical in the tomato candidate 
orthologue. The SMF C-terminal domain similar in the three 
Arabidopsis stomatal bHLHs was almost identical in their tomato 
counterparts. The MUTE Arabidopsis and tomato proteins shared 
a high identity in the bHLH region, the MUTE-unique extension, 
and the SMF domain, albeit not as much as in SPCH and albeit 
the final amino acid residues at the C-terminus differed. FAMA, 
the longest of the three proteins, was the most divergent between 
the two species, except for the bHLH domain and its 5’ extension. 
The FAMA-unique II domain and the SMF C-terminal domain 
were also conserved, particularly between Arabidopsis and 
SolycFAMA but also, to a lesser extent, with FAMA-like. The 
N-terminal half of the three FAMA proteins showed, however, 
important differences. SolycFAMA shared with AtFAMA the 
distinct FAMA-unique I domain and other short amino acid 
motifs (Figure 1; Supplementary Figure 1). In contrast, FAMA-
like lacked most of this N-terminal region, only showing the 
Ia-extension, a possible SQR motif and some homology stretches 
immediately upstream from the bHLH domain. FAMA-like 
showed a high degree of amino acid identity with SolycFAMA in 
the bHLH and the SMF C-terminal domains, and it harbored the 
LxCxE RBR-binding motif (Lee et al., 2014; Matos et al., 2014) 
and a potential phosphorylation site similar to the conserved 
SQR motif (Chater et al., 2017), as well as the FAMA-unique II 
region. All these comparisons point that S. lycopersicum SPCH, 
MUTE, and FAMA have potential to be the functional orthologs 
of the Arabidopsis master stomatal regulators. SolycFAMA-like 
presents a puzzling situation, as it is much shorter than AtFAMA 
and SolycFAMA and lacks one important N-terminal motif, but 
its identity is large in other crucial functional FAMA domains.

To explore to what extent these similarities to Arabidopsis are 
a characteristic of S. lycopersicum, we searched other Solanaceous 
genomes for similar proteins, using the SOLGENOMICS 
database that contains updated sequence information for a 
growing set of species, and used the retrieved sequences to build a 
phylogenetic tree. The phylogeny was constructed with the Jukes-
Cantor program, using a Geneious tree builder with a global 
alignment and the cost matrix Blosum90 in the GENEIOUS 
platform. Figure 2 shows the phylogenetic relationships for 
AtSPCH, AtMUTE, AtFAMA, and their putative orthologs 
in representative Solanaceous species (Capsicum annuum, 

Nicotiana sylvestris, Solanum tuberosum, Solanum melongena, 
Solanum lycopersicum, and Solanum pennelli). Each of the three 
stomatal bHLHs grouped together with their putative orthologs, 
regardless of the species, with SPCH and MUTE showing a close 
relationship among them. FAMA proteins formed a separate 
group divided in two distinct clades: AtFAMA was closer 
to Solanaceous FAMA proteins and all FAMA-like proteins 
clustered together, separated from the FAMA candidates. In all 
species, FAMA was closer to other species FAMA than to the 
FAMA-like encoded in its same genome.

Because in Arabidopsis the SMF proteins function as 
heterodimers with ICE1/SCRM1 or SCRM2 (Kanaoka et al., 
2008), we asked if the tomato genome harbors sequences 
putatively encoding these SMF interactors. We used the AtICE1 
deduced protein sequence to search for putative orthologs 
in SOLGENOMICS. The search rendered two candidates 
(Solyc03g118310.3 and Solyc06g068870.3) coincident with those 
previously identified as involved in cold tolerance in tomato 
(previously termed SolycICE1 and SolycICE1-like/ICE1a; Miura 
et al., 2012; Feng et al., 2013; Kurbidaeva et al., 2014). Protein 
alignment of both candidates with AtICE1showed a limited 
overall conservation of the three proteins, although all harbored 
a bHLH domain, an S-rich motif, and the ACT-domain, with 
SolycICE1-like protein showing 55% similarity to SolycICE1 
and 47% similarity to AtICE1, as described by Feng et al. (2013). 

FIGURE 2 | Sequence-based relationships among SPCH, MUTE and FAMA 
in Arabidopsis and Solanaceous species. Deduced protein sequences for the 
Arabidopsis SMF and their closest homologs in various Solanaceous species 
were obtained from TAIR10 and iTAG2.40 and used for a global alignment 
with the Geneious program using Cost Matrix Blosum90 in the GENEIOUS 
platform. The phylogenetic tree was constructed with the Geneious tree 
builder. AT, Arabidopsis thaliana; CA, Capsicum annuum; Nsyl, Nicotiana 
sylvestris; PGSC, Solanum tuberosum; Sme, Solanum melongena; Solyc, 
Solanum lycopersicum; Spenn, Solanum pennelli. SPEECHLESS proteins 
are in grey, MUTE in orange and FAMA in purple. Bar, average number of 
substitutions per site.
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It is unclear if any of the two tomato genes represent orthologs 
of the Arabidopsis SCRM1/2 stomatal proteins (see Discussion). 
All these analyses indicated that SolycSPCH, SolycMUTE, and 
SolycFAMA are the probable orthologs of Arabidopsis SPCH, 
MUTE, and FAMA.

Expression of Putative Tomato Orthologs
In Arabidopsis, the three stomatal bHLH genes display a distinct 
expression pattern, as their transcription is restricted to specific 
cell stages in the developing stomatal lineages, early during 
cotyledon development, and they are absent in the mature, fully 
expanded organ. AtSPCH is expressed in dividing meristemoids, 
AtMUTE in late meristemoids and GMCs, and AtFAMA in 
young guard cells, and all these cell types are limited to very early 
developmental stages of cotyledons and leaves (Ohashi-Ito and 
Bergmann, 2006; MacAlister et al., 2007; Pillitteri et al., 2007; 
Triviño et al., 2013). To determine organ-specific expression of 
the candidate tomato orthologs, we extracted total RNA from 
3dpl tomato cotyledons, hypocotyls, and radicles (see Materials 
and Methods) and used the cDNAs to perform gene-specific 
semiquantitative PCR using the primers listed in Supplementary 
Table 1, designed from the corresponding deduced ORFs from 
the genomic sequences. Figure 3 shows the results. Transcripts 
from SolycSPCH, SolycMUTE, and SolycFAMA were present 
in cotyledons and hypocotyls, but not in radicles; notably, 
SolycFAMA-like was also expressed only in aerial organs, as the 
other genes.

We conducted an in silico characterization of the expression 
patters of the tomato stomatal bHLHs taking advantage of the 
unified RNA-Seq data visualization TomExpress platform 
(Zouine et al., 2017; http://tomexpress.toulouse.inra.fr/query). 
Tomato SPCH (Solyc03g007410) transcripts accumulate in the 
shoot apical meristem samples (SAM), particularly at 4dpl and 
5 dpl, more strongly in young leaf primordia at 4 and 5 dpl, and 
only residually in whole leaves, flower parts and incipient ovule 
walls, overall matching the Arabidopsis activity of the SPCH 
promoter. Transcripts are absent in all the rest of the organs listed 
(roots, seeds, and fruits). Tomato MUTE (Solyc01g080050) shows 
almost undetectable expression, consistent with the transient 

and cell-stage specific expression reported in Arabidopsis. Low 
expression is found in mature seeds (more than 35 dpa) and 
mature fruits that should contain mature seeds. Tomato FAMA 
(Solyc05g053660), as expected from Arabidopsis data, is expressed 
at later developmental times in SAM, in leaf primordia and more 
limitedly in flower parts. Whole leaves show a considerable 
accumulation of FAMA transcripts, in contrast to SPCH and 
MUTE and to the Arabidopsis data. None of these loci has a gene 
name, and they are not identified in the platform as putative 
SMF orthologs. Accumulation of FAMA-like (Solyc09g091760) 
transcripts was surprisingly similar to that of SPCH and not to 
FAMA, though in general at higher levels, particularly in seeds 
and young fruits.

Regarding SCRM/2 candidates, SolycICE1 (Solyc03g118310.3, 
not marked in TomExpress as an ICE1-related gene) matches the 
SPCH expression pattern, but it is expressed at much higher levels, 
notably in SAM and leaf primordia. Solyc06g068870.3 (named 
ICE1a in the platform) was expressed at high levels in seeds and 
fruits, and more limitedly in all aerial organs. According to the 
expression pattern, both SCRM candidates could participate 
in stomata development along with SMFs. None of the genes 
showed transcripts in roots, with the only exception of a low 
presence of ICE1a transcripts.

Thus, the overall expression profiles of the tomato SMF 
candidates, including FAMA-like, and the putative orthologs 
of ICE1 are consistent with those expected for stomatal lineage 
development genes.

Phenotypic Complementation of spch-3, 
mute-3, and fama-1 by S. lycopersicum 
Candidate Genes
As the deduced tomato proteins identified in silico showed a high 
potential to be the true orthologs of Arabidopsis SPCH, MUTE, 
and FAMA, we proceeded to examine their ability to complement 
the seedling-lethal phenotypes of the loss-of-function Arabidopsis 
mutants spch-3, mute-3, and fama-1. These mutants were reported 
to display characteristic stomataless epidermal phenotypes. spch-3 
lacks stomatal lineages, and its epidermis composed of solely 
pavement cells (MacAlister et al., 2007). mute-3 produces lineages 

FIGURE 3 | Organ-specific expression of S. lycopersicum putative SPCH, MUTE, and FAMA genes. Semiquantitative RT-PCR of 3 dpl cotyledons, hypocotils, and 
radicles. Primers specific for unique regions of SolycSPCH, SolycMUTE, SolycFAMA, and SolycFAMA-like were used to amplify the corresponding sequences, and 
the amplicons fractionated by agarose gel electrophoresis. The normalizer was S. lycopersicum ACTIN-41.
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but it fails to undergo the final stomata-forming steps (Triviño et al., 
2013), and fama-1 also produces lineages but instead of stomata it 
displays clusters of unpaired guard cells (Ohashi-Ito and Bergmann, 
2006). We generated transcriptional fusions of each Arabidopsis gene 
promoter to the cDNA encoding the corresponding tomato protein 
either by itself or as a C-terminal fusion to GFP (see Materials and 
Methods). All cDNA sequences that we identified corresponded 
to those described for the reference tomato genome Heinz. Each 
construct was mobilized to plants heterozygous for each of the 
stomatal mutant alleles, the resulting plants were self-crossed, and 
the transgenic progenies screened for the presence of the transgene 
in homozygosis and for carrying the two mutant alleles at their 
genomic loci (see Supplementary Table 5 for a list of transgenic 
lines selected). In all cases except for those carrying the FAMA-
like cDNA, several double-homozygous transgenic lines were 
selected and epidermal phenotypes examined in four to six of them 
(Supplementary Figure 2 shows the genotypes of representative 
lines at the relevant genomic loci). The confocal images of early 
developing cotyledons for representative lines in Figure 4 compare 
the epidermis of the three loss-of-function mutants with those 

of the corresponding lines expressing the tomato cDNAs in the 
mutant genomic backgrounds. SolycSPCH/spch-3 showed evidence 
for entry asymmetric divisions at 2 dpl (Figure 4B), and at 3 dpl 
SolycMUTE/mute-3 (Figure 4E), and SolycFAMA/fama-1 (Figure 
4H) presented fully differentiated stomata. At later developmental 
times (Figure 5), fully expanded cotyledons of all lines produced 
apparently normal stomata in their abaxial and adaxial epidermis. 
These results indicate that the cDNAs of SolycSPCH, SolycMUTE, 
and SolycFAMA were capable of complementing the defective 
Arabidopsis alleles spch-3, mute-3, and fama-1 when expressed in 
the correct spatial and temporal contexts under the control of the 
Arabidopsis promoter for each of the genes.

Subcellular Localization of Tomato bHLHs 
and Expression of Arabidopsis Stomatal 
Genes in the Complemented Lines
As the transgenic lines described above carried protein fusions 
to GFP, the accumulation of the heterologous tomato SPCH, 
MUTE, and FAMA could be visualized (Figures 4B–I). The 

FIGURE 4 | Epidermal phenotypes of Arabidopsis mutant lines complemented with tomato orthologs. Confocal cotyledon images of Arabidopsis mutants spch-3 
(A, B, C), mute-3 (D, E, F) and fama-1 (G, H, I). Homozygous mutant plants carried GFP translational fusions to the cDNAs of tomato SPCH (B, C), MUTE (E, F), 
and FAMA (H, I), under the corresponding Arabidopsis promoters. Cotyledons of 3-day-old plants (2 days for B, C) were stained with propidium iodide to show cell 
contours (magenta). Note the presence of stomata in the complemented lines and the nuclear accumulation of GFP in specific cell types. Bar: 50 μm.
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three proteins accumulated in the expected cell stages. SPCH-
GFP was visible in abundant protodermal cells at very early 
time points (2–3 dpl), to become progressively restricted to a 
few cells with meristemoid morphology and disappeared at 
later cotyledon developmental times (not shown). MUTE-GFP 
is detected slightly later (3 dpl), in cells with meristemoid or 
guard mother cell-like morphology, and FAMA-GFP appears 
in some GMC-like cells and, more prominently as development 
progresses, in paired guard cells of young stomata. Thus, 
the tomato proteins were short-lived, as their Arabidopsis 
counterparts, in the cell types determined by the Arabidopsis 
promoters. The three proteins had a nuclear location, indicative 
of their deduced transcription factor nature. These observations 
fit with the capacity of tomato SPCH, MUTE, and FAMA 
candidates to restore stomatal production in the stomataless 
mutants, suggesting that they integrate in the stomatal 
development pathway with the other Arabidopsis proteins.

Stomatal lineage progression occurs in parallel with 
expression changes of several genes involved in cell identities 
and transitions (Adrian et al., 2015; Simmons and Bergmann, 
2016). We measured to what extent the heterologous tomato 
SMF proteins were able to elicit such expression changes in 
several of these Arabidopsis genes (Supplementary Figure 3). 
3dpl Col-0 seedlings accumulated TMM transcripts, indicative 
of actively dividing stomatal lineages, as well as lower amounts 
of SPCH and MUTE transcripts, characteristic of young and late-
meristemoids, and guard mother cells, in agreement to previous 
reports (Simmons and Bergmann, 2016). At this very early 
stage of cotyledon development, guard cell-specific FAMA and 
KAT1 transcripts were detected at very low levels, as expected. 
The expression profiles in the transgenic lines complemented 

with SolycSPCH, SolycMUTE, and SolycFAMA were similar to 
those detected in Col-0; eGFP expression in each case specifically 
measured transcripts from the corresponding transgenes, that 
were absent in Col-0. These results demonstrate that stomatal 
lineages behaved in terms of specific gene expression similarly in 
Col-0 and the complemented lines and support the notion that 
the three tomato proteins we provided can replace the Arabidopsis 
ones in the transcriptional control of stomatal development.

Quantitative Epidermal Phenotypes of the 
Complemented Arabidopsis Mutant Lines
The qualitative epidermal phenotypes and subcellular protein 
locations for the candidate tomato proteins indicate that 
candidate SolycSPCH, SolycMUTE, and SolycFAMA proteins 
can replace their Arabidopsis to determine stomatal lineages 
development in developing cotyledons. The complemented lines 
were examined to determine to what extent stomatal abundances 
in the fully expanded organs compared to Col-0. For that, the 
abaxial and adaxial epidermes of 20 cotyledons of 15-day-
old plants per each type of complemented Arabidopsis lines 
were inspected, micrographs taken, and epidermal cell types 
(guard cells conforming stomata and pavement cells) counted 
(Figure 5). The apparent stomatal distribution and abundance, 
as well as pavement cell shapes, were normal in both epidermal 
sides for all the lines (Figures 5A–H). Stomatal densities in all 
the lines and epidermal sides were compared to Col-0, revealing 
statistical differences (Figure 5I) only for the adaxial side of 
SolycMUTE and SolycFAMA complemented lines. In all lines, SD 
was and higher in the abaxial than in the adaxial epidermis, as is 
typical for Arabidopsis cotyledons (Geisler et al., 2000; Delgado 

FIGURE 5 | Stomatal Index and Density of the complemented Arabidopsis mutant lines. (A–H) cotyledon DIC micrographs from representative 15-day-old plants 
of Col-0 and the complemented mutant lines as indicated in the panels. (A–D) abaxial epidermis; (E–H) adaxial epidermis. Stomata are false-coloured in green over 
the micrographs. (I) Stomatal Density (number of stomata/mm2). (J) Stomatal Index (number of stomata/stomata number + pavement cell number), expressed in 
percentage. Black, abaxial; grey, adaxial. Numbers represented are the medium of 10–20 independent plants. Bars are standard errors. Significant differences by 
Student’s t-test between each transgenic line and Col-0 are marked (*P < 0.05; **P < 0.001; ***P < 0.000001). Scale bar: 50 µm.
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et al., 2011). Values for the Stomatal Index, a measure of the 
proportion of epidermal cells that are stomata and informative 
of the cell divisions that had taken place in the epidermis, were 
slightly higher in the abaxial side (Figure 5J). In this case, we 
found statistically significant differences with Col-0 in all the 
lines. The abaxial SI was moderately higher for SolycSPCH and 
SolycMUTE lines, while the adaxial SI was higher with a strong 
significance for SolycMUTE and SolycFAMA. These high abaxial 
SI corresponded with also significant increases in abaxial SD for 
the lines complemented with SolycMUTE and SolycFAMA, while 
the remaining values were similar to Col-0. During the scoring 
of SI and SD, we searched for aberrant stomatal distribution or 
differentiation patterns, finding no stomatal clusters, anomalous 
or aborted lineages or unpaired guard cells. In agreement with 
these results, the complemented mutant lines grew normally 
to maturity, flowered, and produced normal numbers of 
viable seeds, showing wild-type size and general architecture 
(Supplementary Figure 4). These data consistently indicate that 
the tomato proteins expressed in the transgenic lines display 
activities that are sufficient to recapitulate the biological effects 
of their Arabidopsis counterparts, although sustained somewhat 
different stomatal abundances in the mature organ.

Epidermal Cell Transdifferentiation 
Mediated by Ectopic Expression of the 
Tomato Candidate Proteins
Overexpression of any of the three Arabidopsis stomatal bHLH 
generates distinct phenotypes (Ohashi-Ito and Bergmann, 
2006; MacAlister et al., 2007; Pillitteri et al., 2007; Triviño et al., 
2013). SPCH overexpression gives raise to extra cell divisions of 
the meristemoids, resulting in epidermal patches of small cells; 
MUTE transforms the entire cotyledon epidermis in clustered 
stomata, with very few discernible pavement cells; and FAMA 
produces an epidermis entirely composed by unpaired guard 
cells, as well as guard cell-like mesophyll cells. These phenotypes 

are interpreted in terms of the ability of SPCH, MUTE, and 
FAMA to determine cell identity in protodermal cells, interfering 
with the normal stomatal development program where their 
expression is constrained to precise and very limited spatial-
temporal contexts. To test if tomato proteins conserved such 
capabilities, we constructed transgenic lines for the conditional 
overexpression of the four tomato proteins in a Col-0 background. 
These lines activate the generalized expression of the cDNAs 
only upon exposure to β-estradiol, overcoming the seedling-
lethal phenotypes linked to aberrant epidermis resulting from 
constitutive overexpression, and they were termed iSolycSPCHoe, 
iSolycMUTEoe, iSolycFAMAoe, and iSolycFAMA-LIKEoe. 
Figure 6 shows their epidermal phenotypes as compared to Col-0 
when grown on β-estradiol containing plates, each line except 
for SolycFAMA-like displaying the cell transdifferentiations 
characteristic of their Arabidopsis counterpart, further confirming 
that the three tomato proteins identified in this work are the 
functional orthologs of the Arabidopsis master stomatal bHLHs.

SolycFAMA-like Is Not a Functional 
Orthologue of AtFAMA
Our negative results with SolycFAMA-like, which failed to 
complement the Arabidopsis fama-1 mutation, suggested that 
FAMA-like did not express a true FAMA function. All the 
antibiotic-resistant plants resulting from the transformation of 
the heterozygous fama-1 line with the SolycFAMA-like cDNA 
(Figure 7A) were also heterozygous for the genomic mutation at 
the FAMA locus, indicative of a lack of complementation of the 
lethal recessive fama-1 mutation. However, such lines specifically 
accumulated SolycFAMA-like transcripts, but not SolycFAMA, in 
young cotyledons (Figure 7B), indicating that the gene promoter-
cDNA fusion functioned correctly. We sequenced the transgene 
in several of these lines across the entire FAMA-like cDNA-GFP 
region, confirming the expected sequence. We could also detect 
GFP in the lines carrying the FAMA-like-GFP translational 

FIGURE 6 | Epidermal cell transdifferentiation induced by overexpression of the candidate tomato proteins in Arabidopsis. (A) Diagram showing the transgene 
carried by the conditional overexpression lines. LB, RB: left and right T-DNA borders. G10-90: artificial constitutive promoter. XVE: chimeric transcription factor 
activated by β-estradiol. OlexA-46: promoter recognized by activated XVE. cDNA: coding sequence for Solyc SPCH, MUTE, and FAMA. T3A: transcriptional 
terminator. (B) Micrographs showing a Col-0 epidermis and the phenotypic effects of overexpressing SolycSPCH (note the small-cell clusters), SolycMUTE (note the 
only-stomata epidermis), and SolycFAMA (note the unpaired guard cells across the entire epidermis) overexpression. Confocal images of propidium iodide-stained 
(magenta) 10-day-old cotyledons grown in β-estradiol plates. Bars, 100 μm.
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fusions in some young stomata (as it was driven by the AtFAMA 
promoter), albeit the accumulation pattern of the fusion protein 
was somehow inconsistent (Figure 7A). The conditional FAMA-
like overexpression lines also failed to show the distinct epidermal 
effects of FAMA overexpression (Figure 7C), and the plants 
grown on β-estradiol did not show the severely stunted phenotype 
resulting from AtFAMA (Ohashi-Ito and Bergmann, 2006) and 
SolycFAMA overexpression (Figure 7D). Finally, transcriptional 
fusions to GFP of a 3,000 bp genomic region upstream from the 
predicted FAMA-like ORF failed to show GFP expression in the 
expected domains of FAMA, although the reporter Arabidopsis 
line occasionally showed some GFP signal in scattered lineage 
cells (Figure 7E). Therefore, SolycFAMA-like does not seem to 
act as a FAMA orthologue in Arabidopsis.

Expression Domains of the Tomato SMF 
Gene Promoters in Arabidopsis
In Arabidopsis, the three SMF stomatal bHLH genes show 
distinct transcription domains that contribute to restrict 
their activity to highly specific stages of stomatal lineage cells 
(MacAlister et al., 2007; Lampard et al., 2009). If the orthologue 
tomato proteins are to determine stomatal lineage progression 
in a similar way, the promoters of these genes should also show 

cell-specific activity, restricted to particular cell types within 
the lineages. To determine if that was the case, we introduced 
GFP transcriptional fusions to the promoters (see Materials 
and Methods) of SolycSPCH, SolycMUTE, and SolycFAMA in 
Col-0 plants and examined their GFP expression patterns in 
developing cotyledons (Figure 8). The SolycSPCH promoter 
sustained a general expression in many protodermal cells at very 
early stages of seedling development (1–2 dpl), and by 2–3 dpl 
did not acquire the narrower pattern typical of the Arabidopsis 
promoter, where only some small cells (presumably dividing 
meristemoids; MacAlister et al., 2007) show GFP accumulation. 
SolycMUTE promoter drove GFP expression at 3–4 dpl only in 
isolated small cells, sometimes with a rounded morphology (late 
meristemoids and GMCs), while with the SolycFAMA promoter 
GFP was only visible in paired cells product of symmetric 
divisions and with the morphology of young guard cells and 
in some possible guard mother cells. These expression patterns 
of the tomato promoters matched those described for MUTE 
and FAMA in Arabidopsis, and it was somehow different for 
SPCH. Therefore, the expression domains of these two tomato 
genes agree with the conserved protein functions and, together, 
corroborate the functional orthology of the S. lycopersicum 
genes identified in this work.

FIGURE 7 | SolycFAMA-like is not a functional orthologue of AtFAMA. (A) Confocal image of plants heterozygous for fama-1 carrying the AtFAMAp : SolycFAMA-
like-GFP construct. (B) RT-PCR in the same lines, using primers for AtFAMA, SolycFAMA, and SolycFAMA-like. (C) Epidermal phenotype of iSolycFAMA-likeoe line. 
(D) Overall phenotypes of conditional overexpressor lines for AtFAMA, SolycFAMA, and SolycFAMA-like. (E) Confocal image of a Col-0 3 dpl cotyledon carrying a 
SolycFAMA-like promoter transcriptional fusion to GFP. Bars: (A, C, F) 50 μm; (B) 5 mm.
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Stomatal Lineage Development in  
Tomato Cotyledons
The consecutive action of SPCH, MUTE, and FAMA at specific 
cell stages during Arabidopsis stomatal lineage development 
brings about a stereotyped sequence of cell division and 
differentiation events that culminate with stomata formation 

(Geisler et al., 2000). Processes intrinsic to the lineages and based 
on cell-cell communication regulate SMF activity during lineage 
development (Lampard et al., 2008), and bring about stomatal 
abundance and distribution patterns in the mature organs that 
have functional consequences (Vatén and Bergmann, 2012). In 
tomato, stomata lineage development has not been described. To 
assess how this process takes place, we carried out a reconstruction 
of epidermal cell histories by studying in vivo serial impressions 
in incipient cotyledons. We first tracked lineages in cotyledons 
from seeds stratified 48 h in the dark before transferred to light, 
taking resin impressions of the same specimen at 24-h intervals 
up to 120 h. The results (Supplementary Figure 5) showed the 
presence of mature stomata as early as 1 dpl, as well as developing 
lineages that culminated their development in 96–120 h. Only 
divisions producing two cell products clearly differing in size, 
with the smaller cell product presenting the characteristic 
triangular morphology of meristemoids, were recorded as 
asymmetric. We reconstructed 50 individual lineages from 
10 cotyledons and identified that lineages evolved with one or 
two asymmetric divisions prior to stoma differentiation. Since 
in Arabidopsis lineages usually evolve with 2–3 asymmetric 
divisions prior to stoma differentiation, this result suggested a 
reduction of the number of asymmetrical divisions that could 
be a characteristic of stomatal development in the tomato 
cotyledon. However, it could also be an artifact consequence of 
the tracking method, having lost the first divisions due to the 
cotyledon not being emerged from the seed coat, what precluded 
their examination at shorter times. We tested this possibility 
by increasing the period of dark stratification to 96 h, to take 
advantage of the slowdown of stomatal lineage development in 
the dark (Kang et al., 2009; Delgado et al., 2012; Balcerowicz 
et al., 2014). These conditions made it possible to reconstruct 
lineages with three asymmetric divisions, as well as abundant 
lineages with two asymmetric divisions (Figure 9). Lineage 
classification according to the number of asymmetric divisions 
prior to stomata formation (Supplementary Table 6) showed 
that stomata form after two, three, or one asymmetric divisions 
of the stomatal precursor, much as in Arabidopsis. The overall 
patterns of stomatal development in anatomical terms were also 
very similar to those described for Arabidopsis.

DISCUSSION

Work in Arabidopsis since the turn of the century established 
that SPCH, MUTE, and FAMA are the three positive master 
regulators of stomatal development, together with ICE1/
SCREAM1 and SCREAM2. The five proteins are bHLH-type 
transcription factors, and the first three (termed SMF proteins; 
MacAlister and Bergmann, 2011) are closely related and drive 
consecutive stages of stomatal lineage development. In this work, 
we show that the S. lycopersicum genome contains genes whose 
deduced protein products share a high homology to Arabidopsis 
SPCH, MUTE, and FAMA and are putative candidates for the 
orthologous SMF genes. The overall domain structure of these 
proteins and the highly specific motifs unique for each of the 
three stomatal bHLHs are conserved between Arabidopsis and S. 

FIGURE 8 | Expression domains for the S. lycopersicum promoters of 
SPCH, MUTE and FAMA in Arabidopsis. Confocal cotyledon images of Col-0 
lines carrying promoter-GFP transcriptional fusions. (A, B) AtSPCHpro; (D, E) 
SolycSPCHpro; (C) SolycMUTEpro; (F) SolycFAMApro. Cell contours were 
stained with propidium iodide. Cotyledons were from 2 dpl (A, D) and 3 dpl 
(B, C, E, D) plants. Cell contours were revealed by propidium iodide staining 
(magenta). Bars: 100 µm.
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lycopersicum (this work; MacAlister and Bergmann, 2011; Davies 
and Bergmann, 2014; Raissig et al., 2016). For SPCH and MUTE, 
our search identified unique candidates in tomato. The query 
for Arabidopsis FAMA orthologs identified a highly conserved 
protein, which we termed FAMA, and a second candidate, 
potentially encoded by Solyc09g091760.1.1. This protein 
presented a high sequence homology with AtFAMA and with 
SolycFAMA in the entire C-terminal region starting at the bHLH 
domain but lacked the entire N-terminal region that harbors 
the FAMA-unique I motif present in all orthologs identified in 
several species and in the tomato FAMA protein. We termed this 
protein FAMA-like. Putative orthologs of FAMA-like are present 
in all Solanaceous species examined but absent from all the 
other plant genomes. Phylogenetic analysis showed that tomato 
SPCH and MUTE clustered with the same proteins from other 
Solanaceous species and from Arabidopsis. FAMA candidates 
grouped together separate from SPCH and MUTE and were 
divided into two clades. FAMA and its corresponding candidates 
in Solanaceae were close to AtFAMA, while Solanaceous FAMA-
like proteins appeared in a separate cluster. While SolycFAMA, 
along with SolycSPCH and SolycMUTE, were strong candidates 
for the tomato SMF triad, FAMA-like could still play some role 
in stomata development and was therefore studied in parallel to 
the other three.

Our four candidate genes were transcribed in young tomato 
cotyledons but not in radicles, and we could clone full-length 
cDNAs for all of them. SolycFAMA-like transcripts followed 
a similar organ-specific expression and its cDNA was also 
cloned and carried along for further analysis. Phenotypic 
complementation of homozygous loss-of-function Arabidopsis 
spch-3, mute-3, and fama-1 mutants by the tomato candidates 
was successful, except for SolycFAMA-like, provided that the 
tomato proteins were expressed under the corresponding 
Arabidopsis promoters. In the young cotyledon epidermis of the 
complemented lines, cell morphologies indicate overall patterns 
of cell division and differentiation similar to those described 
for Col-0, and developing stomatal lineages were identifiable. 
This indicates that the heterologous proteins, when expressed 

in correct spatial-temporal frames, behave much as their 
Arabidopsis counterparts and are able to reconstruct the gene 
circuits altered in each mutant, complementing the stomataless 
phenotypes and allowing lineage development completion up to 
full stomata differentiation. The C-terminal GFP fusions to the 
three tomato SMFs accumulated in the expected cell types where 
the transgenes should be expressed under the corresponding 
Arabidopsis promoters. All of them showed a nuclear location, 
as expected for this class of transcription factors. This result 
demonstrates that the heterologous proteins were not subjected 
to improper posttranslational modifications that hinder their 
accumulation or subcellular targeting, but that they accumulated 
in those epidermal cell types and cell compartment where they 
could exert their functions replacing their absent Arabidopsis 
counterparts. This is particularly important for SPCH, as protein 
abundance and activity in Arabidopsis are finely regulated by 
phosphorylation mostly via the YDA and the BIN2 kinases 
(Kim et al., 2012; Gudesblat et al., 2012), and the resulting 
phosphorylation status of SPCH plays a determinant role in 
stomatal lineage initiation and in the subsequent asymmetric 
cell divisions. Our results indicate that the Arabidopsis kinase 
cascades acted upon SolycSPCH, since its GFP fusion shows the 
expected downregulation as lineages progress: from a broader 
accumulation in many lineage cells, marking often neighbor 
lineage cells, it becomes progressively restricted to isolated cells 
and then it disappears. Failures to downregulate SolycSPCH 
activity by phosphorylation would have produced a stomata-
overproduction phenotype, which was not apparent in our 
complemented lines (see below). These results match with the 
presence of the target YDA and BIN2 phosphorylation sites in 
SolycSPCH. Little is known about AtMUTE posttranslational 
regulation, but in all extent SolycMUTE correctly directs the 
meristemoid-to-guard mother cell transition in Arabidopsis, 
allowing the symmetric cell division and the subsequent 
entrance of AtFAMA to produce correctly paired guard cells. 
Defective SolycMUTE function would have produced extended 
asymmetric divisions in the lineages, giving rise to a rosette-like 
phenotype (Pillitteri et al., 2007; Triviño et al.,  2013), absent 

FIGURE 9 | Epidermal cell division and differentiation histories in live cotyledons of S. lycopersicum. DIC micrographs of serial impressions replicas taken on the 
abaxial epidermis of the same cotyledon. Sequential images show the time courses of epidermal differentiation and allow reconstruction of three adjacent lineages 
experiencing one (*), two (**), or three (***) asymmetric divisions prior to stomata differentiation. Seeds were stratified in darkness for 96 h before their transfer to light 
conditions. Resin impressions were taken at 24-h intervals along 5 consecutive days.
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in the complemented lines. Finally, SolycFAMA seems to be 
targeted correctly by the Arabidopsis RBR protein, as a failure in 
this mechanism that terminates cell divisions in stomatal lineages 
would have elicited a distinct stoma-in stoma phenotype (Lee et 
al., 2014; Matos et al., 2014), which we did not detect. The fact 
that the qualitative stomatal phenotypes of the complemented 
lines were similar to Col-0, with no aberrant stomatal clusters, 
SLGC rosettes or improperly differentiated guard cells strongly 
supports the notion that, overall, the tomato SMFs correctly 
blended into the Arabidopsis protein networks that regulate 
the processes involved in stomatal development. This is further 
supported by the fact that endogenous gene expression of master 
stomatal development regulators correlated with the epidermal 
phenotypes and was indicative of correct lineage progression. 
SPCH is the key transcription factor controlling asymmetric 
cell divisions in stomatal lineages. SPCH positively regulates 
the expression of itself, TMM and MUTE among many other 
genes, in a sequence required for eliciting the complex cell fate 
and division events that take place in the stomatal lineages 
(Adrian et al., 2015; Lau et al., 2015; Simmons and Bergmann, 
2016). MUTE, in turn, represses SPCH and promotes FAMA 
expression to drive the transition of the late meristemoid to a 
GMC, and to drive its symmetric division (Han et al., 2018). 
FAMA induces the expression of genes needed to trigger guard 
cell identity and function, such as KAT1 (Hachez et al., 2011). 
We found that SolycSPCH supported AtTMM and AtMUTE 
expression much as AtSPCH does, providing the molecular 
explanation of the anatomical phenotypes found in the 
complemented lines. Similarly, the lines complemented with 
SolycMUTE and SolycFAMA showed normal expression of the 
monitored Arabidopsis genes. As the SMF proteins act through 
their interactions with SCREAM/ICE1 and SCREAM2 to drive 
specific gene expression and lineage development (Kanaoka 
et al., 2008), our results imply that the tomato SMFs seem able 
to interact functionally with these Arabidopsis co-regulators, 
as well as with others involved in the transcriptional control 
of stomatal development. It is unclear if one or the two tomato 
ICE1 candidate proteins, which show functional similarity with 
AtICE1 in the responses to cold and other stresses (Miura et al., 
2012; Feng et al., 2013) are the true SMF partners during lineage 
development in tomato plants. It seems that ICE2/SCRM2 
appeared in Brassicaceae as the result of a gene duplication of 
ICE1/SCRM followed by partial neofunctionalization, and other 
angiosperms have only ICE1 orthologs (Kurbidaeva et al., 2014; 
Qu et al., 2017). According to TomExpress, both candidate 
genes are expressed broadly in aerial organs, including young 
leaf primordia, and could therefore play similar roles in tomato 
stomatal lineages as SCRM/2 do in Arabidopsis.

Stomatal Index and, to a lesser extent, Stomatal Density, are 
influenced by the history of cell divisions and differentiation 
events during stomatal lineage development. To examine more 
in detail to what extent the tomato SMFs quantitatively promote 
this process, we examined stomatal abundance traits in the 
mature cotyledons of the complemented lines. All complemented 
lines showed SIs significantly higher than Col-0, which were 
particularly high in SolycMUTE-complemented adaxial 
cotyledon epidermis. Although this could suggest that the 

tomato proteins were poorer subjects of the Arabidopsis negative 
regulatory networks, there are other possible explanations, such 
as higher transcription from the transgenes than from the native 
genes, favoring higher accumulation levels of the heterologous 
proteins. In most cases, these differences did not translate into SD, 
and all lines developed normal adult plants that produced fertile 
seeds. All lines had anatomically normal mature epidermes with 
interdigitated pavement cells showing the distinct morphology 
in the abaxial and adaxial sides typical of Col-0.

All these results indicate that S. lycopersicon putative SMF 
proteins behaved very much as their Arabidopsis counterparts 
when expressed in the highly specific cell types and restricted 
developmental windows determined by the Arabidopsis 
promoters that drive their expression in our transgenic lines. 
The Arabidopsis SMFs display a notable capacity to override 
endogenous cell differentiation processes when overexpressed 
in protodermal cells, making these transcription factors strong 
transdifferentiators that can determine by themselves cell fates in 
some developmental contexts (Ohashi-Ito and Bergmann, 2006; 
MacAlister et al., 2007; Pillitteri et al., 2007; Triviño et al., 2013). 
In the young protodermis, AtSPCH overexpression induces 
ectopic asymmetric divisions resulting in epidermal patches 
of meristemoid-like small cells. AtMUTE transdifferentiates 
most protodermal cells into guard mother cells, producing an 
all-stomata epidermis and sparse if any pavement cells. Finally, 
AtFAMA dictates that protodermal cells directly acquire guard-
cell fate, skyping the guard mother cell symmetric division and 
producing an epidermis entirely composed by unpaired guard 
cells. These morphogenetic capacities are very characteristic 
of SMFs, and as consequence of their ectopic and continued 
expression, protodermal cells prematurely acquire cell fates, 
overriding the stereotyped epidermal development that is 
determined at large by the specificity of a controlled and 
partly sequential transient expression of SMF genes. We found 
that conditional overexpression of the S. lycopersicum SMF 
proteins elicited the same epidermal phenotypes described for 
Arabidopsis, demonstrating that these tomato proteins have the 
capacity to lead the transdifferentiation of protodermal cells 
much as their Arabidopsis counterparts. Taken together, our 
results indicate that the tomato proteins studied in this work are 
the true functional orthologs of Arabidopsis SPCH, MUTE, and 
FAMA. Furthermore, the tomato SMFs seem to interact correctly 
with the Arabidopsis SPCH, MUTE, and FAMA partners, such as 
SCRM/2, and receive the correct regulatory signals for protein 
activity, in order to construct normal stomata patterns that 
sustain normal plant growth and reproduction.

To be considered true functional orthologs of the Arabidopsis 
SMFs, we would expect that SolycSPCH, SolycMUTE, and 
SolycFAMA genes show a discrete expression pattern restricted 
in time and space to specific cell stages in the stomatal lineages, 
as the Arabidopsis counterparts do. To test if this was the case, 
we expressed in Arabidopsis transcriptional GFP fusions to the 
presumed promoter regions (ca. 3,000 bp upstream from the ORFs) 
of the tomato genes. The SolycSPCH promoter was specifically 
expressed in the Arabidopsis cotyledon epidermis as early as 2 
dpl, but in contrast to the Arabidopsis promoter (MacAlister et al., 
2007), it was not restricted to dividing meristemoids and had a 
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broader expression through most young protodermal cells, failing 
to show a distinct lineage-specific expression. The reasons for 
this divergence among Arabidopsis and tomato are unclear. The 
deduced protein from the SolycSPCH gene was shorter in tomato 
than in Arabidopsis, and its aa identity was only 52%, the lowest 
of the three tomato SMF orthologs, albeit it complemented the 
spch-3 mutant, as discussed above.

The promoters of SolycMUTE and SolycFAMA, in contrast, 
showed a highly specific expression in the expected cell types 
and developmental windows. SolycMUTEpro was active at early 
stages of cotyledon development, and only in epidermal cells 
whose physiognomy corresponded to late meristemoids or guard 
mother cells, with GFP never detected in the paired guard cells of 
young stomata, much as Arabidopsis MUTE (Pillitteri et al., 2007). 
Similarly, SolycFAMApro mimicked the Arabidopsis expression in 
young paired guard cells and in some cells with the morphology of 
late meristemoids or guard mother cells (Ohashi-Ito and Bergmann, 
2006); again, as expected, mature stomata did not express GFP. This 
notable similarity between the expression domains of the Arabidopsis 
and the tomato promoters of MUTE and FAMA in Arabidopsis plants 
indicate that the S. lycopersicum promoters probably drive expression 
in similar cell types in tomato plants, but also that their cis regulatory 
elements are correctly interpreted by the Arabidopsis transcriptional 
machinery. This finding points at a deep conservation between the 
two species in the key regulatory pathways that impose concurrent 
and sequential expression of MUTE and FAMA in consecutive cell 
stages during stomatal development, suggesting that at least the last 
part of the molecular players of this developmental pathway are very 
similar in tomato and Arabidopsis.

The results obtained from in vivo monitoring of epidermal 
divisions in the cotyledon of S. lycopersicum indicate that stomata 
development follows patterns similar to those described in 
Arabidopsis (this work; Bergmann and Sack, 2007). First, cell 
lineages are formed that end up producing a stoma after a variable 
number of asymmetrical divisions. Second, only the smaller 
sister cell product of the previous asymmetric division, which 
has a triangular morphology suggestive of meristemoid identity, 
underwent further asymmetric divisions. Third, the sequential 
asymmetric divisions often follow a centripetal spiral, placing the 
stoma surrounded by sister cells that do not differentiate into a 
stoma. Fourth, in adjacent lineages, the asymmetric divisions were 
oriented in such a way as to distance the new meristemoids from 
each other, suggesting that lateral inhibition mechanisms operate to 
prevent the formation of stomata in contact. All these characteristics 
match those described for the Arabidopsis cotyledons. Thence, cell 
division and differentiation histories of tomato stomatal lineages 
are consistent with the high degree of conservation of tomato SMF 
genes with those of Arabidopsis. Their ability to complement mutant 
phenotypes and to mimic aberrant overexpression phenotypes as 
well as Arabidopsis ability to activate transcription from the tomato 
promoters in specific expected cell types within the lineages support 
a high degree of similarity in this process at the molecular and 
anatomical levels in the two species.

The second putative orthologue of AtFAMA in the tomato 
genome, SolycFAMA-like, is not a functional FAMA orthologue 
in Arabidopsis based in our results. Several lines of evidence 
support this statement. First, its full-length cDNA did not 

complement the Arabidopsis fama-1 phenotype. We obtained 
several viable Arabidopsis transgenic SolycFAMA-like lines after 
antibiotic selection but genotyping the genomic FAMA locus 
determined that all these lines carried at least one copy of the wild-
type FAMA allele, suggesting that the homozygous fama-1 plants 
were seedling lethal because the tomato transgene gene could 
not complement the mutation. Supporting this hypothesis, these 
lines expressed SolycFAMA-like but also produced the AtFAMA 
transcript. We sequenced the insert in several transgenic lines 
and confirmed that the promoter-cDNA and the cDNA-GFP 
fusions were intact. The transgenic plants expressed GFP in some 
domains of the Arabidopsis FAMA promoter (morphologically 
identified as late meristemoids and guard mother cell), although 
the GFP signal did not accumulate consistently in paired guard 
cells of young stomata, as it did in the SolycFAMA complemented 
lines. Finally, the conditional overexpression of SolycFAMA-like 
failed to elicit the distinct epidermal phenotype of iSolycFAMAoe 
and did not show the characteristic unpaired guard cells of FAMA 
overexpression. Such overexpression of AtFAMA or SolycFAMA 
also rendered severely stunted seedlings, a trait that iSolycFAMA-
likeoe did not display. All these results indicate that this protein 
does not play a very relevant role in stomata development or at 
least not in Arabidopsis. We also examined the expression pattern 
of the SolycFAMA-like promoter in Arabidopsis, finding only a 
faint and inconsistent activity in some lineage cells that did 
not match those expected for a gene acting on the last stages of 
stomata development, as the SolycFAMA promoter did. However, 
we detected FAMA-like transcripts in young tomato cotyledons 
(Figure 3) and, according to the TomExpress platform (http://
tomexpress.toulouse.inra.fr/query), they accumulate to medium 
levels in SAM and leaf primordia. We identified homologs 
of SolycFAMA-like in all Solanaceous genomes released in 
SOLGENOMICS so far, but not in other taxons, suggesting 
that this is a Solanaceous-specific gene. The putative role of the 
Solanaceae FAMA-like proteins is unknown. Expression of an 
AtFAMA variant lacking the entire N-terminal region upstream 
from the bHLH domain elicited the overproliferation of small 
epidermal cells that developed into stomata (Ohashi-Ito and 
Bergmann, 2006). As this phenotype was interpreted as a cryptic 
MUTE-like function of this truncated FAMA, the SolycFAMA 
short protein might as well express a similar capacity, and 
while our conditional overexpression experiments did not 
reveal it, we cannot rule out that it is exerted in the context 
of the tomato epidermis and that FAMA-like participates in 
stomata development.

Besides having conserved bHLH (including the Ia extension) 
and SMF characteristic C-terminal domains, as well as the 
FAMA-unique II motif, FAMA-like proteins had the RBR-
binding site and the SQR motif adjacent to the bHLH domain 
as a potential phosphorylation target proposed to be shared 
by all true FAMA orthologs (Chater et al., 2017). With this 
structure, the tomato FAMA-like only lacks the pre-bHLH 
domain including the FAMA-unique II motif present in most 
FAMA genes. This situation is similar to other putative FAMA 
homologs described by Ran et al. (2013) in Amborella trichopoda, 
Carica papaya, and Eucaliptus grandis all of which lacked the 
conserved pre-bHLH region. These authors grouped atypical 
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FAMA Angiosperm variants including the S. tuberosum one in 
a clade that included the lycofite Selaginella moellendorffii and 
the Gymnosperm FAMAs, close to the ancient unique SMF gene 
of mosses (Ran et al., 2013). As the ancestral FAMA proteins do 
not possess the typical pre-bHLH region typical of Angiosperm, 
FAMA-like could also represent the conservation of the ancestral 
gene. Grasses have two SPCH genes, both required for stomata 
formation at least in Brachypodium (Raissig et al., 2016), whose 
origin could be the result of gene duplication followed by neo-
functionalization (Raissig et al., 2016; Chater et al., 2017). The 
origin of the Solanaceae FAMA-like could be similarly rooted 
in a local gene duplication, although we found no evidence of a 
putative role in stomata development in Arabidopsis. Although 
it cannot be ruled out that the protein has a function in tomato, 
in our hands, its ectopic overexpression in Arabidopsis renders 
a weak phenotype of plants smaller and paler than Col-0 grown 
in the same conditions, suggesting some sort of interference 
with Arabidopsis development. The elucidation of FAMA-like 
functions in Solanaceae awaits further experiments that are 
beyond the scope of the present work.

The three tomato SMFs candidates identified in this work 
are functional orthologs (and expresologues, except perhaps 
for SPCH) of their Arabidopsis counterparts, suggesting that 
the basic program for stomatal development in S. lycopersicum 
uses key elements of gene networks seemingly conserved with 
Arabidopsis. This opens the possibility of modifying stomatal 
abundance in tomato by translating previously tested useful 
Arabidopsis alleles that confer altered stomata abundance 
phenotypes (such as spch-5; de Marcos et al., 2017). Since 
stomatal abundance and size correlate with physiological 
traits related to water status, leaf cooling, and photosynthesis, 
tomato lines with SMF alleles that increase or decrease stomatal 
abundance might be better equipped to cope with the higher 
temperatures or the lower water supply in the predicted 
conditions for the future climate.
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Traits in Arabidopsis
Dolores Delgado 1, Eduardo Sánchez-Bermejo 2, Alberto de Marcos 1, 
Cristina Martín-Jimenez 1, Carmen Fenoll 1, Carlos Alonso-Blanco 2 and Montaña Mena 1*

1 Facultad de Ciencias Ambientales y Bioquímica, Universidad de Castilla-La Mancha, Toledo, Spain, 2 Departamento de 
Genética Molecular de Plantas, Centro Nacional de Biotecnología (CNB), Consejo Superior de Investigaciones Científicas 
(CSIC), Madrid, Spain

Stomatal abundance varies widely across natural populations of Arabidopsis thaliana, and 
presumably affects plant performance because it influences water and CO2 exchange 
with the atmosphere and thence photosynthesis and transpiration. In order to determine 
the genetic basis of this natural variation, we have analyzed a recombinant inbred line 
(RIL) population derived from the wild accession Ll-0 and the reference strain Landsberg 
erecta (Ler), which show low and high stomatal abundance, respectively. Quantitative 
trait locus (QTL) analyses of stomatal index, stomatal density, and pavement cell density 
measured in the adaxial cotyledon epidermis, identified five loci. Three of the genomic 
regions affect all traits and were named MID (Modulator of Cell Index and Density) 1 
to 3. MID2 is a large-effect QTL overlapping with ERECTA (ER), the er-1 allele from Ler 
increasing all trait values. Additional analyses of natural and induced loss-of-function er 
mutations in different genetic backgrounds revealed that ER dysfunctions have differential 
and opposite effects on the stomatal index in adaxial and abaxial cotyledon epidermis and 
confirmed that ER is the gene underlying MID2. Ll-0 alleles at MID1 and MID3 displayed 
moderate and positive effects on the various traits. Furthermore, detailed developmental 
studies tracking primary and satellite stomatal lineages show that MID3-Ll-0 allele 
promotes the spacing divisions that initiate satellite lineages, while the ER allele limits 
them. Finally, expression analyses suggest that ER and MID3 modulate satellization 
through partly different regulatory pathways. Our characterization of MID3 indicates that 
genetic modulation of satellization contributes to the variation for stomatal abundance in 
natural populations, and subsequently that this trait might be involved in plant adaptation.

Keywords: stomatal abundance, stomatal development, Arabidopsis thaliana, natural variation, quantitative trait 
locus, stomatal lineage, stomatal satellite lineages

INTRODUCTION
Gas exchange of terrestrial plants with the atmosphere takes place mostly through stomata, i.e., 
the microscopic pores that punctuate their otherwise gas-impermeable epidermis (Raven, 2002). 
Stomatal pores are delimited by two guard cells, whose shape changes in response to physiological and 
environmental cues dynamically open or close the pore, making stomata behaving as effective valves 
that regulate gas exchange (Zeiger et al., 1987). The main gases moving through stomata are CO2 
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and H2O vapor, which diffuse passively between the leaf internal 
space and the adjacent atmosphere following concentration 
gradients. Thus, stomatal opening results in CO2 uptake and H2O 
loss or transpiration. This simultaneous gas exchange leads to a 
physiological conflict or trade-off, since capture of the CO2 needed 
for photosynthesis concurs in space and time with transpiration, 
making loss of internal water unavoidable (Hetherington and 
Woodward, 2003). Transpiration, on the other hand, drives water 
and nutrients uptake by the roots and their xylematic transport, 
and it refrigerates the plant surface through evaporative cooling 
(Raven, 2002). As water is often limiting, and the concentration 
of atmospheric CO2 is low, stomata often operate to maximize 
CO2 uptake and moderate water loss, balancing photosynthetic 
and transpiration rates to prevent desiccation and optimize water 
use efficiency and growth (Condon et al., 2004; Medrano et al., 
2015). Gas exchange balances depend first on stomatal behavior, 
as guard cell physiology adjusts the degree of stomatal pore 
opening (Schroeder et al., 2001; Lawson and Blatt, 2014; Murata 
et al., 2015). However, they also depend on stomata numbers, 
spatial distribution, and size (reviewed by Bertolino et al., 2019).

Stomatal anatomical features are determined during organ 
growth, when stomata are gradually formed across the developing 
epidermis (Geisler and Sack, 2002; de Marcos et al., 2016) under 
the influence of internal and environmental factors (Casson and 
Hetherington, 2010; Qi and Torii, 2018). Stomatal development 
has been deeply studied in the model species Arabidopsis thaliana 
providing precise anatomical and molecular-genetic descriptions 
(reviewed by Zoulias et al., 2018; Lee and Bergmann, 2019). 
Three genes encoding related basic helix-loop-helix (bHLH)-type 
transcription factors drive this process, SPEECHLESS (SPCH), 
MUTE, and FAMA (Ohashi-Ito and Bergmann, 2006; MacAlister 
et al., 2007; Pillitteri et al., 2007). SPCH initiates the stomatal 
lineage from a protodermal cell termed meristemoid mother cell 
(MMC), which experiences an asymmetric division whose smaller 
product, the meristemoid, undergo repeated asymmetric divisions 
(MacAlister et al., 2007). The larger products of these asymmetric 
division are termed stomatal lineage ground cells (SLGCs) and 
differentiate into pavement cells that surround the stoma to ensure 
its proper function and occupy most of the mature epidermis 
(Bergmann and Sack, 2007). Alternatively, SLGCs can experience an 
asymmetric division termed spacing division and initiate a satellite 
stomatal lineage that form another stoma away from the primary 
one (Geisler and Sack, 2002). MUTE directs the late meristemoid 
to differentiate into a guard mother cell that divides symmetrically 
(Pillitteri et al., 2007), whereas FAMA drives the differentiation 
of the twin cell products into guard cells, thus forming the stoma 
and terminating the lineage (Ohashi-Ito and Bergmann, 2006). 
These three proteins act together with the bHLHs SCREAM1/ICE1 
and SCREAM2 (Kanaoka et al., 2008). In addition, this positively 
driven process is under the control of complex phosphorylation 
networks through routes like YODA (YDA)-related MITOGEN 
ACTIVATED PROTEIN KINASE (MAPK) cascades and 
brassinosteroids-related BRASSINOSTEROID INSENSITIVE 
2 (BIN2) (Bergmann et al., 2004; Gudesblat et al., 2012). Several 
signaling peptides of the EPIDERMAL PATTERNING FACTORS 
(EPFs; Torii, 2015) and CLAVATA3/EMBRYO SURROUNDING 
REGION RELATED (CLE; Qian et al., 2018) families regulate the 

phosphorylation cascades. These peptides interact, among others, 
with homo or heterodimers of the membrane receptor TOO 
MANY MOUTHS (TMM; Nadeau and Sack, 2002) and receptor-
kinases of the ERECTA family (ERf; Shpak et al., 2005; Lee et al., 
2012). Some of these components are cell-stage specific, short-lived, 
and act in a combinatorial fashion (Torii, 2012; Lau and Bergmann, 
2012), resulting in the orchestrated development of lineages and the 
formation of precise stomata patterns and abundances.

Direct and specific roles on satellite lineage production 
has been demonstrated only for a few genes (AGL16, miR824, 
AGB1, and GPA1; Kutter et al., 2007; Zhang et al., 2008). It has 
been recently established that the SLGC potential for spacing 
division, impinging on satellite linage formation, is regulated by 
CLE9/CLE10 and ARR16/17 (Vatén et al., 2018). On the other 
hand, a number of stomatal development regulators, including 
TMM, ERf, and EPF1, reinforce correct stomatal patterns 
regulating stomatal fate acquisition in SLGCs and orienting 
their asymmetric divisions to place the new meristemoid away 
from the primary stoma preventing the formation of stomata 
in contact (Zoulias et al., 2018). However, although EPF1 and 
triple ERf mutants generate abundant stomata in clusters, their 
contribution to satellization has not been addressed in detail. 
Thus, both the number of satellite lineages and the correct 
stomata patterning during satellization are under the control 
of these genes. In addition, amplifying divisions contribute 
indirectly to satellite stomata initiation by regulating the 
population of SLGCs amenable to undergo spacing divisions 
and, therefore, regulators involved in amplifying divisions 
should indirectly impact on satellization.

Previous studies in model and crop plants have established 
consistent links between stomatal abundance or pattern, and 
physiological behaviors, which impact water use efficiency and 
yield in different ways (Bertolino et al., 2019). The latter are 
relevant target traits for breeding, whose genetic manipulation 
through determinants of stomatal development is now pursued. 
Such manipulations include transgenic approaches and induced 
mutations that modify stomatal numbers and alter physiological 
performance (reviewed by Bertolino et al., 2019; Endo and Torii, 
2019). However, these studies have shown contrasting effects of 
stomatal density changes, as higher values do not necessarily 
correlate with increased stomatal conductance and vice versa 
(Dittberner et al., 2018; Bertolino et al., 2019).

In addition to artificial genetic modifications, substantial 
natural variation has been found for stomata related traits in 
model and crop plants, such as wheat, soybean, or cotton, which 
have identified genomic regions conferring advantageous growth 
through variations of stomatal conductance (reviewed by Faralli 
et al., 2019). In particular, several studies have taken advantage 
of the broad natural genetic variation described for anatomical 
stomatal traits in the model species A. thaliana (Woodward 
et al., 2002; Delgado et al., 2011; Dittberner et al., 2018). This 
natural variation presumably reflects adaptations to different 
environmental cues, enabling the identification of wild alleles 
that have been maintained in natural populations adapted to 
diverse habitats (Weigel and Nordborg, 2015). Analysis of a core 
collection of natural accessions revealed considerable genetic 
diversity not just for anatomical stomatal traits, but also for the 
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developmental pathways underlying stomatal abundance and 
pattern in mature organs (Delgado et al., 2011). Furthermore, 
a recent analysis of 330 Arabidopsis accessions described 
significant correlations between anatomical stomatal traits and 
water use efficiency (Dittberner et al., 2018). Most of this natural 
variation is quantitative, which indicates that is determined by 
the simultaneous effect of multiple loci and the environment 
(reviewed by Alonso-Blanco and Méndez-Vigo, 2014). These 
loci have been classically addressed by quantitative trait locus 
(QTL) mapping using mainly recombinant inbred lines (RILs) 
and introgression lines (ILs) (Wijnen and Keurentjes, 2014; 
Bazakos et al., 2017; Cockram and Mackay, 2018). However, the 
recent availability of whole genome sequences for large number 
of accessions (Cao et al., 2011; The 1001 Genomes Consortium, 
2016) has allowed genome-wide association (GWAS) analysis 
to determine the genetic architecture of complex Arabidopsis 
traits (Atwell et al., 2010; The 1001 Genomes Consortium, 2016; 
Bazakos et al., 2017; Dittberner et al., 2018). Thus, GWAS analysis 
of stomatal conductance together with anatomical stomatal traits 
has shown that natural variation in stomata size is an adaptive 
trait contributing to the optimization of water use efficiency 
(Dittberner et al., 2018). Nevertheless, the genetic bases of the 
natural variation for developmental processes, such as stomatal 
index or satellization (Delgado et al., 2011), remain unknown.

In this study, we have addressed the genetic bases of the 
natural variation for stomatal abundance and the underlying 
developmental processes in Arabidopsis. To this end, we have 
analyzed a RIL population derived from the wild accession 
Ll-0 and the reference strain Ler. QTL mapping of cotyledon 
stomatal index, and stomatal and pavement cell density, 
identified three loci affecting all traits. To characterize the major 
effect locus we analyzed in detail multiple natural and induced 
loss-of-function er mutations in different genetic backgrounds, 
revealing that ER dysfunctions have differential and opposite 
effects on the stomatal traits in adaxial and abaxial epidermis. 
Moreover, we validated the QTL identified in chromosome 
3 [Modulator of Cell Index and Density (MID) 3], whose Ll-0 
allele leads to a large increase in stomatal numbers. Through 
genetic and developmental studies, we show that MID3 and ER 
exhibit additive effects for stomatal abundance traits, and that 
they have allele-specific effects on the spacing divisions that 
initiate satellite lineages. Our MID3 results with indicate that 
Arabidopsis natural variation for stomatal abundance traits is 
partly determined by genetic modification of satellization, a 
highly specific event during stomatal lineage development.

MATeRIAl AND MeThODS

Plant Material and Growth Conditions
A. thaliana accessions and mutants were obtained from the 
Arabidopsis Biological Resource Center (ABRC), the Nottingham 
Arabidopsis Stock Center (NASC), or the National Institute of 
Versailles's Agronomic Research (INRA, France). The Landsberg 
strain carrying wild-type ERECTA (ER) allele (here designated as 
LER) was provided by Dr. M. Koornneef (Wageningen University, 
the Netherlands). The population of 139 RILs derived from a 

cross between Landsberg erecta (which carries er-1 mutation) 
and the Llagostera-0 wild accession (Ler x Ll-0 RILs) has been 
previously described (Sánchez-Bermejo et al., 2012). The loss-of-
function mutant alleles used for ER were described previously: 
er-1 (Rédei, 1962; Torii et al., 1996), er-105 (Torii et al., 1996) and 
er-123 (Lease et al., 2001).

For the genetic validation of MID3, two near isogenic lines 
(NILs) carrying MID3-Ll-0 region were developed in LER 
(NIL1) or Ler (NIL2) backgrounds. These NILs were derived 
by crossing LLL90, which carries 30 and 70% Ll-0 and Ler 
genome proportions, with LER. The F2 (LLL90xLER) progeny 
was genotyped to select a plant heterozygous for the ER locus 
(ER/er-1), homozygous for MID3-Ll-0 region and with no other 
Ll-0 introgression. NIL1 and NIL2 were selected from the self-
progeny of this plant, as homozygous for a single introgression 
around the MID3-Ll-0 region (between positions 1.8 and 7.9 Mb 
of chromosome 3) in the LER and Ler backgrounds, respectively. 
For MID3 fine-mapping, NIL1 was backcrossed with LER and 
the derived F2 was used to develop six ILs referred to as STAIR 
(ST) lines, which were homozygous for partially overlapping 
Ll-0 fragments of the MID3 region. Thereafter, the ST6 line, 
bearing a Ll-0 fragment between positions 6.35 and 7.5 Mb, 
was backcrossed again with LER to develop four additional 
homozygous ILs carrying smaller LL-0 introgression fragments 
and referred to as mini-ST lines.

Plants were grown in a greenhouse supplemented with lamps 
to provide a long‐day (LD) photoperiod (16 h light/8 h dark) at 
18–23°C, as previously described (Sanchez-Bermejo et al., 2012) 
or in growth-chambers (Conviron MTR30) set-up at 21 ± 1°C, 
60% relative humidity, and 150 ± 20 µmol m−2s−1 irradiance 
(Delgado et al., 2011). Seeds were sown in Petri dishes containing 
a filter paper soaked in water and stratified 4 days at 4°C in 
darkness. Thereafter, Petri dishes were transferred to a growth 
chamber for four additional days to allow germination, and 
seedlings were then planted on pots containing soil:vermiculite 
in proportions 3:1. Pots were moved to greenhouse or growth 
chambers depending on the experiments.

For the epidermal phenotyping of the RIL population, all RILs 
and parents were grown simultaneously in the greenhouse, in a single 
experiment. The MID3 NILs, ST, mini-ST lines, and related F1 plants 
were grown along their reference genotypes in several greenhouse 
and/or growth chamber experiments. All phenotyping experiments 
were organized in three complete randomized block designs, with 
one pot per line and block, and five to six plants per pot.

Quantitative Analysis of epidermal 
Phenotypes and Stomatal lineages
Stomatal and pavement cell densities (SD and PD) and stomatal 
index (SI) were scored in mature cotyledons, using the dental 
resin method as previously described (Delgado et al., 2011). 
Epidermal cell counts of each individual plant were an average 
from two 0·327-mm2 areas at the median region of the cotyledon. 
For evaluation of the RILs, three individuals per genotype were 
scored. In the rest of experiments, 10–20 plants of each genotype 
were used. SD and PD were calculated as number of stomata or 
pavement cells per area unit (cell number mm−2), respectively, 
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and SI as percentage of epidermal cells that were stomata 
(number of stomata/total number of epidermal cells × 100).

Primary and satellite stomatal lineages were scored as in 
Delgado et al. (2011). In brief, cotyledons were collected at 3 
or 5 dag and fixed in ethanol:acetic acid 9:1 (v/v), dehydrated 
through ethanol:water series, rehydrated, and mounted 
in chloral hydrate:glycerol:water (8:1:2, w/v/v) clearing 
solution. The adaxial epidermis was inspected with differential 
interference contrast (DIC) under a Nikon Eclipse 90i upright 
microscope and a DXM1200C camera for image acquisition. 
The different cell types were identified and scored. Lineage 
initiation was monitored by the primary lineage index (PLI) or 
proportion of primary stomata plus primary stoma precursors 
to total epidermal cells, and the satellite lineage index (SLI), 
or proportion of satellite stomata plus satellite stomata 
precursor. From this values, the total lineage index (TLI = 
PLI + SLI) and the percentage of satellite lineages (%SL  = 
SLI/TLI) were calculated. Reiteration of satellite lineages was 
monitored as the proportion of primary lineages producing a 
satellite lineage (%PLS) and the proportion of satellite lineages 
reiterating satellization (%SLS). In addition, SI was determined 
in mature cotyledons of 10 plants simultaneously grown in 
same chambers.

Environmental interaction of MID3 effects on SI, SD, and PD 
were evaluated by a two-factor analysis of variance (ANOVA), 
with genotype (NIL1) and environment (green house vs. growth 
chamber) as fixed factors. Differences between mean trait values 
or stomatal lineage indices were tested by Student's t-tests. All 
statistical analyses were performed with the SPSS v. 24 package 
(SPSS Inc., Chicago, IL, USA).

Genotyping and Gene Sequencing
DNA for genotyping was prepared according to Edwards 
et al. (1991). Plants were genotyped with markers previously 
reported (Sánchez-Bermejo et al., 2012) or newly developed 
within MID3-region, or at specific alleles of ER (er-1, er-Van-0 
and ER), FAMA, MUTE, and mitogen-activated protein 
kinase kinase 5 (MKK5). For new markers, public resources 
(Nordborg et al., 2005; Cao et al., 2011) were used to design 
INDELS, CAPS, or dCAPS markers (Table S1).

The coding region of MKK5 (1,046 bp) was sequenced in Ll-0, 
Ler, and LER using DNA extracted with the DNeasy Plant Mini 
Kit (Qiagen). The MKK5 region was amplified by polymerase 
chain reaction (PCR) with the HiFi PCR Kit (KapaBiosystems) 
using specific primers (Table S2). The PCR products were purified 
with the Illustra GFX PCR Purification Kit (GE Healthcare) and 
sequenced with BigDye technology.

QTl Anaylis
QTL mapping was carried out separately for each trait using 
mean RIL values that were previously loge transformed for 
cell density traits (SP and PD) or arcsin-root transformed for 
the SI. QTL were located by the multiple‐QTL‐model method 
(MQM) implemented in MapQTL v. 4.0 software (Van Ooijen, 
2000). A logarithm of the odds (LOD) thresholds of 2.4 was 

used for QTL detection, corresponding to a genome‐wide 
significance α = 0.05 as estimated with MapQTL permutation 
test. The additive allele effect and the percentage of variance 
explained by each QTL, as well as the total variance explained 
by the additive effects of all QTL detected for each trait, were 
obtained from MQMs. Additive allele effects correspond to 
half the differences between the estimated means of the two 
RIL genotypic groups.

Two‐way genetic interactions were tested by two‐factor using 
the markers linked to detected QTL. The percentage of variance 
explained by significant interactions was estimated by type III 
variance components analysis. The total variances explained 
for each trait, including additive and interaction effects, were 
estimated from general linear models including all significant 
effects from the detected QTL. Broad sense heritabilities (h2

b) 
were estimated as the variance component among RILs derived 
from type III ANOVAS. Statistical tests were performed with 
SPSS v. 24 package (SPSS Inc., Chicago, IL, USA).

RNA extraction and qPCR Analysis
Cotyledons were collected at 3 dag and RNA was extracted 
from three independent biological replicates with TRIzol 
(Invitrogen), followed by column purification with the 
High Pure RNA Extraction Kit (Roche Diagnostics). cDNA 
was synthesized with the High-Capacity cDNA Reverse 
Transcription Kit (Applied Biosystems) according to the 
manufacturer's instructions. qPCR reactions were performed 
with the Maxima SYBR Green qPCR Master Mix (Thermo 
Scientific), and run in a LightCycler 480 Instrument (Roche 
Diagnostics). Relative expression changes were determined 
using the LightCycler® 480 Software Version 1.5 (Roche 
Diagnostics). ACT2 (At3g18780) and UBQ10 (At4g05320) 
were used as reference genes. The primer sets used are given 
in the Table S2.

ReSUlTS

Genetic Variation for Stomatal Abundance 
Traits in ler, ll-0, F1 hybrids, and the ler x 
lI-0 RIl Population
The large quantitative variation previously described for stomatal 
numbers among natural A. thaliana accessions (Delgado et al., 
2011) indicates that stomatal abundance is under multigenic 
control. To investigate the genetic bases underlying this 
variation we selected the Llagostera-0 accession (Ll-0) and 
the reference strain Landsberg erecta (Ler) since preliminary 
analyses identified substantial phenotypic differences and they 
are the parents of an existing RIL population (Sánchez-Bermejo 
et al, 2012). Phenotypic analyses of both lines were assessed in 
the adaxial epidermis of fully expanded cotyledons for three 
stomatal abundance related traits, namely stomatal index (SI), 
stomatal density (SD), and pavement cell density (PC). Values of 
the three stomatal abundance traits were strikingly lower in Ll-0 
than in Ler (Figure 1), with a range of variation similar to that 
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observed among extreme phenotypes in representative samples 
of other natural accessions (Delgado et al., 2011).

To determine the overall mode of inheritance and the 
dominance of stomatal phenotypes we also measured the 
abundances of the different epidermal cell-types in F1 hybrids 
derived from reciprocal crosses between Ll-0 and Ler (Figure 1). 
The F1 hybrids obtained using Ll-0 or Ler as mother plant showed 
similar SI, with intermediate values between both parental 
lines. Thus, the low Ll-0 SI appeared determined by the zygotic 
genotype and acts semidominantly. By contrast, the reciprocal 
F1 hybrids differed significantly for SD and PD, indicating an 
effect of the maternal genotype on these traits. Nevertheless, F1 
hybrids displayed an intermediate phenotype between the two 
parental lines for SD, but a similar phenotype to mother plants 
for PD. Therefore, PD seems determined mainly by the maternal 
genotype whereas SD is under the control of both the zygote and 
mother genotypes.

To establish the genetic bases of the differences between 
Ll-0 and Ler in epidermal cell-type abundance we measured 
SI, SD, and PD in adaxial cotyledon epidermis in a Ler x 

Ll-0 RIL population of 139 lines (Table S3). Broad sense 
heritabilities varied between 78.4% for SD and 66.6% for 
SI, with substantial transgressive segregation beyond both 
parental values appearing for all traits (Figure 2). In addition, 
the three traits were highly and positively correlated within the 
RILs (Figure S1), as observed for natural accessions (Delgado 
et al., 2011). Cell-density traits (SD and PD) showed a stronger 
correlation (r = 0.96; P < 10−77) than stomatal abundance traits 
(SI and SD; r = 0.88; P < 10−45), while SI and PD had the lowest 
correlation strength (r = 0.72; P < 10−23). These results suggest 
that the three stomatal traits share a large portion of their 
genetic bases, which involve alleles increasing and decreasing 
them in both parental accessions.

Quantitative Trait locus Analysis  
in the ler x ll-0 RIl Population
To identify the loci that contribute to the described 
phenotypes, we performed QTL analyses for each trait. In 
total, five genomic regions affecting two or three of the traits 

FIGURe 1 | Stomatal abundance traits in Ll-0, Ler, and their reciprocal hybrids. Adaxial cotyledon epidermis was scored at maturity (21 dag) for stomatal index 
(A) and density (B) and for pavement cell density (C). Bars represent mean ± SE of 10 plants. Phenotypic differences were analyzed using a Tukey's test. Significant 
differences between Ll-0 and Ler are indicated with an asterisk. Letters over bars refer to phenotypic comparisons of each F1 hybrid with the remaining genotypes: 
"a" indicates significant differences from both parents; "b" indicates differences from all other genotypes; "c" indicates differences from male parent and reciprocal 
hybrid. (D) Representative mature adaxial cotyledon epidermis of Ll-0 and Ler, with stomata false-colored in blue. Micrographs were obtained with the dental resin 
method. Scale bars are 100 µm.
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were detected as accounting for 75.6%, 80.5%, and 71.4% of 
the variation for SI, SD, and PD, respectively (Figure 3 and 
Table S4). Three genomic regions located on chromosomes 
1, 2, and 3 affected all traits suggesting pleiotropic effects of 

these three loci on cell-type proportion and density. Thus 
we named these regions MID (Modulator of Cell Index and 
Density) 1 to 3 according to their chromosomal location. The 
other two genomic regions, located on chromosomes 1 and 
4, affected both SD and PD suggesting the presence of loci 
specifically regulating cell size processes, and were named as 
MCD (Modulator of Cell Density) 1 and 4.

MID2 showed very large effects explaining between 51.7 and 
67.6% of the phenotypic variation for all traits, with the Ll-0 allele 
reducing cell-type abundance values. The remaining regions 
had small relative effects (<5%); Ll-0 alleles at MID1 and MID3 
displayed positive effects on the various traits, whereas at MCD1 
and MCD4 Ll-0 alleles decreased cell densities. Hence, both 
parental genotypes carry alleles increasing and reducing each 
trait, in agreement with the transgressive segregation observed in 
the RIL population. Moreover, the co-location of QTL affecting 
the three traits in the various MID genomic regions explains the 
strong correlation among cell proportion and cell density traits 
in this population.

Finally, no significant two-way genetic interaction (P > 0.01) 
was found among these regions for any trait, supporting that 
differences in stomata and pavement cell abundance among Ler 
and Ll-0 are mainly determined by additive effects of a small 
number of loci.

Phenotypic Characterization and 
Candidate Gene for MID2
MID2 mapped centered on ER, which segregates in the Ler 
x Ll-0 mapping population because Ler parental carries the 
er-1 mutant allele while Ll-0 harbors an ER functional allele. 
Since it has been shown that erecta mutations in Col and 
Landsberg backgrounds strongly affect stomatal abundance 
traits in the abaxial epidermis of cotyledons and adult leaves 
(Masle et al., 2005; Shpak et al., 2005; Tisné et al., 2008) ER 
might underlie MID2. To test this hypothesis we evaluated the 
effects of er-1, er-105, and er-123 loss-of-function mutations 
in Ler, Col, and Ws-2 genetic backgrounds, respectively, on 
stomatal abundance traits in adaxial and abaxial cotyledon 
epidermis (Figure 4). The three er mutations largely increased 
adaxial SI, SD, and PD compared to their corresponding wild-
type alleles (Figures 4A–C), thus indicating that ER underlies 
MID2. In agreement with earlier studies (Shpak et al., 2005), 
we also found that these er mutations lowered SI whereas they 
increased SD and PD in the abaxial epidermis of cotyledons 
(Figures 4D–F). The decrease in abaxial SI is partly due to the 
abundant small cell patches that result from arrested lineages, 
which did not produce stomata (see Discussion). Figure S2 
shows representative adaxial and abaxial epidermis of er-105 
cotyledons where the arrested lineages are patent in the 
abaxial side but absent in the adaxial epidermis. Therefore, ER 
dysfunction has differential and opposite effects on cell-type 
proportions in adaxial and abaxial cotyledon epidermis.

We further tested if the natural erecta null allele in the 
Vancouver-0 (Van-0) accession (van Zanten et al., 2009) is 
also involved in determining the very high SI, SD, and PD on 
adaxial cotyledon we previously described for this genotype 

FIGURe 2 | Frequency distributions of stomatal abundance traits in the Ler x 
Ll-0 (RIL)population. Stomatal index (A) and density (B) and pavement cell 
density (C) were scored in mature adaxial cotyledon epidermis of green-
house grown plants. Arrows and horizontal bars mark mean ± SD of parental 
lines. The population mean, the minimum and maximum RIL means, and the 
broad sense heritability (h2) of traits are indicated inside each panel.
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(Delgado et al., 2011). An allelism test between Van-0 and er-1 
was performed using Ler and LER as sources of mutant and 
wild-type ER alleles (Figure S3). Van-0 displayed significantly 
higher SI, SD, and PD than Ler (P ≤ 0.01 for all traits; 

Student's t-test). Reciprocal F1 hybrids derived from crosses 
between Van-0 and Ler showed similar low values to Ler for 
cell density traits, but high and similar to Van-0 for SI. By 
contrast, the  reciprocal Van-0/LER F1 hybrids displayed low 

FIGURe 3 | QTL mapping of stomatal abundance traits in the Ler/Ll-0 RIL population. Blue bars on the top represent the genetic maps of the five 
chromosomes, whereas QTL names are shown below: MID, Modulator of Cell Index and Density; MDC, Modulator of Cell Density. Horizontal lines separate 
traits analyzed: stomatal index (SI), stomatal density (SD), and pavement cell density (PD). Numbers in the right side show the percentage of phenotypic variance 
explained by the additive effects of all detected QTL. For each trait, the locations of QTL identified are shown as 2-LOD support intervals. Position of arrows and 
numbers inside boxes correspond to the highest LOD scores. Colors of QTL boxes depict the different ranges of QTL-explained variances as described in the 
inset. Arrows indicate that the additive effect of Ll-0 alleles increase (pointing up) or decrease (pointing down) the trait values in comparison with Ler alleles.

FIGURe 4 | Effect of erecta alleles on stomatal abundance traits in both cotyledon epidermis. Stomatal index and density and pavement cell density were scored in 
adaxial (A–C) or abaxial (D–F) cotyledon epidermis of indicated genotypes. LER, Col-0, and Ws-2 carry wild-type ERECTA alleles, whereas Ler, er-105, and er-123 
harbor dysfunctional erecta alleles. For each trait, the mean ± SE of 10–20 plants are presented. Asterisks indicate significant differences (P ≤ 0.001; Student's 
t-test) between a given er mutant and the corresponding wild type.
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SD and PD values as LER, thought they had a SI phenotype 
intermediate between both parents (Figure S3). These results 
indicate an overall dominance of the ER functional allele for 
cell density traits but semidominance for cell-type proportion, 
although additional loci likely contribute to the LER/Ler/
Van-0 variation.

Genetic Validation of MID3
In order to confirm the effects of the MID3 genomic region 
on epidermal cell traits, we developed two NILs carrying a 
single Ll-0 introgression fragment in the Landsberg genetic 
background (Figures 3 and 5A, B), but differing in the ER 
allele (Figure 5B). Analysis of these lines showed that NIL1 and 
NIL2 have significantly higher values for the three epidermal 
traits than their corresponding reference genotypes LER and 
Ler, in agreement with the MID3-Ll-0 allele effects estimated 
in the QTL mapping (Figures 5C–E). This result validates 
MID3 effects on adaxial cotyledon traits and narrows down 
its location to a genomic region of ~6 Mb, between positions 
1.8 and 7.9 of chromosome 3 (Figure 5A). It is worth noting, 
however, that the estimates of MID3 effects in both NILs were 
substantially higher for SI and lower for the cell-density traits 
than in the RIL population (see Figures 5C–E and Table S4). 
Moreover, comparison of the phenotypic effects in both NILs 
showed that MID3 and ER/MID2 acted additively for the tree 
traits (Figures 5C–E).

To characterize MID3 we also analyzed the F1 (NIL1xLER) 
progeny. These F1 plants showed similar phenotypes than NIL1 
for all traits (Figures 5F–H) indicating that Ll-0 alleles at MID3 
are dominant over LER alleles. Furthermore, to determine if 
MID3 interacts with environmental factors, NIL1 was also 
assessed in growth chambers. In these conditions, the Ll-0 allele 
increased SI and SD (P < 0.001), as observed in greenhouse 
experiments, but it did not affect PD (Figures 5I–K). Therefore, 
MID3 showed significant genotype-by-environment interactions 
for PD (Table S5) indicating that MID3 cell-size effects are 
sensitive to environmental inputs.

Fine Mapping of MID3
To fine map MID3 we developed a mapping population based 
on a STAIRS design (Stepped Aligned Inbred Recombinant 
Strains; Koumproglou et al., 2002). This STAIRS (ST) 
population consisted of six homozygous lines that carry partially 
overlapping Ll-0 fragments of the MID3 region from NIL1, in 
a LER background (Figure 6A). All ST lines with Ll-0 alleles at 
marker MQC12 (ST4, ST5 and ST6) did not differ significantly 
from NIL1 in any trait examined, while lines with LER alleles 
at MQC12 (ST1, ST2, and ST3) were phenotypically similar to 
LER. These results located MID3 in a genomic region of ~2.5 Mb, 
between positions 6.35 and 7.5 Mb (Figure 6A).

To find candidate genes for MID3 we analyzed this genomic 
region searching for genes previously involved in stomata 
development. Interestingly, MUTE and FAMA (Pillitteri et al., 
2007; Ohashi-Ito and Bergmann, 2006) were excluded because 
they are located in the chromosome three distal region outside 

the MID3 location. However, this region encompasses the 
MKK5 gene, which is known to negatively regulate stomatal 
numbers (Wang et al., 2007). Then, we used ST6 to develop a 
new set of NILs carrying recombination events around the 
MKK5 locus (Figure 6B). Homozygous lines carrying proximal 
or distal regions of the ST6 introgression were named as mini-
STAIRS (mST). Phenotypic analyses showed that lines mST6.2a 
and mST6.2b carrying Ll-0 proximal introgressions that span 
MKK5 displayed high SI and SD values similar to ST6 and NIL1 
(Figure 6B). Accordingly, lines mST6.1a and mST6.1b bearing 
the distal Ll-0 segment, i.e., MKK5-LER allele, displayed similar 
SI and SD to LER. Therefore, the MID3 gene(s) was mapped to 
a ~600 kb genomic region overlapping with MKK5. Sequencing 
of the MKK5 coding region of Ll-0 and Ler identified two 
nucleotide polymorphisms, none of them resulting in amino 
acid substitutions (Table S6). Hence, if MKK5 underlies MID3, 
functional differences between Ll-0 and Ler alleles may arise 
from cis-acting regulatory polymorphisms but not from changes 
in protein structure.

We finally tested if the small mapping region of MID3 also 
affects stomata abundance traits in greenhouse conditions. 
In this environment, NIL1, ST6, and mST6.2a had similar SI, 
SD, and PD but significantly higher than those of LER (Figure 
S4), supporting the pleiotropic effects of MID3 on cell-type 
proportion and density.

Stomata Developmental Processes 
Regulated by ERECTA and MID3
Plants carrying the MID3-Ll-0 or the er-1 alleles display a 
SI increase in the mature adaxial cotyledon epidermis as 
compared to LER. These phenotypes could arise from changes 
in the occurrence of primary stomatal lineages initiated from 
the protodermis, or from their increased satellization at later 
stages of epidermal development. The two processes are 
under distinct genetic control as they present independent 
variation in natural Arabidopsis accessions (Delgado et al., 
2011), and some genes have been reported to specifically 
control satellization in Arabidopsis. To examine whether ER 
and MID3 differentially regulate these initiation events we 
measured the relative contribution of primary lineages (PL) 
and satellite lineages (SL) to the total lineages (TL) formed at 
3 dag in adaxial cotyledons of Ler (er-1) and the MID3-Ll-0 
mini-ST line mST6.2b with respect to LER (Figures 7A–D 
and Table S7). At this developmental time, SL were already 
abundant and easily identified in all genotypes (see material 
and methods for identification criteria). While er-1 or 
MID3-Ll-0 alleles did not significantly affect the PL index 
(PLI), they both led to an increase of the SL index (SLI), 
particularly strong in the er-1 (Ler) mutant. Accordingly, SL 
contribution to total stomatal lineages (%SL) raised by about 
30% in Ler and 10% in MID3-Ll-0 line with respect to LER 
(Table S7). Reiterated satellization was undetectable in LER 
and MID3-Ll-0 line, while Ler showed a small but significant 
proportion of reiterated satellization (above 4%). Despite Ler 
and the MID3-Ll-0 line had similarly higher SI than LER in 
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FIGURe 5 | Characterization of stomatal abundance related phenotypes of MID3 in NILs. (A) Physical map of the MID3 region on chromosome 3, indicating 
marker names and positions in megabases (Mb). (B) Graphical genotypes of NILs, their reference strains and the F1 hybrids. NILs carried Ll-0 alleles at the 
MID3 region in LER (ER; NIL1) or Ler (er-1; NIL2) background. The color code indicates homozygous and heterozygous regions for Landsberg and Ll-0 
alleles. (C–K) Stomatal abundance related traits in the adaxial cotyledon epidermis of 21 dag plants. Stomatal index (C, F, I), stomatal density (D, G, J), and 
pavement cell density (e, h, K) were scored in the genotypes and growth environments indicated. Each panel shows the mean ± SE of 10–20 plants. Significant 
differences (***P ≤ 0.001; **P ≤ 0.01; *P ≤ 0.05; Student's t-test) with respect to the reference strain (LER or Ler) are indicated by asterisks. ns, not significant.
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mature organs, Ler showed a TL index (TLI) much higher than 
the MID3-Ll-0 line and LER at 3 dag, while MID3-Ll-0 differed 
only marginally from LER. Hence, we compared PL and SL 
abundance in MID3-Ll-0 and LER at a later developmental 
time (5 dag) (Table S8). In Ler, the over-proliferating 
epidermal cells characteristic of the er-1 mutation prevented a 
clear SL quantification at this stage. At 5 dag, TLI was already 

larger in the MID3-Ll-0 line than LER, consistent with their SI 
at maturity, and the overproduction of SL by MID3-Ll-0 was 
the only process contributing significantly to such increase. 
Taken together, these data indicate that ER and MID3 control 
the spacing divisions that initiate SL in opposite directions: the 
functional ER allele limits these divisions, while the dominant 
MID3-Ll-0 allele promotes them.

FIGURe 6 | Fine mapping of MID3. (A) LER lines with Ll-0 overlapping introgression fragments derived from NIL1. (B) The region introgressed in ST6 is 
expanded to show the newly developed markers and the precise recombinant breakpoints for proximal and distal mini-STAIR (mST) lines. Names and 
position (Mb) of markers are shown above each panel. Color codes indicate Landsberg (gray) and Ll-0 (blue) alleles. Stomatal index and density were 
scored in the adaxial cotyledon epidermis at 21 dag for all lines in growth chamber experiments. Each panel shows the mean ± SE of 10–15 plants. 
Significant phenotypic differences (P ≤ 0.05; Tukey's test) are indicated with letters. a: differing from LER; b: differing from NIL1; c: differing from ST6.
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effect of MID3 and ERECTA Alleles on the 
expression Profile of Stomatal Genes
To test whether MID3 and ER might control spacing divisions 
by regulating the expression of distinct key stomatal regulators, 
we measured gene expression levels by qPCR in 3 dag seedlings 
of the MID3-Ll-0 line mST6.2b, Ler, and LER (Figure 7E). At 
this stage, most developing stomatal lineages in the seedling 
come from cotyledons and, as shown above, the three 
genotypes already differ in the relative proportions of PL and 
SL (Figures 7A–D and Table S7). The set of genes analyzed 

included positive (SPCH) and negative (ERL1, EPF2, TMM, and 
SDD1) general regulators of stomatal lineage initiation and/or 
progression, as well as specific regulators for SL formation. The 
latter include the satellization-promoting factor AGL16 and its 
down-regulator miR824, a pathway that enhances satellization, 
and also AGB1 and GPA, known to reduce the occurrence of 
satellite stomata (Kutter et al., 2007; Zhang et al., 2008; Yang 
et al., 2014). In addition, we evaluated the expression of the 
candidate gene for MID3, MKK5, and its functionally redundant 
paralog MKK4, both MKK genes acting as general negative 

FIGURe 7 | Differential regulation of stomatal processes and gene expression by MID3 and ER. (A–D) Indexes of primary and satellite stomatal lineages were 
scored in the adaxial cotyledon epidermis of 3 dag seedlings for the indicated genotypes. (A–C) show representative epidermis from the plants scored; red arrows 
indicate satellite lineages. (D) Mean ± SD of primary (gray) and satellite (red) lineage indexes obtained from 10 to 15 plants. Asterisks indicated significant differences 
(***P ≤ 0.001; *P ≤ 0.05; Student's t-test) with respect to LER. ns, not significant differences. (e) Relative gene expression determined by qPCR for the indicated 
genes in 3 dag seedlings of LER, Ler, and MID3-Ll-0 lines. Bars show the mean ± SE of three biological replicates. Asterisks indicated significant differences 
(**P ≤ 0.01; *P ≤ 0.05; Student's t-test) with respect to LER.
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regulators of stomatal numbers (Wang et al., 2007; Lampard et 
al., 2009). Transcript levels for the satellization factors (AGL16, 
miR824, AGB1, and GPA1) did not differ among the MID3-Ll-0 
line, Ler, and LER. A weak decrease in MKK5 and MKK4 
transcript levels was detected in the MID3-Ll-0 line compared 
to LER, though the changes were no statistical significant (P = 
0.14). Therefore, these results do not clarify if MKK5 is the gene 
underlying MID3. The remaining general regulators of stomata 
development did not differ significantly between MID3-Ll-0 
line and LER. However, expression levels of SPCH, EPF2, 
and particularly TMM, were much higher in Ler than LER 
or the MID3-Ll-0 line. Intriguingly, ER did not affect its own 
expression level or the SPCH-target genes ERL1 and SDD1, 
whose transcript levels have been previously correlated with the 
abundance of developing stomatal lineages in most genotypes 
and environments (Lau et al., 2014)

DISCUSSION

Genetic Basis of the ler/ll-0 Variation for 
Stomatal Traits
Based on the analysis of cell-type proportion and density traits 
in the adaxial epidermis of cotyledons and first leaves, we have 
previously documented a wide natural genetic variation for 
stomatal abundance in A. thaliana (Delgado et al., 2011). Here, we 
dissected the genetic bases for the distinct stomatal phenotypes of 
Ll-0 and Ler, focusing on their adaxial cotyledon epidermis. The 
analysis of reciprocal F1 hybrids indicates different contributions 
from the zygotic and maternal genotypes on the various traits. 
While SI was controlled by the zygotic genotype, PD was under 
a strong maternal influence. Both effects combined for SD, as 
expected from the equal contribution to SD values of stomatal 
development and cell size (measured by SI and PD, respectively). 
Whether these maternal genetic effects persist in true leaves 
or they relate to the known maternal control of early seedling 
growth (Lemontey et al., 2000) remains to be determined.

Phenotypic variation in the Ler×Ll‐0 RIL population exhibited 
a robust genetic basis for all traits suggestive of a multigenic 
control, with opposite allelic effects from both parental 
accessions. Broad-sense heritability for SI was particularly 
high when compared with natural accessions (66.6 vs. 33–49%, 
respectively; see Delgado et al., 2011), suggesting that genes 
controlling stomatal developmental processes, and not just 
epidermal cell sizes (as measured by PD), underlie the stomatal 
differences between Ll-0 and Ler. Notably, some RILs displayed 
transgressive phenotypes with very high values for all traits, 
which, however, did not concur with aberrant stomatal patterns. 
This suggests that the genetic variants segregating in the RILs 
control stomatal production without interfering with cell-to-
cell signaling mechanisms involved in proper stomatal spacing 
(reviewed by Zoulias et al., 2018; Lee and Bergmann, 2019).

Our QTL mapping in this RIL population identified five 
genomic regions affecting stomatal abundance. The three MID 
regions contain the identified QTL for SI, all them overlapping 
with QTL for SD and PD. Such phenotypic effects fit with those 
expected for loci modulating stomatal development and having 

an additional effect on pavement cell size. In the two MDC 
regions, only QTL for SD and PD co-located, suggesting that 
MDCs influence SD by regulating the size of pavement cells. 
Interestingly, such distinct MID and MDC effects agree with the 
effects described for genes controlling both initiation and cell-
divisions in the stomatal lineages, the expansion of pavement 
cells, or both processes (Asl et al., 2011; Sablowski 2016; Fox 
et  al., 2018). MID and MDC regions showed mostly small 
additive effects on the various traits, with the exception of MID2, 
which explained more than 50% of the phenotypic variance of 
all traits. Consistent with the correlations among traits, MID 
regions affect SI, SD, and PD values in the same direction, as 
MDC regions also do for SD and PD. Therefore, these allelic 
variants seem to allow for compensatory mechanisms that 
counterbalance cell size and cell numbers in the leaf epidermis, 
integrating the division activity of stomatal lineages (Geisler 
and Sack, 2002; Tsukaya, 2008). Taken together, these results 
indicate that Ll-0 and Ler differences in stomatal abundance 
traits are due to a small number of loci that likely regulate 
stomatal development processes and/or cell size by partly 
independent pathways.

Since natural variation in stomatal development has barely 
been studied, we focused in the characterization MID2 and MID3 
by genetic, developmental, and molecular approaches. Our results 
confirmed that ER is the gene underlying MID2, as determined by 
the er-1 loss-of-function allele present in Ler parental accession 
(Torii et al., 1996). We also validated MID3 effects and mapped the 
underlying gene(s) to a ~600 kb region. As discussed in the next 
sections, the MID2-Ler (er-1) and MID3-Ll-0 alleles lead to large 
increases in SI, SD, and PD that resulted from combining higher 
stomatal lineage initiation with reduction of pavement cell sizes. 
These findings demonstrate the value of our strategy to identify 
loci directly involved in stomata developmental processes. 
Moreover, MID3-Ll-0 provides the first description of a natural 
allele with a large impact on stomatal numbers demonstrated 
to regulate stomatal development. In fact, when isolated as a 
single introgression in a LER background, MID3-Ll-0 SI and 
SD values were nearly identical those produced by the MID2-
Ler allele. Most likely, the under-estimation of MID3 effects in 
the RIL population is due to the segregation of multiple QTL in 
the RIL population, which increases the residual variance at each 
QTL under study (Keurentjes et al., 2007). Furthermore, both 
MID2 and MID3 loci differ in their genetic and environmental 
interactions. MID3-Ll-0 allele behaves as dominant, and shows 
significant genotype-by-environment interactions for PD. By 
contrast, MID2/ER, is semidominant for SI and not affected by 
the environmental factors in our conditions. Finally, MID3 and 
MID2/ER showed additive effects on the three traits. Therefore, 
MID3 and MID2/ER seem to control stomatal development and 
numbers by different regulatory pathways.

ERECTA Shows Differential effects on 
Cell-Type Proportions and Densities of 
Both Cotyledon epidermes
ER encodes a leucine-rich repeat receptor-like protein 
kinase with a complex functional redundancy in stomatal 
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development with its paralogs ERL1 and ERL2 (Shpak et al., 
2005). However, only ER displays a major role in restricting 
the entry divisions that initiate stomatal cell lineages (Shpak 
et al., 2005). Upon EPF2 peptide binding, ER activates the 
YDA-leaded MAPK cascade, which down-regulates SPCH 
activity inhibiting the entry divisions (Lampard et al., 2008; 
Lee et al., 2012; Lee et al., 2015). ER also promotes the growth 
of epidermal cells by increasing their ploidy levels through 
E2Fa regulation (Guo et al., 2019).

The phenotypic characterization carried out in this study 
shows that all three er loss-of-function mutant alleles have 
increased stomatal and pavement cell densities in both, adaxial 
and abaxial, epidermis of cotyledons. However, while the SI also 
increased in the adaxial side, it decreased in the abaxial epidermis. 
The lack of ER function has been previously reported to produce 
two developmental effects on the abaxial cotyledon, which 
impinge on SI in opposite ways. It increases stomatal initiation 
(which would rise both SLGCs and stomata numbers) but, since 
a substantial proportion of the lineages failed to differentiate 
into stomata, the net balance is a reduction of the number of 
stomata with respect to the SLGCs produced, and a decreased 
SI (Shpak et al., 2005). Our abaxial data confirm the presence of 
arrested linages and a decreased SI in all the er mutants studied. 
In the adaxial cotyledon epidermis, however, we did not observe 
arrested linages and, since stomatal initiation increases (see 
next section), SI increases. We cannot rule out that changes in 
amplifying divisions, which decrease SI but increase the pool of 
SLGCs amenable to undergo spacing divisions, contribute to the 
observed er phenotypes. In addition, the satellite lineages might 
undergo fewer amplifying divisions, perhaps because they take 
place at later developmental times, when the division competence 
of the lineages is limited (Geisler and Sack, 2002). Furthermore, 
our results show that ER is only necessary for lineage progression 
in the abaxial epidermis and suggest differences in developmental 
signals between the adaxial and abaxial domain. Interestingly, 
mutations in TMM, a stomatal receptor that works in complexes 
with ER, also lead to more severe phenotypes in the abaxial than 
the adaxial side (Geisler et al., 1998). Nevertheless, the opposite 
SI phenotypes found here for er cotyledons contrast with other 
reports in late rosette leaves, where no change in adaxial SI or 
an increase in abaxial SI was observed (Masle et al., 2005; Tisné 
et al., 2011; Jordá et al., 2016). Differences in the developmental 
contexts of cotyledons and leaves and/or in growth conditions 
may account for these disparities.

Despite de involvement of ER in many developmental and 
physiological processes that impact plant performance and 
survival, current knowledge on natural allelic variation in the 
ER locus is surprisingly limited. In fact, dysfunctional ER alleles 
have been reported only in the Van-0 and Hir (Hiroshima) 
accessions (van Zanten et al., 2009), and their effects have been 
studied for just a few processes. Our results show that ER loss-of-
function contributes to the high stomatal values of Van-0 adaxial 
cotyledons. ER dosage affects SI but not PD values, indicating that 
stomatal developmental processes are sensitive to ER levels. This 
result agrees with the ER role in fine-modulating the accumulation 
of SPCH (Lee et al., 2012; Lee et al., 2015), which in turn drives 
stomatal production. However, it remains to be determined if 

effects of natural ER alleles on stomatal traits provide any adaptive 
advantage under natural environments, as suggested in wild 
beans, where some SNP haplotypes at an ER homologue appeared 
associated with drought tolerance (Blair et al., 2016).

MID3 and ERECTA Modulate Satellite 
Stomatal lineages
We have shown that ER and MID3 influence stomatal production 
by modulating the incidence of satellite stomata, which implies 
that both loci regulate the competence of SLGCs to execute spacing 
divisions. MID3 effect appears to be restricted to first order SL, 
while ER showed an additional role in SL re-iteration. However, 
our data do not exclude that ER and MID3 may have an additional 
function on PL initiation, which can occur at later times and could 
be especially relevant for er-1, as this allele expands the time-
window of cell division competence in the leaf epidermis (Tisné 
et al., 2011). Notably, the MID3-Ll-0 allele promotes spacing 
divisions in a dominant manner, in contrast with the ER repressive 
role. Multiple studies have addressed how ER negatively regulates 
SPCH abundance to restrict entry divisions (reviewed in Endo 
and Torii, 2019), but little is known about its involvement in other 
processes during stomatal developmental. Lineage arrest in er 
mutants supports the idea that ER is expressed in SLGCs to buffer 
the inhibitory activity of EPF1 in the neighboring meristemoid 
(Qi et al., 2017). Our results show that er-1 increased spacing 
divisions, providing a novel ER role in limiting the stomatal fate 
of SLGCs. This new role of ER fits well with the negative program 
that differentially inhibits both SPCH expression and division 
potential in SLGCs, needed to assign distinct cell fates after lineage 
asymmetric divisions (Robinson et al., 2011). Recent studies have 
addressed the mechanisms involved in this SLGC repression 
and how it could be counterbalanced to allow spacing divisions 
(Zhang et al., 2015; Zhang et al., 2016; Houbaert et al., 2018; Vatén 
et  al., 2018). These reports evidenced a main role of the YDA-
MAPK module in SLGC fate decision, associating high levels 
of MAPK activity with pavement cell differentiation, while low 
levels associated with spacing divisions. Interestingly, MID3 fine 
mapping identified the MKK5 gene, which encodes a component 
of this MAPK module, as a candidate for MID3. Sequencing of 
the MKK5 coding region ruled out functional differences between 
the MKK5 protein in Ll-0 and Ler. We then tested if MKK5 cis-
regulatory polymorphisms could underlie MID3 locus, but 
we could not detect significant expression differences between 
MID3-Ll-0 line and LER. While these results do not excluded that 
MKK5 underlies the MID3-Ll-0 phenotype, they do not provide 
support for this possibility either. Therefore, the possible causal 
relationship between MID3 and MKK5 remains to be determined. 
Nevertheless, the effect of the natural MID3-Ll-0 allele illustrates 
the large impact that a single genetic factor can have on stomatal 
numbers by promoting SL. Indeed, MID3-Ll-0 increased SI by a 
17%, and SD by about a 45%, while maintaining a proper stomatal 
pattern, with no observable pleiotropic effect on plant growth 
and reproduction.

Our genetic, developmental and expression analyses suggest 
that MID3 and ER act through different regulatory pathways to 
control satellite stomata frequency. First, they exhibited additive 
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effects for SI, a trait that reflects the frequency of SL. Second, 
MID3 and ER differ in the timing of their developmental action 
because er-1 effects on satellite and total SI appears earlier during 
cotyledon development than MID3-Ll-0 effects. Third, they also 
show differential gene expression patterns since er-1 showed 
increased expression of general regulators of stomatal lineage 
progression (SPCH, EPF2, and TMM), while MID3-Ll-0 had no 
detectable change at 3 dag. Expression changes in these genes could 
simply represent the epidermal phenotype of Ler and MID3-L1-0, 
as increased number of the cell types (stomatal precursor cells) 
which express SPCH, EPF2, and TMM would increase the level 
of these transcripts. Interestingly, neither MID3 nor ER altered 
the expression of specific regulators of SL production (AGL16, 
miR824, AGB1, and GPA1; Kutter et al., 2007; Zhang et al., 2008). 
Thus, MID3 and ER might operate through pathways that do not 
involve such regulators. Recently, cytokinins have been shown 
to promote spacing divisions in SLGCs through re-activation of 
SPCH expression, which increases total stomata by 10% (Vatén 
et al., 2018). Therefore, MID3 and ER might also impinge on 
SL initiation through still undescribed pathways. It has been 
assumed that PL and SL contribute to the phenotypic plasticity of 
stomatal development in response to internal and environmental 
signals (Bergmann and Sack, 2007; Casson and Hetherington, 
2010; Lampard, 2010). Supporting this view, recent work on the 
stomatal development responses (Haus et al., 2018) highlights the 
importance of SL in developmental plasticity in response to the 
atmospheric CO2 concentration.

Although satellization can contribute to as much as 35% 
of adaxial and 65% of abaxial stomata in Col-0 cotyledons, 
(Geisler and Sack, 2002), few studies have addressed this 
process known to result from highly specific asymmetric 
divisions that are different from the entry or amplification 
divisions. Our work demonstrates a direct role of ER in 
SL initiation. In Delgado et al. (2011) we reported that 
satellization underlies a relevant fraction of the natural 
variation observed in stomatal abundance among wild 
accessions. In fact, some accessions showing similar SI values 
differed in satellite index. In that work, we substantiated the 
existence of natural variation for both PL and SL initiation, 
and suggested that genetically independent pathways govern 
the two processes. Here, we confirmed the existence of natural 
variation for SL initiation, and identified a locus, MID3, 
directly involved in SL initiation through pathways partially 
different from ER. Thus, our findings on MID3 indicate that 

genetic modulation of satellization is a component of the 
variation for stomatal abundance among natural populations, 
which might contribute to plant adaptation.
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Inflorescence Meristem Fate Is 
Dependent on Seed Development 
and FRUITFULL in Arabidopsis 
thaliana
Vicente Balanzà 1, Irene Martínez-Fernández 1, Shusei Sato 2†, Martin F. Yanofsky 2  
and Cristina Ferrándiz 1*

1 Instituto de Biología Molecular y Celular de Plantas, Consejo Superior de Investigaciones Científicas, Universidad Politécnica de 
Valencia, Valencia, Spain, 2 Division of Biological Sciences, University of California San Diego, San Diego, CA, United States

After a vegetative phase, plants initiate the floral transition in response to both environmental 
and endogenous cues to optimize reproductive success. During this process, the 
vegetative shoot apical meristem (SAM), which was producing leaves and branches, 
becomes an inflorescence SAM and starts producing flowers. Inflorescences can be 
classified in two main categories, depending on the fate of the inflorescence meristem: 
determinate or indeterminate. In determinate inflorescences, the SAM differentiates 
directly, or after the production of a certain number of flowers, into a flower, while in 
indeterminate inflorescences the SAM remains indeterminate and produces continuously 
new flowers. Even though indeterminate inflorescences have an undifferentiated SAM, 
the number of flowers produced by a plant is not indefinite and is characteristic of each 
species, indicating that it is under genetic control. In Arabidopsis thaliana and other 
species with indeterminate inflorescences, the end of flower production occurs by a 
regulated proliferative arrest of inflorescence meristems on all reproductive branches that 
is reminiscent of a state of induced dormancy and does not involve the determination of 
the SAM. This process is controlled genetically by the FRUITFULL-APETALA2 (FUL-AP2) 
pathway and by a correlative control exerted by the seeds through a mechanism not well 
understood yet. In the absence of seeds, meristem proliferative arrest does not occur, and 
the SAM remains actively producing flowers until it becomes determinate, differentiating 
into a terminal floral structure. Here we show that the indeterminate growth habit of 
Arabidopsis inflorescences is a facultative condition imposed by the meristematic arrest 
directed by FUL and the correlative signal of seeds. The terminal differentiation of the SAM 
when seed production is absent correlates with the induction of AGAMOUS expression 
in the SAM. Moreover, terminal flower formation is strictly dependent on the activity of 
FUL, as it was never observed in ful mutants, regardless of the fertility of the plant or the 
presence/absence of the AG repression exerted by APETALA2 related factors.

Keywords: inflorescence meristem, terminal flower, inflorescence development, inflorescence proliferative arrest, 
FRUITFULL, AGAMOUS

Frontiers in Plant Science | www.frontiersin.org December 2019 | Volume 10 | Article 1622

ORIgInaL ReSeaRch

doi: 10.3389/fpls.2019.01622
published: 18 December 2019

198

https://creativecommons.org/licenses/by/4.0/
mailto:cferrandiz@ibmcp.upv.es  
https://doi.org/10.3389/fpls.2019.01622
https://www.frontiersin.org/article/10.3389/fpls.2019.01622/full
https://www.frontiersin.org/article/10.3389/fpls.2019.01622/full
https://www.frontiersin.org/article/10.3389/fpls.2019.01622/full
https://www.frontiersin.org/article/10.3389/fpls.2019.01622/full
https://loop.frontiersin.org/people/156808
https://loop.frontiersin.org/people/449949
https://loop.frontiersin.org/people/27457
https://www.frontiersin.org/journals/plant-science/
https://www.frontiersin.org/journals/plant-science/
http://www.frontiersin.org
https://www.frontiersin.org/journals/plant-science#articles
https://www.frontiersin.org/journals/plant-science#editorial-board
https://doi.org/10.3389/fpls.2019.01622
https://www.frontiersin.org/journals/plant-science#editorial-board
http://crossmark.crossref.org/dialog/?doi=10.3389/fpls.2019.01622&domain=pdf&date_stamp=2019-12-18


Seeds and FUL Control SAM FateBalanzà et al.

2

InTRODUcTIOn
For most plants, reproductive success depends on the ability 
to produce seeds that ensure the perpetuation of the species. 
Seed production is related to the number of flowers produced 
by the plant during the reproductive phase, and therefore, 
dependent on the activity of the inflorescence meristems that 
produce the flowers. Inflorescences have been classified in two 
major categories based on the fate of the inflorescence meristem: 
determinate or indeterminate. Determinate inflorescences are 
those where the shoot apical meristem (SAM) differentiates 
directly, or after the production of a certain number of 
flowers, into a flower. Thus, the end of the reproductive 
phase in determinate inflorescences is established by the final 
differentiation of the inflorescence SAM, determining the 
final number of flowers and seeds produced per shoot. On the 
other hand, indeterminate inflorescences are those where the 
SAM remains undifferentiated and produces continuously new 
flowers until the end of the reproductive phase. Interestingly, 
the length of the reproductive phase and the number of flowers 
produced by indeterminate inflorescences is finite, despite the 
undifferentiated nature of the SAM, which does not produce any 
terminal structure. Moreover, in indeterminate inflorescences, 
the number of flowers produced before SAM arrest is usually 
distinctive for each species and/or ecotype, suggesting a genetic 
control of the length of the reproductive phase.

Despite of the developmental differences between them, 
determinate and indeterminate inflorescences can be found in 
multiple plant families, as well as in plants with different growth 
habits, like in monocarpic (reproducing only once during their 
life cycle) or polycarpic plants (alternating reproductive and 
vegetative phases). In monocarpic plants with indeterminate 
inflorescences, the end of the reproductive phase has been 
associated with a process named Global Proliferative Arrest 
(GPA). GPA has been well characterized for the model species 
Arabidopsis thaliana (Hensel et al., 1994). During GPA, after the 
production of a determined number of flowers, the SAM arrests 
its growth, and all floral buds, up to the last non-pollinated 
flowers, do not develop further. In a short period of time, all 
active meristems in the plant undergo the same process. At 
this point, fruit filling and seed maturation is completed in all 
fertilized flowers and then, the plant senesces and dies. Although 
the end of the flowering phase might be assumed as a default 
process, linked to meristem exhaustion and plant senescence, 
classical studies indicate that it is a regulated process, preceding 
senescence of reproductive branches in polycarpic species or 
of the whole plant in annual species (Murneek 1926; Leopold 
et  al., 1959; Lindoo and Nooden, 1977; Hensel et  al., 1994; 
Wilson, 1997; Noodén et  al., 2004). It has been proposed that 
proliferative arrest could be related with the proper allocation of 
nutrients to the developing seeds, and, thus, the establishment 
of strong source-sink relationships between the seeds and the 
inflorescence meristem could restrict plant growth and trigger 
the end of flowering (Sinclair and de Wit, 1975; Kelly and Davies, 
1988). In agreement with this, the major factor controlling the 
end of flowering is seed production, as proven by the extended 
flowering period of plants with strongly reduced fertility 

(Murneek, 1926; Leopold et  al., 1959; Lindoo and Nooden, 
1977; Hensel et al., 1994; Wilson 1997; Noodén et al., 2004). The 
mechanism of this correlative control exerted by the seeds is still 
unknown (Walker and Bennett, 2018), but it has been shown 
that it modifies the SAM activity, inducing a state reminiscent 
of meristem dormancy, with low mitotic activity, a reduction 
of reactive oxygen species, and accumulation of abscisic acid 
response genes (Wuest et al., 2016).

In addition to the correlative control of seeds, the end of the 
reproductive phase in Arabidopsis indeterminate inflorescences is 
also controlled genetically by a recently described pathway likely 
dependent on the age of the inflorescence (Balanza et al., 2018). 
Briefly, APETALA2 (AP2) and other related factors of the same 
family sustain the expression of WUSCHEL (WUS), a key gene 
involved in stem cell maintenance, in the inflorescence meristem 
(Laux et al., 1996; Mayer et al., 1998). FRUITFULL (FUL), a MADS-
box transcription factor involved in multiple developmental 
processes and strongly expressed in the inflorescence meristem, 
directly represses the expression of AP2 and AP2-like genes in this 
domain (Gu et al., 1998; Ferrandiz et al., 2000a; Ferrandiz et al., 
2000b; Shikata et al., 2009; Wang et al., 2009; Yamaguchi et al., 
2009; Balanza et al., 2014; Bemer et al., 2017). The genes in the AP2 
clade are also negatively regulated by the action of the miR172 in 
an age dependent way (Aukerman and Sakai, 2003; Chen, 2004; 
Wang et al., 2009; Wu et al., 2009). Based on the phenotypes of 
the different mutants, we previously proposed that the combined 
action of miR172 and FUL, increasingly accumulated through 
inflorescence development, would lead to decreasing levels of AP2 
and AP2-like factors in the SAM, eventually unable to maintain 
WUS activity. Accordingly, ful mutants and AP2 alleles resistant 
to the action of miR172 delay the end of the flowering phase, 
resulting in an increased flower production (Balanza et al., 2018).

Interestingly, in Arabidopsis sterile mutants, or in wild type 
plants where flowers are removed, the end of the reproductive 
phase differs from that observed in fertile plants. As mentioned 
above, sterile mutants produce more flowers than fertile plants, 
and instead of ending flower production with meristem arrest, the 
inflorescence meristem of sterile mutants become determinate 
producing a terminal flower of carpelar nature (Chaudhury 1993; 
Schultz and Haughn, 1993; Hensel et al., 1994; Modrusan et al., 
1994). The nature of this shift in the inflorescence SAM fate is still 
unknown, although it could be interpreted as a differentiation 
of the SAM into a floral meristem, similar to that observed in 
determinate inflorescences. The major factors that control which 
meristems become flowers and which remain as undifferentiated 
shoots have been studied in model species but also in many other 
plants. In the Arabidopsis indeterminate inflorescence, once 
floral transition has taken place, the lateral meristems produced 
by the SAM acquire floral identity. The main factors that control 
the specification of floral fate in these meristems are LEAFY 
(LFY) and APETALA1 (AP1), which confer floral meristem 
identity upstream of floral organ identity factors (Mandel 
et al., 1992; Weigel et al., 1992; Weigel and Meyerowitz, 1993). 
The SAM remains indeterminate by restricting the expression 
of these floral promoting factors, which are excluded by the 
activity in this domain of TERMINAL FLOWER1 (Shannon and 
Meeks-Wagner, 1991; Liljegren et al., 1999; Ratcliffe et al., 1999), 
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homologous to phosphatidylethanolamine binding proteins and 
a member of a small gene family, which includes FLOWERING 
LOCUS T (FT), a key regulator of flowering time regarded as the 
florigen (Wigge et al., 2005). The antagonistic interaction between 
TFL1 and AP1/LFY is crucial to maintain the indeterminacy of 
the Arabidopsis inflorescence. In Arabidopsis tfl1 loss of function 
mutants, the inflorescence meristem ectopically expresses 
AP1 and LFY differentiating prematurely into a flower, and 
thus, the inflorescence becomes determinate (Shannon and 
Meeks-Wagner, 1991; Liljegren et  al., 1999; Ratcliffe et  al., 
1999). Likewise, plants overexpressing AP1 or LFY, and even 
some of their downstream floral organ identity factors, like 
AGAMOUS (AG), also cause the conversion of the SAM into a 
flower (Mizukami and Ma, 1992; Mandel and Yanofsky, 1995b; 
Blazquez et al., 1997). The basic TFL/AP1/LFY module has been 
characterized in many other species and shown to be largely 
conserved in angiosperms, and variations in its configuration 
appear to correlate well with determinate/indeterminate growth 
habits (Pnueli et al., 1998; Liljegren et al., 1999; Ratcliffe et al., 
1999; Benlloch et al., 2007; Mimida et al., 2011; Mohamed et al., 
2010; Imamura et al., 2011; Iwata et al., 2012).

Here, we show that the FUL-AP2 pathway that regulates the 
length of the flowering phase in fertile plants is also controlling 
the fate of the inflorescence meristem in sterile plants. We show 
that the formation of the terminal flower in the absence of seeds 
associates with the ectopic expression in the SAM of the AG gene. 
Loss of AP2 function leads to sterile plants that produce an early 
differentiation of the inflorescence meristem into a terminal 
flower, suggesting that AP2 participates in the repression of AG in 
the SAM. Finally, we also show that the ectopic activation of AG 
in the SAM is strictly FUL-dependent, as ful mutants suppress 
the terminal flower formation in the absence of seeds, even in 
35S:miR172 background where AP2-like factors are not active.

ReSULTS

Meristem Fate Is Dependent on the 
Presence of Seeds and FUL activity
It has been described that seed development directly impacts 
the end of the flowering phase in Arabidopsis thaliana inducing 
the SAM arrest. In the absence of seeds, the SAM remains active 
for longer and the number of flowers produced is increased. 
In these conditions, the SAM will produce new flowers until 
it differentiates into a terminal floral structure, resembling the 
behavior of a determinate inflorescence, and also of mutants 
where inflorescence meristem identity is compromised (Hensel 
et  al., 1994; Ohshima et  al., 1997; Bradley et  al., 1997). As the 
FUL-AP2 pathway genetically controls the length of the flowering 
phase, we decided to assess if the FUL-AP2 module had also a 
role in the determination of the fate of the inflorescence meristem 
and the formation of the terminal structure.

For this purpose, ful mutants were grown in the absence of seed 
production, by continuously removing all the flowers produced 
by the SAM at anthesis. As described previously, wild type plants 
and ful mutants responded to the pruning by increasing the 
number of flowers produced by the SAM (Balanza et al., 2018) 

(Figure 1A). Surprisingly, while the wild type SAM eventually 
differentiated into a terminal flower (Figures 1B, C), the SAM of 
ful mutants remained undifferentiated, generating flowers until 
the death of the plant (Figures 1D, E), without producing the 
terminal structure observed in the wild type.

To confirm that the observed phenotype in manually pruned 
ful plants was independent of the treatment, we decided to 
characterize inflorescence meristem fate in mutant combinations 
of ful with unrelated mutations previously described that caused 
sterility or a severe reduction of fertility, such as crabs claw (crc) 
(Bowman and Smyth, 1999), spatula (spt) (Alvarez and Smyth, 
1999), the quadruple ngatha (nga) mutant (Trigueros et  al., 
2009), or pistillata (pi) (Hill and Lord, 1989). While all the 
sterile mutants tested ended flowering with the formation of the 
typical terminal flower (Figures 2B–E), in combination with ful 
they remained active for longer without SAM differentiation, 
similarly to what was observed in the ful pruning experiment, 
and ending flowering as the ful single mutant (Figures 2A, 
F–J). These phenotypes suggested a role for FUL in controlling 
inflorescence meristem fate, where it could act by inducing the 
formation of the terminal structure observed in plants that did 
not produce seeds.

AG Is expressed ectopically in the 
Inflorescence Shoot apical Meristem 
Under Sterile conditions
AG is a homeotic MADS-domain transcription factor that 
confers carpel identity during flower development (Yanofsky 
et  al., 1990; Bowman et  al., 1991). It has been described that 
the constitutive expression of AG induces the differentiation of 
the inflorescence meristem into a terminal structure after the 
production of a reduced number of flowering nodes (Mizukami 
and Ma, 1992). As the terminal structure observed in sterile 
plants was mainly composed by carpel-like structures, we 
decided to check AG expression throughout inflorescence 
development in the presence (untreated wild type plants) or 
absence of seed development (pruned plants) by monitoring 
the activity of an AG::GUS reporter previously generated and 
characterized (Sieburth and Meyerowitz, 1997). As expected, 
in untreated wild type plants no β-glucuronidase (GUS) signal 
was observed in the SAM at any inflorescence developmental 
stage where the meristem was proliferative and producing 
new flowers (Supplementary Figure 1), while the signal was 
clearly detected in the center of the floral meristems. The lack 
of AG::GUS expression in the SAM was also evident in the 
arrested inflorescence meristems at the end of the flowering 
period 3–4 weeks after bolting, when no further initiation or 
development of floral buds was taking place (Figure 3A). In 
pruned plants, where seed production was avoided, the GUS 
signal pattern was identical to that of the fertile control plants 
during the proliferative phase of inflorescence development 
(Supplementary Figure 1), being only present in the center 
of floral buds but absent in the SAM. However, the AG::GUS 
reporter activity was clearly detected in the SAM of pruned 
plants at late stages of inflorescence development, preceding the 
formation of the terminal flower. In pruned plants, AG::GUS 
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FIgURe 1 | Inflorescence phenotype of pruned 14-week-old plants. All branches, as well as flowers in anthesis stage were removed in wild type and ful mutant 
plants (a). Plants stay alive for longer, delaying the end of flowering. At the end of the flowering phase, wild type inflorescence becomes determinate  
(B, c), producing a terminal flower (arrow) while ful mutant remains indeterminate (D, e).

FIgURe 2 | Terminal flower formation is never observed in ful mutants. ful mutants show an extended flowering phase with a morphologically distinct inflorescence 
meristem always present that remains active (a, F). Mutants with strongly reduced fertility show inflorescences that terminate with the formation of a terminal flower 
as shown for the quadruple nga (B), spt-2 (c), crc-1 (D), or pi (e). When these sterile mutants are combined with ful, the formation of the terminal structure is 
suppressed and meristems remain active until the death of the plant (g, h, I, J).
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signal started to be detected in the periphery of the SAM at 6–7 
weeks after bolting (Figures 3D, E) to later extend to the entire 
SAM (Figures 3F, G) until its differentiation in the terminal 
structure (Figure 3H). Our results indicate that the terminal 
carpelar structure observed at the end of the flowering phase 
in the absence of seed production is associated with the ectopic 
expression of AG in the SAM.

As the ful mutant does not undergo SAM differentiation 
into a terminal structure in the absence of seed production, we 
decided to analyze the activity of the AG::GUS reporter in ful 
plants where flowers were continuously removed. In agreement 
with the phenotypes observed when this treatment was applied 
in ful mutants, the AG::GUS signal was only detected in the 
floral meristems in both ful AG::GUS untreated (fertile) (Figures 
3B, C) and pruned (sterile) plants (Figures 3I, J), but never in 
the SAM, even 2 or 3 weeks after the formation of the terminal 
flowers in the pruned wild type control plants (Figures 3I, J) (8–9 
weeks after bolting). These results strongly suggested that the 

activation of AG in the SAM in the absence of seed development 
was FUL-dependent.

AP2-Like genes Repress AG in the Shoot 
apical Meristem
In the floral meristem, AP2 is a classical repressor of AG 
acting in the two outer whorls of the flower (Bowman et  al., 
1991; Drews et  al., 1991). In ap2 loss-of-function mutants, AG 
becomes ectopically expressed in the external whorls of the 
flower producing the conversion of sepals to carpels and petals 
to staminoid structures. As FUL is a known repressor of AP2 and 
other AP2-like genes in the SAM (Balanza et al., 2018), it could 
be expected that, in the ful mutants, increased AP2 and AP2-like 
gene expression in the SAM could prevent AG upregulation in 
the inflorescence meristem at late stages in sterile plants. To test 
this hypothesis, we first characterized the end of the flowering 
phase of an ap2 mutant compared to wild type. Since ap2–12 is 

FIgURe 3 | AGAMOUS expression at the end of the flowering phase. (a) Inflorescence shoot apical meristem (SAM) of a fertile wild type plant in Global 
Proliferative Arrest, at the end of the flowering phase, around 3–4 weeks after floral transition. AG::GUS reporter activity is detected in the central whorls of the 
flowers, but never in the SAM. (B) ful mutant inflorescence SAM, at 4 weeks after floral transition. As for wild type plants of same age, no AG::GUS activity is 
observed in the SAM (c) ful mutant inflorescence SAM, at 6 weeks after floral transition. Even 2–3 weeks after the arrest of the wild type plants, no AG::GUS 
activity is detected in the SAM. (D) Wild type plants where sterility was induced by pruning of flowers, 5 weeks after floral transition, still proliferative. AG::GUS 
signal is identical to that observed in control plants during the proliferative phase of the inflorescence. (e) Inflorescence meristem of pruned wild type plants at 
5–6 weeks after floral transition. Preceding the visible morphological differentiation of the terminal structure, the GUS signal starts to be detected in the periphery 
of the SAM. (F–g) Inflorescence meristem of pruned wild type plants at 6–7 weeks after floral transition. AG::GUS signal extends to the whole SAM. (h) Terminal 
structure of a pruned wild type plant, 7 weeks after floral transition, showing high AG::GUS activity. (I) Pruned ful mutant, 7 weeks after floral transition. (J) Pruned 
ful mutant, 9 weeks after floral transition. In pruned ful mutants which never form a terminal flower, the GUS signal was never detected in the SAM. Black bars 
represent 50 μm. Asterisk indicates the SAM.
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a sterile mutant, we compared it with a wild type control plant 
where seed production was avoided by pruning the developing 
flowers. ap2–12 mutants produced far fewer flowers than the 
pruned control (Balanza et al., 2018), but both ended flowering 
with the formation of a terminal flower (Figures 4A, B, G), as 
expected for sterile backgrounds. Then, we wondered if the early 
determination of the inflorescence meristem observed in ap2–12 
could be related to an early activation of AG in the SAM. When 
we analyzed the AG::GUS reporter line in the ap2 background we 
observed that, as in wild type pruned plants, the GUS signal was 
ectopically expressed in the SAM (Figures 3D–H, Figures 4C, 
D). Our results indicated that AP2 could mediate the repression 
of AG in this domain. To assess if the rest of the AP2-like genes 
also contributed to the repression of AG in the inflorescence 
meristem, we also characterized inflorescence development and 
inflorescence meristem fate in plants overexpressing miR172, 
where all genes in the AP2 family are simultaneously down-
regulated. All 35S::miR172 plants showed a characteristic 
early flowering phenotype, and most of them also showed the 
sepal-to-carpel homeotic conversions observed during flower 
development in the ap2 mutant (Yant et al., 2010). Interestingly, 
a small fraction of the plants (around 20%) did not exhibit the 
homeotic transformations associated to the ap2 floral phenotype, 
developing normal flowers that were fully fertile. As observed 

for the single ap2–12 mutant, both phenotypic categories of 
35S::miR172 plants had inflorescences that produced a terminal 
flower (Figures 4E, F), although inflorescence meristem 
determination occurred earlier than in the single ap2–12 mutant, 
after the production of a further reduced number of flowers 
(Balanza et al., 2018) (Figure 4G). The earlier differentiation of the 
terminal flower in the 35S::miR172 plants, even in the presence 
of seeds (Figure 4F) indicates that not only AP2, but also the 
rest of AP2-like genes contribute to prevent the differentiation of 
the SAM into a terminal structure, possibly by jointly repressing 
AG in the SAM. Then, the increased levels of AP2-like gene 
expression in ful mutants (Balanza et al., 2018) could explain the 
suppression of the terminal flower differentiation in plants where 
seed production was prevented.

FUL Is Required for the ectopic 
expression of AG in the Shoot apical 
Meristem
If the suppression of the terminal flower observed in ful 
mutants in the absence of seed production was mediated by 
the upregulation of AP2 and AP2-like genes in the SAM, in a 
double ful ap2 mutant we could expect the determination of the 
inflorescence meristem into a terminal structure. Surprisingly, the 

FIgURe 4 | AP2 prevents terminal flower formation. (a) Pruned/wild type inflorescence 6 weeks after the floral transition. The inflorescence meristem differentiates 
into a terminal carpeloid structure. (B) The sterile ap2–12 mutant also ends flowering with the formation of an early terminal flower 3–4 weeks after floral transition. 
(c) The terminal floral structure observed in the ap2–12 mutant is preceded by ectopic AG expression in the SAM 3 weeks after floral transition. (D) AG::GUS 
activity is strongly detected in the terminal structure of ap2–12 inflorescences 4 weeks after floral transition. (e) The sterile 35S::miR172 plants also end the flowering 
phase with the formation of the terminal floral structure around 2 weeks after bolting. (F) A similar terminal flower formation is also observed in the 35S::miR172 that 
occasionally developed fertile pods, suggesting that the formation of the terminal floral structure depends on the activity level of AP2-like genes. (g) Flower production 
before terminal flower formation in the main inflorescence of wild type pruned plants, ap2–12 mutants (sterile), 35S::miR172 sterile lines, and 35S::miR172 fertile lines. 
The number of flowers produced in the lines where AP2 and AP2-like activity is reduced is much lower than in wild type plants where seed production was avoided. 
Error bars represent s.d. A pair-wise Student’s t-test, correcting with Holm method for multiple testing and linked to a post-hoc analysis, was performed to indicate 
genotypes with significant differences. *** indicate a significant difference (P < 0.001), n.s., not significative. N≥ 15. Black bars in (c, D) represent 100 μm. White bars 
in (a, B, e, F) represent 1 mm.
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double ful ap2 mutant, despite being sterile, ended the flowering 
phase without the formation of the terminal flower (Figures 
5A, B). As in this double mutant the expression of other AP2-
like genes still was elevated (Balanza et al, 2018), it was possible 
that this increased expression could be sufficient to suppress 
the formation of the terminal structure. To test this hypothesis, 
we checked inflorescence meristem fate in a ful 35S::miR172 
line. In this genetic combination, the levels of all the AP2-like 
proteins are downregulated by the overexpression of miR172 
even in the absence of FUL activity. As described previously, the 
ful 35S::miR172 plants produced a similar number of flowers to 
35S::miR172 plants, suppressing the increased flowering period 
and delayed proliferative arrest observed in the single ful mutant, 
and therefore indicating that the FUL effect on the duration of 
the flowering phase is mediated by AP2-like factors (Balanza 
et al., 2018). Surprisingly, the differentiation of the inflorescence 
meristem into a terminal flower that occurred in 35S::miR172 
plants was never observed in ful 35S::miR172 lines (Figures 
5C, D). These results indicate that to promote the formation of the 
terminal floral structure and probably the ectopic AG expression 
in the SAM, it is necessary the downregulation of AP2-like genes 
and the presence of FUL in the inflorescence meristem at later 
stages of inflorescence development.

The requirement of FUL to induce the differentiation of 
the inflorescence meristem into a terminal flower suggested 
that FUL could work as an AG activator. To confirm the ability 
of FUL to activate AG, we analyzed the expression of AG in a 
FUL::FUL:VP16 line, where the strong transcriptional activation 

domain of the herpes virus protein VP16 was fused to the FUL 
protein. The FUL:VP16 chimeric protein should cause the 
upregulation of FUL direct targets, overcoming other regulatory 
effects, as for example the possible repression exerted by other 
factors or the effect of other FUL interacting proteins in its 
transcriptional output (Bemer et al., 2017; Balanza et al., 2018). 
Interestingly, the FUL::FUL:VP16 line ends flowering very early, 
with the formation of a terminal floral structure (Balanza et al., 
2018). In situ RNA hybridization indicates that AG was expressed 
ectopically in the periphery of the SAM of the FUL::FUL:VP16 
line, just before the formation of the terminal flower (Figure 6). 
Thus, FUL:VP16 was able to bypass the negative regulation 
exerted by AP2-like genes at early inflorescence development, 
suggesting that FUL could activate directly AG expression. 
In agreement with this observation, when we searched the 
results of a FUL chromatin immunoprecipitation sequencing 
data set available in a public repository (NCBI-GEO-DataSet 
GSE108455, provided by van Mourik, Muiño, Smaczniak, Bemer, 
Chen, Angenent, and Kaufmann) we found that FUL was able 
to bind to the AG genomic region on two different regions, one 
centered at approximately 1.5 kb upstream the START codon of 
the AG coding sequence, and another in the distal portion of the 

FIgURe 5 | Terminal flower formation in the absence of AP2-like activity 
is dependent on FUL. The inflorescence meristem determination into a 
terminal structure observed in the ap2–12 single mutant is suppressed by ful 
mutations (a, B). In the 35S::miR172 plants, where the levels all the AP2-like 
genes are reduced and the terminal flower is formed very early in inflorescence 
development, the ful mutation also suppresses its formation (c, D).

FIgURe 6 | AG ISH on inflorescences of FUL::FUL:VP16 plants. AG 
expression was detected by ISH on FUL::FUL:VP16 (left) and wild-type 
(right) plants at early stages of inflorescence development. Samples were 
collected 15, 18, and 21 days after germination. While in the wild-type 
plants AG expression was only detected in the center of floral meristems, 
in FUL::FUL:VP16 plants AG expression was detected ectopically in the 
periphery of the shoot apical meristem (SAM) at 18 days after germination 
(approx. 1 week after floral transition), being present throughout the SAM 21 
days after germination (approx. 2 weeks after floral transition).
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second regulatory intron (Supplementary Figure 2), which has 
been described to contain key regulatory elements controlling 
AG (Sieburth and Meyerowitz 1997; Deyholos and Sieburth, 
2000; Hong et al., 2003).

DIScUSSIOn
The regulated arrest of the flowering phase is still a not well-
understood developmental process. In plants with indeterminate 
inflorescences, seed development is a major factor directing the 
end of flowering, exerting a negative control over SAM activity. 
Thus, in the absence of seeds, the length of the inflorescence 
phase is increased until, at least in some species like Arabidopsis, 

the inflorescence meristem fate changes from indeterminate 
to determinate (Hensel et  al., 1994). In Arabidopsis, a genetic 
mechanism has been also described to control SAM activity and 
the length of the flowering period in parallel with the correlative 
control mediated by seeds: the FUL-AP2 pathway. Our results 
indicate that FUL and AP2-like genes are also key regulators 
of the inflorescence meristem fate: FUL appears to induce AG 
activation in the SAM both directly and indirectly, through 
negative regulation of the AG repressors AP2 and AP2-like 
genes in the SAM. Our results can be easily integrated into the 
previously proposed model controlling the proliferative arrest of 
the inflorescence meristems and the end of the flowering phase 
in Arabidopsis (Balanza et al., 2018) (Figure 7). When the arrest-
inductive seed effect is absent (as in sterile mutants or by pruning 

FIgURe 7 | Proposed model for the control of the end of the flowering phase in Arabidopsis. (a) In normal growth conditions the activity of the inflorescence 
shoot apical meristem (SAM) is controlled by the FUL-AP2 pathway and the correlative control exerted by the developing seeds. The combined action of both 
mechanisms induces the meristem arrest and the end of the flowering phase. During inflorescence progression, AP2 and AP2-like proteins control positively SAM 
meristem activity, and at the same time, repress AG expression as well as avoid AG activation by FUL in the SAM. (B) When the arrest-inductive seed effect is 
absent (as in sterile mutants or in pruned plants) the inflorescence meristem activity is extended in time. In these conditions, the increasing activity of FUL in the 
inflorescence meristem should reduce the AP2 and AP2-like levels. The decreasing levels of AP2 proteins would facilitate the direct activation of AG by FUL in the 
SAM, allowing the AG accumulation and the formation of the terminal flower.
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of flowers as they are produced), the inflorescence meristem 
activity is extended in time, forcing the SAM to produce extra 
flowers. In this scenario, increasing activity of FUL in the 
inflorescence meristem should simultaneously cause a direct 
activation of AG and a further reduction of the AP2 repressive 
activity on AG in the SAM, which eventually would allow AG 
expression in the inflorescence meristem and the formation 
of the terminal flower. This model is in agreement with the 
observed phenotypes of related mutant backgrounds. Thus, the 
downregulation of AP2 and AP2-like genes in 35S::miR172 lines 
would cause the early differentiation of the terminal structure, 
even in the presence of seeds, likely caused by the derepression of 
AG in the SAM. Likewise, in the FUL::FUL:VP16 line, despite the 
high levels of AP2 (Balanza et al., 2018), the strong upregulation 
of AG in the SAM caused by FUL:VP16 activity would explain the 
determination of the meristem and the production of a terminal 
structure consisting of stamens and carpels.

Remarkably, FUL appears to be essential to promote 
inflorescence meristem determination, since no terminal 
flowers were formed in ful 35S::miR172 mutants or when the 
ful mutation was introduced in lines of very reduced fertility. 
Together with the likely direct effect on AG activation reported 
in this study, FUL has also been shown to directly upregulate 
the floral meristem identity gene LFY (Balanza et  al., 2014). 
Interestingly, the interplay between LFY, WUS, and AG largely 
control the determination of the floral meristems. The combined 
action of WUS and LFY in young floral meristem directly induce 
AG expression in the center of flower buds, where stamens and 
carpels would differentiate. Once activated, AG represses WUS 
to allow floral meristem termination and the development of 
the proper set of floral organs in the central whorls of the flower. 
Accordingly, loss of AG function leads to indeterminate flowers, 
due to the extended WUS activity in the floral meristem (Lenhard 
et al., 2001; Lohmann et al., 2001).

Because FUL is strongly upregulated in the inflorescence 
meristem at the time of floral transition (Mandel and Yanofsky, 
1995a; Hempel et al., 1997; Torti et al., 2012), LFY and AG activation 
should be avoided in the SAM to allow the indeterminate growth 
of the inflorescence and the maintenance of WUS expression in 
the SAM. Our results indicate that terminal flower formation 
is prevented by AP2 and AP2-like genes, suggesting that these 
factors could block the FUL-mediated AG activation. Thus, the 
balance between FUL activity (promoting SAM differentiation) 
and AP2-like activity (preventing SAM differentiation) could be 
important to maintain the indeterminate fate of the inflorescence. 
The formation of the terminal flower is premature in the single 
ap2 mutant, but it appears even earlier when the expression of 
all AP2-like genes is reduced (35S::miR172 line) suggesting an 
additive role of the members of this gene family in AG repression. 
Interestingly, the 35S::miR172 plants did not produce a terminal 
flower immediately after floral transition, despite FUL strong 
upregulation at this time in the SAM (Hempel et  al., 1997). 
This suggests that perhaps FUL levels should be high enough 
to overcome the AP2 repressive effect, or that additional factors 
are also acting to prevent inflorescence meristem determination 
or required to promote floral identity. A clear candidate for 
this putative function could be TFL1, a repressor of LFY in 

the inflorescence meristem and whose mutation causes the 
early differentiation of the inflorescence meristem into a flower 
(Bradley et al., 1997; Ohshima et al., 1997; Ratcliffe et al., 1998). 
While the functional relationship of FUL and TFL1 has not 
been precisely elucidated, it has been described that FUL acts 
by balancing the activities of LFY and TFL1 in the inflorescence 
(Ferrandiz et  al., 2000a). The possible interaction of TFL1 and 
the FUL-AP2 genetic module in the control of the inflorescence 
meristem fate, and also on the regulation of the inflorescence 
proliferative arrest and the length of the flowering phase is of 
high interest, but remains to be addressed in further studies.

Both FUL and AP2-like genes have been described to be age-
regulated by the balance between the miR156 and miR172, with 
important roles directing developmental phase transitions in plants 
(Wang et  al., 2009; Wu et  al., 2009). Phase transitions occur in a 
gradual and progressive way during early stages of plant development 
(Wang et al., 2009; Wu et al., 2009). Interestingly, a similar model 
was also proposed to control inflorescence progression in the past 
(Schultz and Haughn, 1993; Bradley et  al., 1997; Ratcliffe et  al., 
1998). The moment of the floral transition marks the transition 
from the vegetative phase to the reproductive phase, and the 
beginning of inflorescence development. Schultz and Haughn 
(1993) proposed that during inflorescence development there is a 
progression of different developmental phases. They also proposed 
that these inflorescence developmental phases should be controlled 
by unknown factors that gradually would control the levels of the 
floral identity genes (Bowman et  al., 1993; Schultz and Haughn, 
1993). Following this model, the authors distinguished three phases 
during inflorescence development in Arabidopsis: an initial phase 
where the SAM produces leaves that sustain new branches; a second 
phase where the SAM produces directly flowers, and a last phase or 
terminal phase where the SAM differentiates into a flower. It was also 
discussed that the last phase, the formation of the terminal flower, 
usually was not observed due to the meristem arrest associated with 
the end of flowering (Schultz and Haughn, 1993; Bradley et al., 1997; 
Ratcliffe et  al., 1998). Our proposed model is in agreement with 
the original model proposed by Schultz and Haughn, where the 
FUL-AP2 pathway could act as the unknown factors that gradually 
regulate the activation of the floral identity genes in the apical part 
of the inflorescence. In agreement with the model, ful mutant shows 
an extension on the length of all these phases: it shows a delay in 
floral transition, a longer first phase of inflorescence development 
producing extra caulinar leaves (Balanza et al., 2014), an extended 
second phase with the production of more flowers before meristem 
arrest (Balanza et  al., 2018) and, moreover, it does not enter the 
last phase (the inflorescence determination) even in the absence of 
seed production. On the other hand, the ap2-like sextuple mutant is 
early flowering, shortens both phases of inflorescence development 
(branches and flowers) (Yant et al., 2010; Balanza et al., 2018), and 
finally enters the last phase developing a terminal flower.

Based in phylogenetic analysis, it has been suggested that 
determinateness would be the ancestral condition in plants and 
that indeterminateness could have evolved different times in many 
species (Stebbins, 1974). Other authors, however, have proposed 
that indeterminateness could have been acquired very early in 
evolution and that could have been lost later in some species (Coen 
and Nugent 1994; Bradley et al., 1997). Our analysis and previous 
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work from other groups indicate that determinateness is facultative 
in Arabidopsis (Chaudhury, 1993; Schultz and Haughn, 1993; 
Modrusan et al., 1994; Hensel et al., 1994), but hidden by the SAM 
arrest induced by the correlative control exerted by seeds. From an 
adaptive point of view, increasing the number of flowers/seeds could 
provide a clear advantage and increase the reproductive success. 
On the other hand the production of too many flowers/seeds could 
also be deleterious, due to the investment of valuable resources to 
the production of unnecessary seeds, as well as to the increased 
competition of individuals following seed germination that could 
affect offspring fitness. According to our observations, Arabidopsis 
could have adopted the strategy to delay the SAM determinacy 
increasing seed production but at the same time developing a 
mechanism to limit their final number. Once an optimal number 
of seeds is produced, a signal could be sensed at the SAM to induce 
its arrest. This mechanism could also provide an extra benefit. The 
meristem arrest observed in Arabidopsis is reversible (Hensel et al., 
1994; Wuest et al., 2016), and if some seed losses are produced, the 
SAM is able to reactivate and produce new flowers and seeds to 
ensure further seed production.

In many crops, the end of the flowering phase determines 
the maximum yield that the plant is able to produce. Thus, 
understanding the mechanisms that regulate this developmental 
process could allow the engineering of agronomically important 
crops in order to increase their yields. Our results complement 
the scarce information available about the control of the 
reproductive phase length, as well as provide evidence about how 
Arabidopsis could have evolved an indeterminate inflorescence.

MaTeRIaLS anD MeThODS

Plant Material and growth conditions
Arabidopsis thaliana plants were grown in cabinets at 21°C 
under LD (16 h light) conditions, illuminated by cool-white 
fluorescent lamps (150 µE m–2 s–1), in a 1:1:1 by vol. mixture 
of sphagnum:perlite:vermiculite. To promote germination, seeds 
were stratified on soil at 4°C for 3 days in the dark. Mutant alleles 
and transgenic lines have been previously described: ful-1 (Gu 
et  al., 1998; Balanza et  al., 2018), ful-2 (Ferrandiz et  al., 2000a; 
Balanza et al., 2018), ap2–12 (Yant et  al., 2010) crc-1 (Bowman 
and Smyth, 1999), spt-2 (Alvarez and Smyth, 1999), pi-1 (Hill and 
Lord, 1989), quadruple nga (Trigueros et al., 2009), 35S::miR172 
(Yant et al., 2010), and AG::GUS (Sieburth and Meyerowitz, 1997).

Induced Sterility/Pruning
After bolting, all flowers produced by the SAM were removed 
manually every 2–3 days, leaving only the flowers before the 
anthesis stage. In addition, all the new branches developed by the 
plant were also removed as they appeared.

B-glucuronidase Staining
For GUS histochemical detection, samples were treated for 15 
min in 90% ice-cold acetone and then washed for 5 min with 
washing buffer (25 mM sodium phosphate, 5 mM ferrocyanide, 5 
mM ferricyanide, and 1% Triton X-100) and incubated from 4 to 

16 h at 37°C with staining buffer (washing buffer+1 mM X-Gluc). 
Following staining, plant material was fixed, cleared in chloral 
hydrate, and mounted to be viewed under bright-field microscopy.

In Situ hybridization
In situ hybridizations were performed as described (Ferrandiz 
et al., 2000a). For hybridization in sections, tissue was fixed for 2 
h in FAE solution, dehydrated, embedded, and sectioned to 8 µm. 
After dewaxing in histoclear and rehydrating, sections were treated 
for 20 min in 0.2 M HCl, neutralized for 10 min in 2× SSC and then 
incubated for 30 min with 1 µg/ml Proteinase K at 37°C. Proteinase 
action was blocked by treating with 2 mg/ml Gly for 5 min and 
postfixation in 4% formaldehyde for 10 min. Subsequently, 
sections were dehydrated through an ethanol series before applying 
the hybridization solution (100 µg/ml transfer RNA; 6× SSC; 3% 
SDS; 50% formamide, containing approx. 100 ng/µl of antisense 
digoxigenin-labeled RNA probe), and left overnight at 52°C. Then, 
sections were washed twice for 90 min in 2× SSC: formamide 
(50:50) at 52°C before performing the antibody incubation and  
color detection.
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The barley endo-b-mannanase (MAN) gene family (HvMAN1-6) has been identified and
the expression of its members analyzed throughout different plant organs, and upon grain
development and germination. The HvMAN1 gene has been found to be highly expressed
in developing and germinating grains. The MAN (EC 3.2.1.78) enzymatic activity gets a
maximum in grains at 48 h of germination (post-germination event). Immunolocalization of
mannan polymers in grains has revealed the presence of these polysaccharides in the
endosperm cell walls (CWs). By mRNA in situ hybridization assays, the HvMAN1
transcripts have been localized to the aleurone layer, but not to the dead starchy
endosperm cells. These data suggest that MAN1 is synthesized in the aleurone layer
during early grain imbibition and moves potentially through the apoplast to the endosperm
where the hydrolysis of the mannan polymers takes place after germination sensu stricto.
Hence, mannans in the starchy endosperm CWs, besides their structural function, could
be used as reserve compounds upon barley post-germination.

Keywords: aleurone layer, barley, endo-b-mannanase (MAN), endosperm cell walls, heteromannans, reserve
mobilization, grain germination
INTRODUCTION

The monospermic fruit of the Poaceae (grain) is made up by the seed and the pericarp (fruit tissue
proper). These seeds are formed by a small diploid (2n) embryo and a triploid (3n) endosperm,
wrapped together by the maternal tissue of the seed coat (testa, 2n; Linkies et al., 2010). The
endosperm is a nutritive tissue that is generated by endoreduplication and during maturation
accumulates reserve compounds such as polysaccharides (i.e. starch) and proteins (i.e. hordeins in
barley). The endosperm undergoes programmed cell death (PCD) upon maturation, with the
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exception of its external cell layer (aleurone) that remains alive in
the mature grain (Domínguez and Cejudo, 2014).

In barley and other Poaceae, germination sensu stricto occurs in
two sequential steps where the coleorhiza emergence is followed
by the root protrusion. Afterwards, post-germinative events take
place, involving the mobilization of reserves from the endosperm,
facilitating the early seedling growth until the plant becomes fully
photosynthetic. It has been proposed that not only starch and
proteins but also other structural polysaccharides, such as b-
mannans and b-glucans present in the endosperm cell walls
(CWs), could be hydrolyzed and remobilized as reserve
compounds to the growing embryo (Barrero et al., 2009; Guillon
et al., 2012; González-Calle et al., 2015). This remobilization
process needs the synthesis and secretion of appropriate
hydrolytic enzymes (mannanases, glucanases, etc.). The de novo
synthesis of these enzymes is initiated in the scutellum epithelium
and later in the aleurone layer (AL). Gibberellin (GA) synthesized
in the scutellum is transported to the AL where it activates the
synthesis of hydrolytic enzymes that are subsequently secreted into
the endosperm (Fincher, 1989; Appelford and Lenton, 1997). The
barley a-amylase was the first enzyme described as to be released
from the AL to the starchy endosperm, triggered by the embryo
secreted GA during seed post-germination (Chrispeels and
Varner, 1967). More recently, a late maturity a-amylase has
been described in wheat although its transcriptional or
hormonal control is not fully elucidated (Barrero et al., 2013).
Many other hydrolytic enzymes induced by GA and repressed by
abscisic acid (ABA) have been described as involved in reserve
mobilization upon monocotyledonous, and dicotyledonous seed
germination and post-germination, such as cathepsin b-like
cysteine proteases, that are endopeptidases mainly associated to
the hydrolysis of seed storage proteins (SSPs; Mena et al., 2002;
Isabel-Lamoneda et al., 2003; Martínez et al., 2003; Moreno-
Risueno et al., 2007; Tan-Wilson and Wilson, 2012; Iglesias-
Fernández et al., 2014; Díaz-Mendoza et al., 2019).

Endo-b-mannanases (MANs; E.C. 3.2.1.78) are enzymes that
catalyze the hydrolysis of the b-(1–4) bonds in the mannan
polymers. In dicotyledonous seeds, such as those from
Arabidopsis thaliana, Brassica rapa, and Sisymbrium officinale.
MAN enzymes have been involved in the weakening of the seed-
covering layers to facilitate radicle emergence during
germination sensu stricto (Iglesias-Fernández et al., 2011a;
Iglesias-Fernández et al., 2011b; Rodríguez-Gacio et al., 2012;
Bewley et al., 2013; Zhang et al., 2013; Nonogaki, 2014;
Steinbrecher and Leubner-Metzger, 2017; Carrillo-Barral et al.,
2018). In Arabidopsis, the importance of MAN enzymes in the
germination sensu stricto has been further supported by genetic
experiments with T-DNA insertion mutants in genes encoding
MANs (AtMAN5, AtMAN6, and AtMAN7; Iglesias-Fernández
et al., 2011a, 2011b). Interestingly, the presence of mannan
polymers has been shown in the mucilage layer of imbibed A.
thaliana, B. rapa and S. officinale seeds by fluorescence
immunolocalization assays (Lee et al., 2012; Carrillo-Barral
et al., 2018). In the monocotyledonous Brachypodium
distachyon, a model species for temperate cereals, BdMAN2,
BdMAN4, and BdMAN6 genes have been demonstrated to be
Frontiers in Plant Science | www.frontiersin.org 2211
relevant during grain germination, and mannans have been
immunolocalized to the coleorhiza, disappearing as germination
progresses (González-Calle et al., 2015). In Oryza sativa, three
MAN genes (OsMAN1, OsMAN2 and OsMAN6) are expressed in
germinating grains prior to radicle emergence (Yuan et al., 2007;
Ren et al., 2008). In Hordeum vulgare, the HvMAN1 protein has
been purified from seedling extracts, and the highest expression
level of its corresponding transcript is found in the early
developing grain (Hrmova et al., 2006). In these grains, mannan
polymers have been immunodetected in the CWs of the starchy
endosperm, but not in the aleurone cells (Fincher, 2009; Wilson
et al., 2012).

In this work, the barley MAN gene family has been annotated
and the expression of its members analyzed throughout different
plant organs, and upon grain development, germination and
post-germination. Interestingly, it has been found that the
HvMAN1 gene is highly expressed during grain development
and germination, both in the embryo and in the de-embryonated
grain (endosperm). MAN enzymatic activity peaks in the
germinated barley grain (42–72 h). Mannan polymers have
been detected by fluorescence immunolocalization in the
endosperm CWs of developing grains. However, in germinating
grains the HvMAN1 transcripts have been localized to the
aleurone cells, but not to the starchy endosperm. All together,
our data suggest that mannans, deposited in the endosperm CWs
during grain development, besides their structural function, could
be used as reserve compounds to be mobilized by MAN enzymes
upon barley post-germination. Moreover, expression analysis and
mRNA in situ hybridization assays indicate that the HvMAN1 is
synthesized in the AL during early grain imbibition, bringing up
the idea that the MAN1 protein (without excluding other MANs)
could move through the apoplast from the aleurone to the
endosperm where the hydrolysis of the mannan polymers takes
place after germination sensu stricto.
MATERIALS AND METHODS

Plant Material and Growth Conditions
Barley (Hordeum vulgare cv. Bomi) grains were surface-sterilized
(1% NaOCl for 10 min) and germinated in Petri dishes with
water imbibed filter papers (Whatman n°3, GE Healthcare Life
Sciences, Chicago, IL, USA), at 21°C in the dark for 3 days. After
this period, seedlings were transferred to pots in the greenhouse
under long-day conditions (16h/8h; light/darkness).

For developmental studies, grains were collected at different
stages and classified according to their size and color: White 1
(W1, 2–3 mm), White 2 (W2; 3–4 mm), White 3 (W3; 4–6),
Early Green (EG; 6–8 mm), and Late Green (LG; > 8 mm).

For germination experiments, grains after cold-stratification
(4°C, 4 days) were imbibed in water in dark conditions at 21°C,
sampled at different germination times (0, 4, 8, 12, 24, 48, and
72 h) in triplicate lots of 15–20 stratified grains and separated
with a scalpel blade under a magnifying lens into endosperm
proper and embryo enriched-fraction (de-embryonated grains;
more than 80% of embryo tissue).
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Barley Mannanase (HvMAN) Sequence
Identification and Phylogenetic
Dendrogram Construction
The HvMAN1, HvMAN2, HvMAN3, HvMAN4; HvMAN5,
HvMAN6 amino acid sequences have been deduced from their
correspondingMAN genes in theHordeum vulgare genome (The
International Barley Genome Sequencing Consortium, Schulte
et al., 2009; accession numbers in Supplementary Table S1). For
this, the Arabidopsis thaliana and Brachypodium distachyon
MAN sequences (Iglesias-Fernández et al., 2011a; González-
Calle et al., 2015) were used as queries in the BLAST tool at
the Ensembl Plant Server (http://plants.ensembl.org/index.html).
The domain glycosyl-hydrolase 5, typically present in MAN
enzymes, has been found in all HvMAN amino-acid sequences
using the Pfam search tool (PFAM database; http://pfam.sanger.
ac.uk; Bateman et al., 2002). Complete amino acid MAN
sequences from Hordeum vulgare (HvMAN1-6), Brachypodium
distachyon (BdMAN1-6), and Arabidopsis thaliana (AtMAN1-7)
were aligned by means of the CLUSTALW program (Thompson
et al., 1994). This multiple alignment was utilized to construct a
phylogenetic dendrogram with the MEGA 4.0 software (Tamura
et al., 2007) using the neighbor-joining algorithm, a bootstrap
analysis with 1,000 replicates, complete deletion and the Jones
Taylor Thornton matrix. The identification of conserved motives
within the deduced MAN proteins (Table 1) was done using the
MEME program software version 4.0 and used to validate the
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phylogenetic tree. Motif width was set between 8–30 amino acids
and the maximum number of motives to find was set to 20, the
rest of parameters was set as default (Bailey et al., 2009; http://
meme-suite.org/). Table 1 displays the consensus sequences
where the amino acids appearing in a given position show a
probability >0.2. Signal peptide cleavage sites, isoelectric points
(Ip), and molecular weights (MW) were predicted as described
(Iglesias-Fernández et al., 2011a; Supplementary Table S1).

Endo-b (1-4)-Mannanase (MAN) Activity
Assays During Grain Germination
Hordeum vulgare grains were collected in triplicate lots of 20
individuals at different time-points of germination (0, 12, 24, 48,
72 h). Grains were separated into embryo and endosperm fractions
and then frozen in liquid nitrogen. Samples were homogenized in
100 mM NaAc buffer (pH 4.7) overnight at 4°C and subsequently
centrifugated. The supernatant (400 ml) was mixed with 200 ml of
0.25% AZCL galactomannan (Megazyme, Chicago, IL, USA).
Enzymatic activity was determined as previously described
(Iglesias-Fernández et al., 2011a; Carrillo-Barral et al., 2018). For
quantification of total protein, the Bradford reagent was utilized
(Sigma-Aldrich, Merck KGaA, Darmstadt, Germany) and Bovine
Serum albumin (BSA) was the standard.

Total RNA Isolation and Quantitative PCR
Analyses
Total RNA was purified from leaves, roots, spikes, and stems of 7
week old plants and from grains at different stages of
development (W1, W2, W3, EG, and LG) and different points
of germination (0, 4, 8, 12, 24, and 48 h) using the protocol
described by Oñate-Sánchez and Vicente-Carbajosa (2008).
RNA samples were treated with DNAseI-RNAse-free
(Hoffmann-La Roche, Basel, Switzerland) to avoid genomic
DNA contamination. RNA integrity and purity were checked
both electrophoretically and by the 260/280 nm absorbance ratio.
The RNA concentration was estimated by the A260 absorbance,
and the samples were stored at –80 °C. The cDNA was
synthesized from 1 mg of total RNA using the First-Strand
Synthesis kit for RT-PCR (Hoffmann-La Roche) and stored at
– 20°C until used.

For gene expression analysis, PCR was performed in an Eco
Real-Time PCR System (Illumina, San Diego, CA, USA). In each
reaction (Vf = 10 µl) were mixed: 2 µl of cDNA sample, 5 µl of
FastStart SYBR Green Master (Hoffmann-La Roche), 0.25 ul of
each primer (final concentration 500 nM), and sterile water up to
final volume. The PCR thermal-cycling conditions were set as
follows: 95°C for 10 min for denaturation and 40 cycles of 10 s at
95°C and 30 s at 60°C for annealing and extension. The dissociation
temperature for each amplicon was calculated by increasing
temperature from 55 to 95°C. The dilution curve and subsequent
slope calculation (E = 10(-1/slope)) were used to calculate primer
efficiencies (Supplementary Table S2). The specific primers used
were designed from the specific 3’-non-coding region using the
Primer3Plus program (http://www.bioinformatics.nl/cgi-bin/
primer3plus/primer3plus.cgi; Supplementary Table S2). The
HvGAPDH gene (encoding GlycerAldehyde 3-Phospate
TABLE 1 | Conserved amino acid motives of the MAN deduced proteins of
Hordeum vulgare, Brachypodium distachyon and Arabidopsis thaliana, obtained
by means of the MEME analysis (Bailey et al., 2009).

Motif E-value Consensus sequences

1 6.8e-390 [VL]L[TN]R[VK]N[TS][FILV]TG[VI]AYKD[DE]P[TA]I[FL]AWEL
[MI]NEPRC

2 3.1e-225 [IL]L[SC]LVNN[LWY][DE][DA][FY]GGK[KAT]QYV[KQR]WA
3 5.5e-214 LQ[AD]W[IV][ET]EMA[AS][YF]VKS[IL]DX[KN]H[LM][LV]
4 1.2e-285 [AP]LQI[SA]PG[VRS][YF][DN]E[ER][VM]F[QK][GA]LDFV[IVL]

[AS]EA[RK][RK]HG[IV][RKY]
5 3.1e-273 [VLY]GTDF[IV][AR]N[NHS]Q[VIA]PGIDFA[ST][VI]H[SIL]YPD[QS]

W[LF]P[DG][SA]
6 4.9e-226 RG[KR]V[TS][AE][AM][LF][RQ][QA][AG][AS][AR][MH]GL[TN]V

[CA]RTWAF[NS]DGG[YS][NR]
7 4.9e-192 G[TV][QR]FV[LV][NG]G[RK]PFY[AI]NG[FW]N[AS]YWLM[YDT]

MA[ASV][DE]P[AS]
8 1.1e-165 S[DN]D[DS]FF[TF][DN]P[LT][IV][KR][DG][YF][YF]KN[HY]VK[TA]
9 1.3e-103 [ET][IVA]GLEGFYG[PD][SG][SA]PE[RS]
10 1.6e-098 E[ES][QK][LV][EK]F[VL]R[KR]W[ML][DAQ][SA]H[IV]ED[AG]

[EAQ]N[IE]
11 2.0e-072 [KRG]KP[LV]L[FILV][TA]EFG[KL]
12 1.5e-070 L[FV]WQ[LV][MF]AEGMEX[FY]HD
13 8.9e-113 RDAF[FLY][RG][TM]VYD[KA]IY[AE]SA[KRE][KR]GG[PAS]
14 1.7e-075 G[FY]SIV[LAP]SEX[PA]STAK[LI]I[ST]E[QH]S[CR][RK]LAXLR

[KG]
15 9.6e-012 [CRT][RN][EGN][LR][FPR][LV]Y[HS]ILG[FL][LA][LS][LC][LV]A

[VF][FIV]Y[LF][SN]
16 2.2e-007 PVPWLQPRM[AS]FAGRNGTHFVDA[AS]TG[AS]PLYV
17 5.8e-007 L[GT][VF]NP[GDE][DH][WY][AFS][AGNS][NQS]
18 2.7e-004 MK[CL]L[CA][FL][FIV][VP][LF]LAI[VL]I[AQ][QL][SN][CSY]
MAN signature sequence is underlined and in bold. Critical amino acids for enzymatic
activity are displayed in bold.
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DeHydrogenase; HORVU7Hr1G074690) was used to normalize
the data, since the expression of this gene is constant throughout
the period studied (Supplementary Figure S1; González-Calle
et al., 2015; Gines et al., 2018). The number of cycles required for
the amplification to get a cycle threshold in the exponential phase
of the PCR (Ct; Pfaffl, 2001) was used to calculate the expression
levels. All analyses were done in three biological samples and two
technical replicates.

Statistical analysis of the data was performed in Excel (version
2007) using the t-test for comparing the experimental data with
the minimum levels of each experiment.

Fixation, Embedding and Sectioning of
Material for Histochemistry
For the histochemical analysis, LG stage of developing barley
grains and germinating grains at 4, 30, and 42 h of imbibition
were processed, as described by Ferrándiz et al. (2000) with some
modifications. Grains were collected and infiltrated with the FAE
solution (Formaldehyde: Acetic acid: Ethanol: water,
3,5:5:50:41,5 by vol.) for 45 min under vacuum (41 mbar) then
incubated at 4°C for 3 days with gentle shaking. A graded series
of aqueous ethanol mixtures were used to dehydrate the grain
samples, ethanol being progressively replaced with HistoClear
(National Diagnostics, Hessle Hull, England) and later
embedded in paraffin. Thin sections of 8–10 µm were collected
on glass slides and de-waxed.

Fluorescent Heteromannan
Immunolocalization
Heteromannan immunolocalization was performed as described
by Marcus et al. (2010) and Guillon et al. (2012). Sections
were first washed with Phosphate Buffer Sodium solution
(PBS) and digested with 1 mg/ml proteinase-K (Hoffmann-
La Roche). Samples were then treated with 4 µg/ml lichenase
[(1-3) (1-4)-b-glucanase; Megazyme] for 2 h at 37°C to eliminate
(1–3) (1–4)-b-glucans and thus facilitate the access of the specific
antibodies to the heteromannans (mannans, glucomannans, and
galactomannans) contained in the CWs. For immunodetection,
sections were first incubated at room temperature for 30 min
in a blocking solution (3% BSA, 1x PBS, and 5mM Na-Azide;
pH7), and then treated with primary anti-heteromannan
antibody LM21 (Plant Probes, Leeds, UK) at a dilution of
1:5 in 1% BSA for 2 h. Sections were thoroughly washed
in PBS containing 5 mM Na-Azide and then incubated for 2 h
in the same buffer containing the secondary rabbit antibody
Anti-Rat IgG-FITC (Sigma-Aldrich) at a dilution of 1:100.
The sections were extensively washed in PBS buffer and in
water, mounted in citifluor (Citifluor, Hatfield, PA, USA) and
examined in a confocal microscope (Leica SP8, Leica,
Wetzlar, Germany).

mRNA In Situ Hybridization Experiments
Plant sections were incubated in 0.2 M HCl and, after washing,
digested with 1 mg/ml proteinase-K (Hoffmann-La Roche).
Samples were then dehydrated in an aqueous ethanol dilution
series and hybridized with sense and anti-sense digoxigenin
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(DIG)-labelled RNA probes, corresponding to DNA fragments
(200–300 bp) derived from the specific 3’-non coding regions of
the HvMAN1 gene (Supplementary Table S3), synthesized
according to the manufacturer’s instructions (Hoffmann-La
Roche). Probes were hybridized at 52°C overnight followed by
two washes in 2X SSC (150 mM NaCl, 15 mM Na3 Citrate) and
50% formamide for 90 min at the same temperature. Incubation
with the alkaline phosphatase-conjugated anti-digoxigenin
antibody (Hoffmann-La Roche) and color detection was
carried out according to the manufacturer’s instructions.
Sections were dried and examined on a Zeiss Axiophot
Microscope (Carl Zeiss, Oberkochen, Germany), images were
captured and processed with the Leica Application Suite 2.8.1
build software (Leica, Wetzlar, Germany).

Polysaccharide and Protein Histological
Staining for Light Microscopy
Developing and germinating grains were stained with PAS-NBB:
0.5% (w/v) Periodic Acid (Merck) plus Schiff’s reagent (Merck)
to detect polysaccharides, and with 1% (w/v) Naphthol Blue
Black (Sigma-Aldrich) to visualized proteins. Microscopy
analyses were done on a Zeiss LSM 880 (Carl Zeiss)
microscope and the images were captured and processed with
the Zen Blue Edition software (Carl Zeiss).
RESULTS

The Hordeum vulgare Endo-b-Mannanase
(HvMAN) Gene Family
To identify the different HvMAN genes in barley, sequences of
the already described MAN families from Arabidopsis thaliana
and Brachypodium distachyon (Iglesias-Fernández et al., 2011a;
González-Calle et al., 2015) were used to do a BLASTN against
the whole Hordeum vulgare genome (http://plants.ensembl.org/
index.html; The International Barley Genome Sequencing
Consortium). Six non-redundant MAN deduced proteins were
identified and named according to their putative orthologous in
B. distachyon, with MW between 46–54 KDa and Isoelectric
points between 4.6–9.2. Four of them (HvMAN1, HvMAN3,
HvMAN4, and HvMAN6) have N-terminal predicted signal
peptides (Supplementary Table S1). The MAN protein
sequences from Brachypodium (BdMAN1-6), Arabidopsis
(AtMAN1-7) together with those from Hordeum vulgare were
used to construct an unrooted dendrogram by using the
neighbor-joining algorithm. Two main clusters of orthologs
could be found, supported by bootstrapping values higher than
62% (Figure 1A) and by the occurrence of common motives
(Figure 1B).

The search of conserved amino-acid motives using the
MEME software (http://meme-suite.org/) shows that all the
MAN sequences have in common several motives described as
critical for the enzymatic activity, such as 5, 6, 11, and 12 (Figure
1B and Table 1). The deduced signature sequence [AWEL(MI)
NERPRC] described for Arabidopsis MAN proteins (Yuan et al.,
2007), included in motif 1, is also present in theHordeum vulgare
January 2020 | Volume 10 | Article 1706
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MAN proteins annotated (Table 1). Besides, MAN2, MAN5, and
MAN6 share motif 17, that is lacking in MAN1, MAN3, MAN4,
and AtMAN7. Motif 15 is found in AtMAN2, BdMAN2,
HvMAN2, BdMAN6, HvMAN6, and AtMAN5, but not in
HvMAN5, BdMAN5, and AtMAN6, although these last three
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MAN proteins are included in the same tree branch, supported
by a bootstrap value of 100. Motif 16 is present in BdMAN6 and
HvMAN6 supporting a branch with a bootstrap value of 100
(Figure 1B).

HvMAN1 Is Highly Expressed Upon Grain
Development and Endosperm Cell Walls
(CWs) Are Rich in Mannan Polymers
The expression pattern of the HvMAN1-6 genes has been
explored by quantitative PCR in vegetative (leaf, root, and
stem) and in reproductive organs (grain, spike). As shown in
Figure 2, HvMAN1 and HvMAN6 are the only members of the
HvMAN family with significant expression levels in the samples
analyzed. HvMAN1 is the most expressed MAN gene in grain
and spike, reaching ~260 and ~140 relative expression to
HvGAPDH (x10-3), respectively. HvMAN1 transcripts are not
observed in leaves, root, and stems. HvMAN6 transcripts are
abundant in spikes, leaves, roots, and stems. However,HvMAN2,
HvMAN3, HvMAN4, and HvMAN5 are faintly expressed in the
organs analyzed, with the exception of HvMAN3, whose
transcripts are detected in stems (~30 relative expression to
HvGAPDH x10-3).

Considering the results of Figure 2, we further analyzed the
expression profile of the HvMAN1-6 during different stages of
grain development, previously defined (see Materials and
Methods and Figure 3A). In Figure 3B, HvMAN1 is the only
member of the HvMAN family expressed throughout grain
development. The results clearly show a decrease in the level of
transcripts from W1 to LG [W1: ~260; LG: ~10 relative
expression to HvGAPDH (x10-3)]. The transcripts of the other
MAN genes (HvMAN2-6) are faintly detected across the grain
developmental stages studied.
FIGURE 1 | The MAN gene family in Hordeum vulgare (A) Phylogenetic
dendrogram of the deduced amino-acid sequences of Hordeum vulgare,
Brachypodium distachyon, and Arabidodpsis thaliana MAN gene families;
numbers in branches indicate bootstrapping values. (B) Schematic
distribution of conserved motives among the deduced protein sequences in
the phylogenetic dendrogram in (A), identified by the MEME analysis.
Asterisks show motives that include amino-acids involved in the catalytic
centre of the enzyme. Motives in grey are conserved in more than 85% of
the sequences.
 FIGURE 2 | Expression analysis of the HvMAN members in several organs of

barley plants. Transcript accumulation of HvMAN1, HvMAN2, HvMAN3,
HvMAN4, HvMAN5, and HvMAN6 in reproductive (grains and spikes) and
vegetative (leaf, root, and stem) organs of 7-week-old plants, evaluated by
quantitative PCR. Data are means ± standard error (SE) of three biological
and two technical replicates. Asterisks indicate significant differences
(P < 0.05) as determined by the t-test. Gene expression in different organs
has been compared with the corresponding data of the HvMAN6 gene.
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In order to analyze the presence of mannan polysaccharides
in barley grains during development, heteromannan
immunolocalization was performed using specific antibodies.
With the purpose of evaluating cell and tissue integrity,
transversal sections (8 mm) of barley developing grains at LG
stage were stained with PAS reagent to detect insoluble
polysaccharides (mainly cellulose and starch) and with
Naphthol Blue Black (NBB) for proteins. As shown in Figures
4A, B, not only cell and tissue integrity has been kept, but it is
also shown that starch grains (pink stained) are abundant, and
the AL cells are enriched with proteins (blue stained). Mannan
polymers have been detected in sections at the LG stage
by in situ immunofluorescence labelling, using the LM21
antibody (Lee et al., 2012; González-Calle et al., 2015) that
specifically recognizes mannan polysaccharides (gluco- and
galactomannans). As shown in Figures 4C, D, heteromannans
are mainly localized to the endosperm CWs, specifically to those
cells closer to the outer side of the grain and not to the AL CWs
(black). Interestingly, these mannans are barely detected in early
stages of grain development (W1; data not shown). Secondary
antibody negative controls do not show fluorescence signals as
expected (Figures 4E, F).
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HvMAN1 Expression Kinetics and
Enzymatic Endo-b-Mannanase Activity
During Barley Grain Germination
The expression kinetics of the HvMAN genes upon grain
germination (0, 4, 8, 12, 24, 48 h) was explored by quantitative
PCR (Figure 5A). The analysis was done separately in embryos
and in de-embryonated grains (endosperms). In dry embryos
and at early imbibition stages (4 h), HvMAN1 is the most highly
expressed MAN gene [~120 relative expression to HvGAPDH
(x10-3)] and this expression progressively decreases until it
disappears at 48 h of imbibition. HvMAN3 can also be
detected upon germination at very low levels. In endosperms,
HvMAN1 is again the most expressed MAN gene, peaking at 4 h
of imbibition [~120 relative expression to HvGAPDH (x10-3)],
sharply decreasing thereafter. However, HvMAN3, HvMAN5,
and HvMAN6 mRNAs are moderately expressed in endosperms
during germination. HvMAN3 is expressed <20 units in all
germination stages.

The germination sensu stricto in Hordeum vulgare
occurs in two sequential steps, where coleorhiza emergence
(CE; tCE50 = ~ 24 h) is followed by root emergence
(RE; tRE50 = ~ 36 h; Figure 5B). After RE, post-germination
events take place. MAN activity has been evaluated in
embryos and endosperms of germinating grains (0, 12, 24, 48,
and 72 h; Figure 5B). In embryos, the MAN activity increases as
germination progresses, acquiring a maximum at 48 h (~ 20
mili-U/mg prot). In endosperms, MAN activity also progressively
increases reaching a maximum at 72 h (~ 20 mili-U/mg prot.),
a clear post-germination stage.

Heteromannans Are Localized to
Endosperm Cell Walls (CWs) in
Germinating Barley Grains
Mannan polymers could be detected in sections of germinating
grains (4, 30, 42 h) by in situ immunofluorescence labelling,
using the LM21 antibody that specifically recognizes gluco- and
galacto-mannans.

As it is shown in Figure 6, at 4 and 30 h of grain germination,
heteromannan polymers are preferentially localized to the
endosperm CWs (Figures 6A–D). Interestingly, mannans are
faintly detected at later stages of germination (42 h; Figures
6E, F). Secondary antibody negative controls do not show
fluorescence signal as expected (Supplementary Figures
S2A–L).

HvMAN1 Transcripts Are Localized to the
Aleurone Cells, to the Embryo and to the
Vascular Elements Upon Barley Grain
Germination
Since our preliminary data showed that HvMAN1 is the most
expressed MAN gene upon grain germination (Figure 5A), we
focused our analysis in this gene and performed mRNA in situ
hybridization assays in germinating grains (30 h). In order to
evaluate cell and tissue integrity, transversal sections (8 mm) of
these barley samples were stained with PAS reagent to detect
FIGURE 3 | Expression analysis of the HvMAN gene family upon barley grain
development. (A) Stages of grain development in barley stained with NBB-
PAS: White 1 (W1: 1 day after pollination, DAP), White 2 (W2: 5 DAP), White
3 (W3: 10 DAP), Early Green (EG: 16 DAP), and Late Green (LG22 DAP;
Druka et al., 2006) (B) Transcript accumulation of HvMAN1, HvMAN2,
HvMAN3, HvMAN4, HvMAN5, and HvMAN6 upon the different grain
developmental stages described in (A). Data are means ± standard error (SE)
of three biological and two technical replicates. Asterisks indicate significant
differences (P < 0.05) as determined by the t-test. Expession levels in different
developmental stages were compared with the corresponding data of the
LG stage.
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insoluble polysaccharides (mainly cellulose and starch, pink) and
with NBB for protein detection (blue). As shown in Figures
7A1–4, cell and tissue integrity was confirmed, and it was also
shown that at 30 h of germination starch grains are still abundant
in the endosperm, while the AL cells are enriched in proteins
(blue stained). In situ mRNA hybridization assays, showed that
HvMAN1 transcripts localized to the AL and the vascular
elements (VE) in the mesocotyl, and to the first leaves (FL) of
Frontiers in Plant Science | www.frontiersin.org 7216
the growing embryo (Figures 7B1–4). No signal was found in
sections treated with the sense probe (Figures 7B5 and 6).
DISCUSSION

In this work, theMAN gene family of Hordeum vulgare has been
annotated and the complete sequence of their six corresponding
FIGURE 4 | Heteromannan immunolocalization in barley grains at Late Green (LG) stage. (A) Polysaccharide and protein detection by bright field microscopy in sections
stained with periodic acid (PAS)- Naphthol Blue Black (NBB). Pink: Insoluble polysaccharides; Blue: proteins (B) Close-up of the endosperm and aleurone layer cells in
(A). (C)Mannan polymers immunolocalization in endosperm of barley developing grains using the LM21 specific antibody. (D) Close-up of the endosperm cells in 3.
(E) Secondary Antibody negative control in endosperm and aleurone layer. (F) Brighy field image of the aleurone layer and endosperm. AL, Aleurone Layer; E, Endosperm;
MVT, Main Vascular Tissue; N, Nucellus; P, Pericarp; SC, Seed Coat.
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proteins (HvMAN1-6) used to construct a phylogenetic tree. The
expression of the HvMAN transcripts has been explored in
different vegetative and reproductive organs, mainly in the
developing and germinating grains. To determine in which
organs (leaves, roots, spikes, stems) of each HvMAN family
member is expressed, we have used seven-week-old H. vulgare
plants. HvMAN1 has been found to be the more abundantly
expressed MAN gene in reproductive organs (whole grain and
spikes), although HvMAN3, HvMAN5, and HvMAN6 are also
expressed at a lower level in germinating grains. Interestingly,
HvMAN1 is the most expressed gene throughout zygotic
embryogenesis, clearly decreasing from phase W1 (high mitotic
activity) to LG in which the caryopsis is preparing for desiccation
and for the establishment of dormancy (Nonogaki et al., 2018).
In other crop and wild species, several MAN paralogs have also
been described as functionally relevant in grains: Brachypodium
distachyon (BdMAN1, BdMAN2, BdMAN4, and BdMAN6),
Oryza sativa (OsMAN1, OsMAN2, and OsMAN6), Arabidopsis
thaliana (AtMAN2, AtMAN5, AtMAN6, and AtMAN7), Brassica
rapa (BrMAN2, BrMAN5, BrMAN6, and BrMAN7), Sisymbrium
officinale (SoMAN2, SoMAN5, SoMAN6, and SoMAN7), and
Solanum lycopersicum (LeMAN1 and LeMAN2; Nonogaki
et al., 2000; Nonogaki et al.,2007; Yuan et al., 2007; Ren et al.,
2008; Iglesias-Fernández et al., 2011a; Iglesias-Fernández et al.,
2011b; González-Calle et al., 2015; Carrillo-Barral et al., 2018).
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Although MAN hydrolytic activity is not detected upon
embryogenesis and grain maturation (data not shown),
heteromannans are immunolocalized to the endosperm CWs
at late stages of grain development (LG), but not to the AL
(Figure 4; Wilson et al., 2012). Endosperm transfer cells may
provide activated D-mannose that could be used to synthesize
glucomannans and galactomannans present at the barley
endosperm CWs (Reiter and Vanzin, 2001; Weschke et al.,
2003; Thiel, 2014). Since cell division in the grain phase W1 is
important, CW synthesis and remodelling are required
(Malinowski and Filipecki, 2002; Gubatz et al., 2007; Rancour
et al., 2012). Therefore, the existence of mannan metabolism in
these processes cannot be ruled out (Verbančič et al., 2018). On
the other hand, MAN enzymes have not only been characterized
as hydrolases, but also as mannan endo-transglycolsylases, being
this latter activity more related with CW expansion (Schröder
et al., 2009). The endo-transglycosylase activity could justify the
high expression of HvMAN1 in W1 phase in absence of
heteromannans and mannan hydrolytic activity. It could be
possible that HvMAN1 transcripts expressed at early stages of
grain development, and their translated proteins will be involved
in cell wall expansion (Sreenivasulu et al., 2010).

In germinating grains, HvMAN1 is highly induced at early
stages and its transcripts are localized to the AL and to the first
leaves of embryo (probably related to CW expansion,
FIGURE 5 | Expression analysis of the HvMAN gene family and endo-b-mannanase enzymatic activity at different time-points of barley grain germination.
(A) Transcript accumulation of HvMAN1, HvMAN2, HvMAN3, HvMAN4, HvMAN5, and HvMAN6 in embryos and de-embryonated grains (endosperms) at 0, 4, 8,
12, 24, 48 h of germination. (B) Endo-b-mannanase activity (black bars) in embryos and de-embryonated grains (endosperms) at 0, 12, 24, 48, and 72 h of
germination. Percentage of germination is represented as coleorhiza emergence (CE; close circles) and root emergence (RE; open circles) Data are means ±
standard error (SE) of three biological and two technical replicates. Asterisks indicate significant differences (P < 0.05) as determined by the t-test. Each gene and
time-point has been compared with the corresponding data at 0 h.
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Figure 7B), but not to the endosperm. Cells of barley starchy
endosperm have been described to be dead at later stages of grain
development (Domínguez and Cejudo, 2014). The expression of
the HvMAN3-6 genes, although lower than that of HvMAN1, is
detected specially in the germinating endosperm. In Figure 5, it
is shown that MAN activity progressively increases both in the
embryo and in the endosperm of germinating grains getting a
maximum at 48–72 h, after coleorhiza and root protrusion
(tCE50 = 24 h; tRE50 = 36 h). Since HvMAN expression profiles
and MAN hydrolytic activity do not temporally match, some
Frontiers in Plant Science | www.frontiersin.org 9218
post-translational modifications of the HvMAN1 protein cannot
be ruled out. This has also been suggested for other MAN
proteins, such as LeMAN4 of tomato (Schröder et al., 2006).
Mannan polymers are highly abundant in the endosperm CWs at
early germination, but they tend to disappear at 42 h, coinciding
with the peak of MAN activity in the endosperm and in the
embryo. Considering that the HvMAN1 protein sequence has a
typical signal peptide (Supplementary Table S1, Hrmova et al.,
2006) and its mRNA is localized to the AL, it could be possible
that HvMAN1 moved via the apoplast from the AL to the
FIGURE 6 | Heteromannan immunolocalization in barley germinating grains. (A) Mannan polymers immunolocalization in sections of 4 h germinating grains.
(B) Close-up of the endosperm cells in (A) (white square). (C) at 30 h of grain germination. (D) Close-up of the endosperm cells in (C) (white square). (E) at 42 h
of grain germination. (F) Close-up of the endosperm cells in (E) (white square). E, Endosperm.
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endosperm where the mannans are to be hydrolyzed. In A.
thaliana, the movement of the AtMAN7 protein through the
apoplast has been previously demonstrated by transient assays in
onion epidermal cells (Iglesias-Fernández et al., 2013). Similar
transient expression assays have been performed to demonstrate
the apoplastic movement of the MAN PtrMAN6 of Populus
Frontiers in Plant Science | www.frontiersin.org 10219
trichocarpa (Zhao et al., 2013). Protein secretion to the apoplast
is essential to deal with diverse cell and physiological processes
such as CW modification and defense response (Chung and
Zheng, 2017). InHordeum vulgare, it has also been proposed that
starch mobilization requires a previous CW degradation in order
to allow a rapid diffusion of amylolytic enzymes (Andriotis et al.,
FIGURE 7 | PAS-NBB staining and mRNA in situ hybrydization assays of gene HvMAN1 in germinating barley grains (A) Polysaccharide and protein detection in
barley germinating grains (30 h) A1. Bright field microscopy in transversal sections stained with periodic acid (PAS)- Naphthol Blue Black (NBB). A2. Close-up of the
embryo. A3. Close-up of the endosperm. 4. Close-up of the aleurone layer. (B) mRNA in situ hybridization of HvMAN1 transcripts in germinating grains (30 h). B1.
Grain section of the endosperm and the aleurone layer. B2. Close-up of the aleurone layer. B3. Grain transversal section of the embryo. B4. Close-up of the embryo
and vascular element in B.3. B5. Grain transversal section of the embryo hybridised with the sense probe. B6. Detail of the aleurone layer hybridised with the sense
probe. AL, aleurone Layer; Em, Embryo; E, Endosperm; FL, First Leaves.
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2016). In the Brassicaceae Sisymbrium officinale and Brassica
rapa, mannans and MAN genes have been localized to different
seed compartments, again suggesting the movement of MAN
enzymes from the embryo tissues to the mucilage layer where
mannans are localized and hydrolyzed (Carrillo-Barral et al.,
2018). Taking into account the MAN enzymatic activity in
embryos and endosperms of germinating grains (Figure 5B),
the highest expression levels of HvMAN1 and the mannan
polymers disappearance upon germination, a possible role for
HvMAN1 can be anticipated, without excluding the activity of
other MANs (HvMAN3, HvMAN5, and HvMAN6).

Mannans, glucomannans, and galactomannans have been
previously described as CW storage polysaccharides in several
species from diverse families, such as Poaceae, Leguminosae, and
Solanaceae (Meier and Reid, 1982; Buckeridge, 2010; Guillon
et al., 2012). In fenugreek seeds, galactomannans present at the
endosperm CWs play a role as storage components, with a yield
of ~30% of the seed dry weight (Salarbashi et al., 2019). LeMAN1
has been involved in the mobilization of mannans localized to
the lateral endosperm of Solanum lycopersicum seeds, being the
hydrolytic product used to nourish the growing embryo
(Nonogaki et al., 2000; Lee et al., 2012). MAN enzymatic
activity has been also associated with the mobilization of
reserve compounds during Oryza sativa grain germination
(Ren et al., 2008). Mannan polysaccharides contained in the
endosperm CWs of Brachypodium distachyon grains have been
described not only as structural polysaccharides, but also as
storage compounds, and the MAN encoding genes BdMAN4 and
BdMAN6 are specifically expressed at the aleurone cells (Guillon
et al., 2012; González-Calle et al., 2015).

Taken together, these data indicate that mannans, deposited
in the barley starchy endosperm CWs during grain development,
besides their structural function, could be used as reserve
compounds upon barley post-germination where MAN activity
is highly intense. In this respect, the mRNA expression analysis
and the patterns obtained by in situ hybridization assays suggest
that HvMAN1 synthesized in the AL during early grain
Frontiers in Plant Science | www.frontiersin.org 11220
imbibition could later move via the apoplast to hydrolyze the
endosperm CW mannan polymers after germination
sensu stricto.
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Drought is the primary cause of agricultural loss globally, and represents a major threat to
food security. Currently, plant biotechnology stands as one of the most promising fields
when it comes to developing crops that are able to produce high yields in water-limited
conditions. From studies of Arabidopsis thaliana whole plants, the main response
mechanisms to drought stress have been uncovered, and multiple drought resistance
genes have already been engineered into crops. So far, most plants with enhanced
drought resistance have displayed reduced crop yield, meaning that there is still a need to
search for novel approaches that can uncouple drought resistance from plant growth. Our
laboratory has recently shown that the receptors of brassinosteroid (BR) hormones use
tissue-specific pathways to mediate different developmental responses during root
growth. In Arabidopsis, we found that increasing BR receptors in the vascular plant
tissues confers resistance to drought without penalizing growth, opening up an
exceptional opportunity to investigate the mechanisms that confer drought resistance
with cellular specificity in plants. In this review, we provide an overview of the most
promising phenotypical drought traits that could be improved biotechnologically to obtain
drought-tolerant cereals. In addition, we discuss how current genome editing
technologies could help to identify and manipulate novel genes that might grant
resistance to drought stress. In the upcoming years, we expect that sustainable
solutions for enhancing crop production in water-limited environments will be identified
through joint efforts.

Keywords: drought, Arabidopsis, cereals, genome editing, cell-specific regulation
INTRODUCTION

Today, agriculture is facing an unprecedented challenge. Arable land is being reduced by soil
erosion and degradation, desertification, and salinization, destructive processes that are being
further accelerated by climate change. This could jeopardize global food production, which will need
to be maximized to cope with the world´s growing population and to match the food security goals
established by United Nations. More than ever, drought is a major threat to agriculture worldwide.
The Food and Agriculture Organization (FAO) of the United Nations documented that between
2005 and 2015, drought caused USD 29 billion in direct losses to agriculture in the developing
world, with the 2008–2011 drought in Kenya alone accounting for USD 1.5 billion (FAO, 2018). In
.org January 2020 | Volume 10 | Article 16761223
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addition, more than 70% of the world´s available fresh water is
being used in irrigation (Organization for Economic
Cooperation and Development, 2017). To cope with these
challenges, plant breeders will need to begin producing novel
crop varieties that have increased yield, that are tolerant to
abiotic stresses, and that have improved water and nutrient
uptake efficiencies (Fita et al., 2015).

In agronomy, drought can generally be defined as a prolonged
lack of water that affects plant growth and survival, ultimately
reducing crop yield. In plant science, the broadest definition of
drought stress coincides with the definition of water deficit,
which happens when the rate of transpiration exceeds water
uptake (Bray, 1997). This could be the result of a lack of water,
but also of increased salinity or osmotic pressure. From a
molecular biology perspective, the first event during drought
stress is the loss of water from the cell, or dehydration.
Dehydration usually triggers signals that are osmotic and
hormone related, with abscisic acid (ABA) mainly involved in
the latter (Blum, 2015). These signals are followed by a response
that could be broadly categorized into three main strategies: i)
drought escape (DE), ii) dehydration avoidance, and iii)
dehydration or desiccation tolerance (Kooyers, 2015; Blum and
Tuberosa, 2018). DE is the attempt of a plant to accelerate
flowering time before drought conditions hinder its survival.
This response is common to annual plants including the model
species Arabidopsis thaliana (Arabidopsis), and is exploited by
cereal plant breeders (Shavrukov et al., 2017). In dehydration
avoidance, the plant is able to maintain a high relative water
content (RWC% = [fresh mass − dry mass]/[water saturated
mass − dry mass] × 100) even during water scarcity. This is
achieved by physiological and morphological responses that
include the reduction of transpiration via ABA-mediated
stomatal closure, the deposition of cuticular waxes, and the
slowing down the plant´s life cycle. Dehydration avoidance
usually leads to survival through delaying plant growth, and
thus senescence and mortality. This strategy evolved as a
response to moderate, temporary drought stress in which the
plant undergoes a developmental stand-by until the next rainfall
(or irrigation). While effective in increasing plant survival rate,
dehydration avoidance often comes with growth and yield
penalties, which are, of course, major negative traits for crop
breeders (Skirycz and Inzé, 2010). On the other hand, in
dehydration tolerance, the plant is able to maintain its
functions in a dehydrated state, usually by regulation of plant
metabol i sm to increase the product ion of sugars ,
osmoprotectants, antioxidants, and reactive oxygen species
(ROS) scavengers (Hu and Xiong, 2014). These responses are
usually activated by gibberellic acid (GA) signaling through the
modulation of the GA-signaling molecule DELLA, a pathway
that integrates multiple hormone- and stress-related pathways
(Vandenbussche et al., 2007; Navarro et al., 2008; Colebrook
et al., 2014).

Ultimately, drought resistance is determined by how a plant
efficiently and timely senses changing environmental conditions,
adopting and combining the aforementioned strategies in
response to diminished water availability. Plant breeders have
Frontiers in Plant Science | www.frontiersin.org 2224
identified physiological traits that result from drought responses
and contribute to the adaptation of plants in water-limited
conditions. Understanding the molecular and physiological
mechanisms behind these traits is essential for improving
crops through biotechnology.

In this review, we describe some of the drought resistance
traits of the model plant Arabidopsis that have the potential of
being transferrable to crops, focusing on strategies that involve
the manipulation of cell- and tissue-specific responses. As these
strategies open up opportunities to uncouple drought resistance
from the commonly associated growth and yield penalties, we
will discuss their biotechnological application in cereal species.
MAJOR TRAITS CONTRIBUTING TO
DROUGHT RESISTANCE

Early Flowering and Drought Escape
The molecular control offlowering time is complex, and has been
highly studied in Arabidopsis (Michaels and Amasino, 1999;
Simpson and Dean, 2002) as well as in many other plant species
(Corbesier et al., 2007). During the developmental switch from
the vegetative to the reproductive stage, the photoperiodic light
signal from the environment is perceived by leaves, where the
FLOWERING LOCUS T (FT) protein is synthesized. FT is
loaded into the phloem and transported to the shoot apical
meristem (SAM) where it initiates floral transition (Andrés and
Coupland, 2012). It is now known that in the SAM, FT forms a
complex with the bZIP protein FD in specific cells beneath the
tunica layers in which FD is expressed, with these cells then
originating the floral primordia (Abe et al., 2019).

When Arabidopsis is exposed to drought conditions, it can
activate the DE response. DE is one of the main defense
mechanisms against drought in Arabidopsis, and it integrates
the photoperiodic pathway with drought-related ABA signaling
(Conti, 2019). DE has mainly been studied in an evolutionary
context in natural populations (McKay et al., 2003; Franks et al.,
2007), and the molecular mechanisms that regulate it have only
been unraveled recently. It is known that, to trigger DE, the key
photoperiodic gene GIGANTEA (GI) needs to be activated by
ABA (Riboni et al., 2013; Riboni et al., 2016). A recent
breakthrough was the discovery that the ABRE-BINDING
FACTORS (ABF) 3 and 4, which act on the master floral gene
SUPPRESSOR OF OVEREXPRESSION OF CONSTANS1 (SOC1)
in response to drought, are involved in this process. The mutants
abf3 abf4 are insensitive to ABA-induced flowering and have a
reduced DE response (Hwang et al., 2019). However, the precise
molecular mechanisms that link ABA to GI and ultimately to DE
are still rather obscure, and different crop species might have
evolved unknown pathways that trigger DE in different
environments (Figure 1A).

From an agronomic perspective, DE and early flowering
varieties with faster life cycles are interesting because an
anticipated switch to the reproductive stage might allow grain
filling before the onset of seasonal terminal drought.
Furthermore, a shorter crop season reduces the need for
January 2020 | Volume 10 | Article 1676
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agricultural inputs (e.g., fertilizers, pesticides) and might
facilitate double cropping (i.e., the farming of two different
crops in the same field within the same year). On the other
hand, crops that switch too early to flowering will have their yield
reduced. Despite DE being an emerging research field in crop
science, there are not any biotechnologically improved crops that
exploit DE as a drought resistance trait. Still, it has been proposed
that DE can be used to obtain quick-growing, early-flowering
cereal varieties, which would be especially useful in temperate
regions like the Mediterranean area where terminal drought is
expected to affect plants toward the end of the crop season
(Shavrukov et al., 2017). Furthermore, it has been recently shown
that OsFTL10, one of the 13 FLOWERING LOCUS T-LIKE (FTL)
genes annotated in the rice genome, is induced by both drought
Frontiers in Plant Science | www.frontiersin.org 3225
stress and GA, and when overexpressed in transgenic rice plants
confers early flowering and improves drought tolerance (Fang
et al., 2019). However, as these transgenic rice lines were not
tested in a field trial, it is unknown whether engineering FTL
genes could deliver cereal varieties with superior drought
performances and good yield in both dry and well-watered
conditions. Nonetheless, the manipulation of the DE pathway
could be an innovative and valid strategy especially in the context
of highly variable water availability. As DE involves specific
tissues (leaf, phloem) and cell types (phloem companion cells,
FD-expressing SAM cells), it might be possible to devise
strategies aimed at developing drought-resistant plants via
manipulation of these plant components, adjusting DE to the
different environmental conditions.
FIGURE 1 | Major traits contributing to drought resistance in Arabidopsis thaliana: For each of the traits, we highlight recent and comprehensive review papers, and prominent
articles discussed in the main text. (A) Early flowering and drought escape: Conti, 2019—spotlight article about the latest discoveries in drought escape; Riboni et al., 2016—
relationship between abscisic acid (ABA), GIGANTEA, and flowering time in drought escape; Hwang et al., 2019—molecular mechanisms that allow ABA-responsive element
(ABRE)–binding factors (ABFs) to bind to the promoter of the floral master regulator SOC1 by interacting with a nuclear factor Y subunit C (NF-YC). (B) Leaf traits, including
senescence, the stay-green trait, and leaf area: Abdelrahman et al., 2017—review about stay-green traits: in Arabidopsis, the SGR gene family regulates chlorophyll metabolism
during senescence; Distelfeld et al., 2014—review about senescence in cereals. (C) Stomatal-mediated drought responses: Bertolino et al., 2019—review about stomatal
manipulation toward drought tolerant plants; Papanatsiou et al., 2019—expression of a synthetic K+ channel in guard cells improved stomata kinetics and drought avoidance in
Arabidopsis. (D) Cuticular wax production: Lee and Suh, 2015; Xue et al., 2017—reviews about cuticular wax evolution, chemical composition, biosynthesis, and drought
responses; Lee et al., 2014—Camelina sativa plants overexpressing ArabidopsisMYB96 have increased wax biosynthesis and accumulation, and an improved survival rate;
Zhou et al., 2014—rice plants that constitutively express the transcription factor OsWR2 have increased cuticular wax deposition and improved tolerance, but the yield was
negatively affected; Bi et al., 2018—wheat plants constitutively expressing TaSHN1 have altered wax composition, reduced stomatal density, and an improved drought survival
rate. (E) Carbon allocation: Paul et al., 2018—research update about trehalose 6-phosphate (T6P) and T6P-related approaches to improving crop yield and stress resilience;
Griffiths et al., 2016—chemical supply of synthetic analogs of T6P improves dehydration tolerance in Arabidopsis and wheat; Fàbregas et al., 2018—overexpression of the
Arabidopsis brassinosteroid receptor BRL3 improved survival rate by altering carbohydrate distribution in vascular tissues. (F) Architecture and response of roots: Rogers and
Benfey, 2015—review about root system architecture regulation and possible biotechnological applications in crop improvement; Fàbregas et al., 2018—root vascular
expression of AtBRL3 enhanced hydrotropic response of the Arabidopsis root.
January 2020 | Volume 10 | Article 1676
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Leaf Traits: Senescence, Stay-Green,
and Leaf Area
Senescence is a developmental stage of plant leaves that leads to
the arrest of photosynthesis, the degradation of chloroplasts and
proteins, and the mobilization of nitrogen, carbon, and other
nutrient resources from the leaves to other organs. As most
cereals are monocarpic annual species, these resources are
directed to developing seeds, and senescence therefore plays a
relevant role in crop yield. Environmental stresses like
temperature, lack of nutrients, and drought might initiate
senescence prematurely, affecting seed nutritional composition
and crop yield (Buchanan-Wollaston, 1997; Distelfeld et al.,
2014). In crops threatened by terminal drought, the ability to
sustain photosynthetic activity longer by delaying or slowing
down senescence could be an effective strategy to avoid yield
losses. As such, leaf senescence has been extensively studied in
crops (Figure 1B).

Plant breeders commonly refer to the trait that confers
extended photosynthetic activity as stay-green, also defined as
green leaf area at maturity (GLAM). This trait is well studied in
sorghum [Sorghum bicolor (L.) Moench], a dry climate-adapted
cereal in which a number of stay-green quantitative trait loci
(QTLs) have been identified (Vadez et al., 2011). However, the
genes underlying these QTLs have not yet been identified
(Harris-Shultz et al., 2019). Stay-greenness in sorghum is a
complex trait, and it is also connected with the perennial
tendencies of some varieties (Thomas and Howarth, 2000).
Other plant species achieve stay-green characteristics via
substantially different pathways that include disabling
chlorophyll catabolism (like in the case of Gregor Mendel’s
green peas, Armstead et al., 2007), and altering the responses
to plant hormones. Indeed, some stay-green genes have also been
identified in Arabidopsis and rice (Hörtensteiner, 2009), notably
the Stay-Green Rice (SGR) genes and their homologs in
Arabidopsis SGR1, SGR2, and SGR-like (SGRL). The respective
molecular pathways have been elucidated, with the
phytohormones ethylene, ABA, cytokinin (CK), and
strigolactone (SL) having a prominent role in stress-induced
leaf senescence (Abdelrahman et al., 2017). The connection
between ethylene and leaf senescence is long known (Bleecker
et al., 1988; Grbić and Bleecker, 1995), and numerous attempts to
improve photosynthetic activity and drought performance by
manipulating ethylene biosynthesis have been published in
dicots (John et al., 1995) and cereal plants (Young et al., 2004).
The first biotechnologically produced plant ever to reach the
market with improved drought resistance due to reduced
ethylene sensitivity and delayed senescence was produced by
Verdeca and named HB4® Drought Tolerance Soybeans
(Bergau, 2019) . HB4 is a modified vers ion of the
homeodomain-leucine zipper (HD-zip) transcription factor
(TF) HaHB4 from sunflower (Helianthus annuus). It is
expressed under the control of the native soybean HaHB4
promoter, which is stress inducible (Waltz, 2015). Although
HaHB4 does not have conserved homologs in Arabidopsis,
upon ectopically expressing HaHB4 in this model species, it
was discovered that the TF acts at the intersection between the
Frontiers in Plant Science | www.frontiersin.org 4226
jasmonic acid and ethylene pathways (Dezar et al., 2005;
Manavella et al., 2008). Interestingly, HB4-expressing soybean
has increased yield in both water-limited and well-watered
conditions. As shown in extensive field trials, this same gene
confers similar drought tolerance properties without yield
penalties when transferred to bread wheat (Gonzalez et al.,
2019), with the transgenic wheat having an unaltered quality
and nutritional content when compared with its parental non-
transgenic variety Cadenza (Ayala et al., 2019, Figure 2C). As
such, it is likely that the HB4 cassette could confer drought
resistance to other cereals. It is worth pointing out that the
success of HB4 is due to the exploitation of drought-responsive
promoters rather than of constitutive strong promoters.

Using a rather different approach, Monsanto expressed the
bacterial cold shock protein B (CSPB) under the control of the
constitutive rice ACTIN1 promoter. The expressed CSPB protein
bears RNA-binding motifs named cold shock domains (CSDs)
that act as RNA chaperones and regulate translational activity. In
the analyzed transgenic plants, chlorophyll content and
photosynthetic rates were improved (Castiglioni et al., 2008).
These transgenic plants were tested in 3-year field trials in two
different locations, and yields were on average 6% higher than for
the control plants in water-limited conditions (Figure 2B).
Although the molecular mechanisms are not fully understood,
improved performances in water-limited conditions have been
linked to a transient reduction in leaf area that leads to reduced
water use and improved overall water use efficiency (WUE). This
temporary dehydration avoidance does not negatively affect yield
due to an improved ear partitioning, which is probably also a
consequence of reduced stress exposure during vegetative growth
(Nemali et al., 2015). This work led to the first biotechnologically
improved crop for drought tolerance, called Genuity™
DroughtGard™ by Monsanto (Figure 2, event code MON-
87460-4, ISAAA, 2019). Even though this result was achieved
by the constitutive expression of a bacterial TF, we speculate that
leaf-specific or meristem-specific genes expressed in specific
developmental stages could lead to similar results.

Stomatal-Mediated Drought Responses
Stomata, which are openings on the surface of the aerial portion
of plants, are enclosed by two specialized guard cells that can
open and close the pore by changing their turgor pressure.
Stomata are vital for CO2 uptake in photosynthetic organs and
are finely regulated by a molecular pathway that allows plants to
acquire CO2 while minimizing water loss. Manipulating stomatal
number, size, and regulation was one of the earliest strategies
adopted by scientists in attempt to produce drought-resistant
plants, and recent advances in Arabidopsis and crops to this effect
are thoroughly reviewed in Bertolino et al., 2019 (Figure 1C).

The main hormone signal that triggers stomatal closure in
water-limited conditions is ABA (Sussmilch and McAdam,
2017). In Arabidopsis , expression of the CLAVATA3/
EMBRYO-SURROUNDING REGION-RELATED 25 (CLE25)
gene is upregulated in the root vascular tissues upon drought
stress. The CLE25 peptide is translocated to the leaves where it
binds to BARELY ANY MERISTEM (BAM) receptors, which, in
January 2020 | Volume 10 | Article 1676
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FIGURE 2 | Drought tolerance genes that have been discovered or tested in model species and translated successfully into crop species. All of these genes have
been expressed in engineered cereal crops and have been tested in field trials. Major agronomical traits, including yield, have been assessed, and conditions and
drought performances have been successfully improved without negatively affecting plant growth or crop yield. (A) Hahb4: The sunflower transcription factor Hahb4
was expressed in soybean under the control of the native stress-inducible promoter of a homologous gene. Transgenic plants have reduced ethylene sensitivity,
delayed senescence, increased osmoprotectant content, and an increased yield in the presence or absence of drought stress (Waltz, 2015). These plants are
currently on the market as Verdeca Drought Tolerance Soybeans HB4®. The same Hahb4 has also been transferred to bread wheat under the control of the
constitutive promoter of maize ubiquitin 1 with similar promising results (Gonzalez et al., 2019; Ayala et al., 2019). (B) CspA, CspB: Maize plants overexpressing
Escherichia coli CspB have high chlorophyll content, an improved photosynthetic rate, and reduced leaf area during vegetative growth. The best performing lines
were commercialized as Genuity® DroughtGard™ by Monsanto (now Bayer) in 2010 (Castiglioni et al., 2008; Nemali et al., 2015). (C) NF-YB1, NF-YB2: Maize plants
overexpressing ZmNF-YB2 have higher stomatal conductance and chlorophyll content, and delayed senescence. These lines were not assessed in the field for
performance under well-watered conditions and were never introduced to the market (Nelson et al., 2007). (D) TPS/TPP, TsVP: Carbon allocation, root/shoot ratio.
In maize, floral-specific expression of T6P phosphatase (TPP) altered carbon allocation and improved yield in both well-watered and water-limited field trials (Nuccio
et al., 2015). Also, in maize, the constitutive expression of the TsVP gene from the halophyte Thellungiella halophila under the control of the endogenous ubiquitin
promoter increased total soluble sugars and proline under osmotic stress. Improvements in dehydration tolerance were assessed in a small-scale field trial (Li et al.,
2008). (E) OsNACs, OsERF71, HVA1, DRO1. In rice, expression of the transcription factor OsNAC5 under the control of the root-specific promoter RCc3 improved
drought and high salinity resistance by enlarging the root diameter. Yield improvements in normal and stress conditions were assessed in a 3-year field trial in three
different locations (Jeong et al., 2013). Similar results were obtained with OsNAC9 and OsNAC10 (Jeong et al., 2010; Redillas et al., 2012). Root-specific expression.
Also, in rice, the expression of the barley HVA1 under the control of a synthetic ABA-inducible promoter enhanced root growth, leading to better water use efficiency
and abiotic stress tolerance. as confirmed by a small-scale field trial (Chen et al., 2015). The DRO1 allele from deep-rooting rice cultivars increases gravitropic
response and root depth, increasing rice yield in both drought and normal conditions (Uga et al., 2013; Arai-Sanoh et al., 2014). (F) AtOSR1, ARGOS8: Arabidopsis
ORGAN SIZE RELATED1 (AtOSR1) 1 and its maize homolog ZmARGOS1 improve dehydration avoidance in both plant species by reducing ethylene sensitivity (Shi
et al., 2015); Moderate constitutive expression of ARGOS8, which was obtained by promoter swapping using clustered regularly interspaced short palindromic
repeats/CRISPR-associated protein 9 (CRISPR/Cas9) homology-directed recombination, improved drought tolerance in a field trial under stress conditions without
affecting yield in well-watered control experiments (Shi et al., 2017). Commercialization of these lines is under evaluation by the developer Corteva Agriscience™
(former DuPont Pioneer).
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turn, induce ABA accumulation in leaves leading to stomatal
closure (Takahashi et al., 2018). The manipulation of ABA
sensitivity to increase stomatal responses in response to
drought could help plants to survive. However, diminished
photosynthetic activity due to limited CO2 uptake is usually
detrimental to carbon assimilation and negatively impacts crop
yield. In addition, water evaporation through stomatal openings
prevents plants from overheating. As drought in a natural
environment is l ikely to be accompanied by warm
temperatures, reducing stomata capacity might not be a
sustainable approach to enhance drought resistance while
securing yield and biomass production. For instance, a series of
rice mutants of the ABA receptors pyrabactin resistance 1-like 1
(pyl1), pyl4, and pyl6 have improved yield but are more sensitive
to drought (Miao et al., 2018), a result that resonates with the
improved drought resistance but reduced yield of the transgenic
plants that overexpress PYL5 (Kim et al., 2014).

In an early attempt to produce drought-resistant plants, it was
observed that the constitutive expression of AtNF-YB1 in
Arabidopsis improved the survival rate of the transgenic plants
(Nelson et al., 2007). NUCLEAR FACTOR Y (NF-Y) are
heterotrimeric TFs that regulate multiple developmental
pathways (Zhao et al., 2017), including stomatal responses via
modulation of the ABA signaling pathway (Bi et al., 2017), with
conserved functions in Arabidopsis and cereals during both
flowering (Siriwardana et al., 2016; Goretti et al., 2017) and DE
(Hwang et al., 2019). One maize homolog of AtNF-YB1, ZmNF-
YB2, was constitutively expressed under the control of the rice
actin 1 promoter. Maize transgenic plants showed an improved
survival rate in a greenhouse experiment, confirming the
functional conservation between Arabidopsis and maize NF-
YBs. In field trials, the transgenic plants were also drought
resistant due to a combination of higher stomatal conductance,
cooler leaf temperatures, higher chlorophyll content, and delayed
onset of senescence (Nelson et al., 2007). Nevertheless, even if
these transgenic lines show promising results in field trials, with
the best performing line having a 50% increase in yield relative to
controls under severe drought conditions, these lines were never
introduced to the market, maybe because the yield in well-
watered conditions was negatively affected (Figure 2A).

The trade-off between stomatal conductance and drought
resistance could be avoided by manipulating stomatal kinetics,
or more precisely, by improving the speed of stomatal responses
(McAusland et al., 2016). Recently, enhanced plant stomatal
kinetics was achieved by expressing a synthetic, blue light–
induced K+ channel 1 (BLINK1) under the control of the
strong guard cell–specific promoter pMYB60 (Cominelli et al.,
2011). This effectively accelerated stomatal responses, producing
plants that responded faster to changing light conditions.
Arabidopsis WUE (i.e., the biomass per transpired water) was
improved without reducing carbon fixation rates, resulting in a
2.2-fold increase in total biomass in the transgenic plants grown
in water-deficit conditions when compared with the control
plants (Papanatsiou et al., 2019). Whether this approach would
be efficient in crops in an open field, or whether the increased
biomass would correspond to a better yield, is yet to be
Frontiers in Plant Science | www.frontiersin.org 6228
established. Overall, engineering the physiological behavior of
stomata represents a remarkable innovation in Arabidopsis that
has yet to be applied to crops.

Cuticular Wax Production
Aerial plant organs have an external cuticle layer of which waxes
are a major component. This hydrophobic barrier physically
protects the epidermis against a plethora of external factors
including UV light, cold temperatures, fungal pathogens, and
insects, and also regulates permeability and water loss. However,
despite the fact that a number of studies in Arabidopsis and crops
have shown a connection between drought stress and changes in
cuticular wax content, composition, and morphology, many of
the key genes involved in wax metabolism, regulation, and
transport still need to be characterized (Xue et al., 2017;
Patwari et al., 2019). Cuticular wax composition has been
studied both in Arabidopsis and crop species; wax composition
not only varies between plant species, but also between specific
tissues or organs within the same plant. In the most well-studied
model, the biosynthesis of cuticular waxes occurs in epidermal
cells where de novo synthesized C16–C18 fatty acids produced in
plastids are exported by acyl–acyl carrier proteins (acyl–ACP).
These proteins are subsequently hydrolyzed by the fatty acyl–
ACP thioesterase B (FATB) and the C16–C18 fatty acids are
imported into the endoplasmic reticulum following activation by
long-chain acyl–coenzyme A (acyl-CoA) synthetases, which are
encoded by the long-chain acyl-CoA synthetase genes LCAS1
and LCAS2. The carbon chains are then elongated with C2 units
from the malonyl-CoA by the fatty acids elongase complex. This
complex biosynthesizes C20–C34 very-long-chain fatty acids
(VLCFA) that are modified via two different pathways, namely
the alcohol-forming pathway and the alkane-forming pathway.
These pathways produce the aliphatic compounds of cuticular
waxes. While the alcohol-forming pathway produces very-long-
chain (VLC) primary alcohols and wax esters, the alkane-
forming pathway produces VLC aldehydes, VLC alkanes,
secondary alcohols, and ketones (Yeats and Rose, 2013).
Besides these ubiquitous wax compounds that are common to
almost all plant species, there are a plethora of specialty wax
compounds that vary in carbon number, terminal carbon
oxidation state, and the presence and oxidation state of
secondary functional groups, with about 125 different
compounds identified in over 100 plant species whose
biosynthetic pathways are not yet fully described (Busta and
Jetter, 2018). All wax components are synthesized in the
endoplasmic reticulum and need to be exported to the plasma
membrane and then secreted from the cell wall of the epidermal
cells where they constitute the cuticle (Fernández et al., 2016).
The secretion of wax molecules from the plasma membrane to
the extracellular matrix in Arabidopsis is known to be mediated
by the ATP binding cassette (ABC) transporters, CER5 (from
eceriferum, waxless mutants) and WBC11 (Pighin et al., 2004;
Bird et al., 2007). On the other hand, the intracellular trafficking
that governs the transport of wax constituents is not fully
understood, but involves more than a single mechanism.
Gnom-like 1-1 and echidna mutants (gnl1-1 and ech), which
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are defective in vesicle trafficking, show a decrease in surface
waxes, thereby indicating that endomembrane vesicle trafficking
is required in wax transport (McFarlane et al., 2014). In addition,
membrane-localized lipid transfer proteins (LTPs) may be
involved in wax delivery to the cuticle through the hydrophilic
cell wall. In fact, Arabidopsis LTPG1 and LTPG2 genes have been
characterized (DeBono et al., 2009; Kim et al., 2012). Novel
proteins with yet unknown molecular functions involved in
extracellular wax transport are also being discovered in
monocots through the characterization of mutants. One such
example is maize GL6 (Li et al., 2019). A comprehensive coverage
of cuticular wax biosynthesis and deposition can be found in the
review articles by Bernard and Joubès (2013), and Lee and
Suh (2015).

Cuticular waxes can be regulated post-translationally, post-
transcriptionally, and transcriptionally. In terms of post-
translational regulation, the CER9 gene, which encodes a
putative E3 ubiquitin ligase, plays a role in the homeostasis of
cuticular wax biosynthetic enzymes through ubiquitination and
degradation of proteins in the endoplasmic reticulum.
Arabidopsis cer9 mutants showed an increase in lipid
deposition and drought tolerance, suggesting that it has a
negative role with regards to the regulation of cuticular wax
biosynthesis (Lü et al, 2012). CER7, on the other hand, which
encodes an exosomal exoribonuclease that was proposed to play
a role in the degradation of small RNA species that negatively
regulate the CER3 transcript (an enzyme involved in wax
biosynthesis), is part of the post-transcriptional mechanisms of
regulation. However, transcriptional mechanisms are considered
to be the main regulator of wax biosynthesis (Yeats and Rose,
2013). Accordingly, most of the biotechnological approaches that
have attempted to improve drought performance by
manipulating cuticular wax levels focus on TFs that control the
overall process rather than on overexpressing multiple
components of the biosynthetic pathways. In Arabidopsis,
overexpression of the TF WAX INDUCER1/SHINE1 (WIN1/
SHN1) was found to activate wax biosynthesis, increase wax
deposition, and confer drought resistance in a survival rate
experiment (Aharoni et al., 2004; Broun et al., 2004). In studies
performed in apple and mulberry, WIN1/SHN1 homologs have
been shown to have conserved functions, and therefore might
similarly increase drought tolerance (Sajeevan et al., 2017; Zhang
et al., 2019). In rice, overexpression of theWIN1/SHN1 homolog
OsWR1 improves drought tolerance at the seedling stage (Wang
et al., 2012). While constitutive expression of OsWR2
dramatically increased cuticular wax deposition (48.6% in
leaves) and improved dehydration avoidance, yield was
negatively affected, with a reduction of 30% in seed number
per panicle (Zhou et al., 2014). On the other hand, in wheat, the
overexpression of the OsWR1 ortholog TaSHN1—cloned from
the drought-tolerant genotype RAC875—was able to improve
drought tolerance in a survival experiment without an evident
loss in yield under controlled conditions. These transgenic plants
have an altered wax composition and a lower stomatal density
(Bi et al., 2018, Figure 1D). EsWAX1, a novel TF that was
isolated from the halophyte Eutrema salsugineum, improves
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cuticular deposition and drought tolerance when ectopically
expressed in Arabidopsis, but also leads to detrimental effects
on plant growth and development. However, when expressed
under the control of the stress-inducible Arabidopsis RD29
promoter, EsWAX1 is able to improve the rate of drought
survival without causing any major negative pleiotropic effect
(Zhu et al., 2014). Even if seed number or yield was not assessed,
the use of drought-responsive promoters helps overcome the
undesirable effects of ectopic overexpression. Another well-
known TF controlling wax biosynthesis is the Arabidopsis
ABA-responsive R2R3-type MYB TF, MYB96. MYB96 is highly
expressed in stem epidermal cells, is activated by drought, and
binds directly to the promoter of multiple wax biosynthetic genes
to upregulate their transcripts and increase wax production (Seo
et al., 2011). Overexpressing Arabidopsis MYB96 in the close
relative Brassicaceae biofuel crop Camelina sativa led to an
increase in wax biosynthesis and deposition, and also
improved drought survival of the transgenic camelina plants
(Lee et al., 2014). Taken together, these results show relevant
advances in the quest to obtaining drought-resistant plants by
manipulating cuticular wax biosynthesis. Important differences
between Arabidopsis and crop species in terms of wax
composition, localization, and quantity need to be considered
when attempting to transfer drought resistance traits.
Furthermore, an excessive wax production might have negative
effects on plants because of the high amount of carbon resources
that need to be redirected from seeds to leaves, and because of the
reduced CO2 permeability of the wax-covered leaves. As such, it
is essential that the any biotechnologically induced increase in
wax production occurs in specific cell types and in response to
dehydration rather than constitutively.

Carbon Allocation
Plants are photosynthetic organisms able to fix atmospheric
carbon into macromolecules essential for growth and survival.
Thus, it is evident that carbon metabolism and allocation are
highly regulated and this regulation has a vital role in plant
resilience to stresses and crop yield. In cereals, carbon is the main
determinant of crop yield, and carbohydrates from cereals are the
primary source of calories in the human diet (Lafiandra et al.,
2014). One of the main pathways that regulates carbon allocation
in plants is the trehalose 6-phosphate (T6P)/SNF1-related/
AMPK protein kinases (SnRK1) pathway. T6P is a
nonreducing disaccharide present in trace quantities in plants,
and it acts as a signal for sucrose levels. The T6P/SnRK1 pathway
has been unraveled through studies in Arabidopsis that led to the
identification and characterization of the TREHALOSE
PHOSPHATE SYNTHASE (TPS) and TREHALOSE
PHOSPHATE PHOSPHATASE (TPP) genes. This pathway
has also been linked to auxin and ABA signaling (Paul et al.,
2018). T6P is known to act as a signaling molecule during
flowering, and Arabidopsis tps1 mutants are extremely late to
flower (Wahl et al., 2013). Increasing the intracellular content of
the disaccharide T6P is a well-known strategy for improving
drought tolerance in plants (Romero et al., 1997). While T6P is
present in trace amounts in most of temperate plants, it
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accumulates in resurrection plants (Wingler, 2002). However,
manipulating T6P levels through the expression of T6P
regulatory or biosynthetic genes under the control of strong
constitutive promoters significantly alters plant growth and
development, and might negatively affect crop yield (Guan and
Koch, 2015). In rice, the overexpression of Escherichia coli T6P
biosynthetic genes under the control of an artificial ABA-
inducible promoter derived from the rbcS (RuBisCO) leaf-
specific promoter, avoided the negative effect of ectopic T6P
biosynthetic gene overexpression. In a laboratory-scale
experiment, rice transgenic plants were drought tolerant, with
improved photosynthetic activity and reduced photo-oxidative
damage under drought conditions (Garg et al., 2002). In maize,
the catabolic enzyme T6P phosphatase (TPP) has been
specifically expressed in female floral components using the
rice floral promoter gene Mads6 (MCM1, AGAMOUS,
DEFICIENS, and serum response factor). This reduced the
concentration of T6P in female reproductive tissues, increased
the sucrose content in the whole developing spikelet, and affected
the T6P/SnRK1 regulatory pathway. Effects on drought
resistance were assessed in extensive field trials, and the yield
was consistently improved in well-watered, mild, and severe
drought conditions, with no obvious impact on plant or ear
morphology (Nuccio et al., 2015). Crop yield and stress resilience
has also been increased using chemical treatments that stimulate
T6P production in Arabidopsis and wheat. As plants are
impermeable to exogenous T6P, synthetic precursors were
produced and used as treatments that triggered a light-
inducible endogenous production of T6P (Griffiths et al.,
2016). Trehalose was also shown to accumulate in the roots of
plants with augmented brassinosteroid (BR) signaling, together
with other osmoprotective sugars like sucrose and raffinose.
Furthermore, T6P-related gene expression was specifically
upregulated in the root phloem cells (Fàbregas et al., 2018,
Figure 1E). In turn, by mediating BR signaling, sugars act as
signaling molecules in Arabidopsis to control different aspects of
root system architecture, such as primary root elongation, lateral
root development, and root directional response (Gupta et al.,
2015; Zhang and He, 2015). Notably, manipulation of BR
signaling results in an increase in osmoprotectant metabolites
including proline, an amino acid long known for conferring
drought and salinity tolerance (Kishor et al., 1995). Thus,
accumulation of sugars and proline might also be a valid
strategy to achieve dehydration tolerance in cereals, as shown
by transgenic maize plants that constitutively express the
vacuolar H+-pyrophosphatase (V-H+-PPase) gene (TsVP) from
the halophyte Thellungiella halophila. In a small-scale field
experiment, these transgenic plants showed a higher yield
under drought conditions than the control plants (Li et al.,
2008, Figure 2E).

Altering sugar distribution via the T6P pathway is a
promising biotechnological approach for producing drought-
tolerant plants, with the best results being obtained when
manipulation is directed to specific tissues like developing
reproductive structures (Nuccio et al., 2015; Oszvald et al.,
2018) and seeds (Kretzschmar et al., 2015; Griffiths et al.,
Frontiers in Plant Science | www.frontiersin.org 8230
2016). Notably, seed-specific manipulation of T6P might
increase drought tolerance as well as resistance to flooding
(Kretzschmar et al., 2015). As most of the plant sugar
trafficking happens through the phloem, shoot and root
vascular tissues are also candidate targets for T6P
manipulation (Griffiths et al., 2016; Fàbregas et al., 2018).

Root Traits
Roots are the main plant organ dedicated to the uptake of water,
and are the first place where a lack of water is perceived. As such,
an abundance of studies have examined root responses to
dehydration. The most relevant root traits capable of
improving drought tolerance and their biotechnological
applications have recently been reviewed by Koevoets et al.
(2016) and by Rogers and Benfey (2015), respectively. Here, we
will focus on the solutions offered by manipulation of the BR
pathway, and will provide a brief overview on the most
promising biotechnological strategies aimed at improving
drought resistance through manipulating root-related traits.
BRs are a class of plant hormones that are widely involved in
plant growth and development, as well as in stress responses.
Along with other plant hormones, BRs play a key role in root
growth. As BR levels are finely regulated to permit proper root
development, BR metabolism and signaling are clear targets for
the manipulation of root responses (Singh and Savaldi-
Goldstein, 2015; Planas-Riverola et al., 2019). Indeed,
exogenous application of BRs has been extensively tested on a
variety of crops with variable outcomes (Khripach et al., 2000).
However, from a genetic perspective, the only BR-related mutant
widely used in agriculture is the barley uzumutant, which carries
a single amino acid substitution in the BR receptor HvBRI1,
homolog of the Arabidopsis BR receptor Brassinosteroid
insensitive-1 (BRI1) and displays a semi-dwarf phenotype
(Chono et al., 2003). Recently, the triple mutant of wrky46,
wrky54, and wrky70—positive regulators of BR signaling
Arabidopsis group III WRKY TFs—was shown to be drought
resistant. Due to a significant upregulation and downregulation
of dehydration-induced and dehydration-repressed genes,
respectively, these TFs operate as negative regulators of
drought tolerance (Chen et al., 2017). BR biosynthetic dwarf
and semi-dwarf mutants were also shown to be drought tolerant
(Beste et al., 2011). Somehow, contrasting with these results, it
has recently been demonstrated that the overexpression of
vascular-specific BR receptor BRI1-LIKE 3 (BRL3) increases
the survival rate of Arabidopsis plants exposed to severe
drought stress. Interestingly, these transgenic plants do not
show reduced growth, which is typically associated with
drought-resistant BR mutants, and retain the same RWC as
wild-type plants. As previously mentioned, these transgenic
plants displayed an osmoprotectant signature (proline,
trehalose, sucrose, and raffinose) in response to drought, with
the corresponding biosynthetic and metabolic genes upregulated
in the root phloem. This might suggest that BRs are involved in
dehydration tolerance as well as in dehydration avoidance
(Fàbregas et al., 2018, Figure 1F). BRs are also involved in
hydrotropism, with the receptors BRI1-LIKE 1 (BRL1) and BRL3
January 2020 | Volume 10 | Article 1676

https://www.frontiersin.org/journals/plant-science
http://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles


Martignago et al. Drought Resistance by Tissue-Specific Responses
having a prominent role that is independent of the pathway.
Interestingly, BRL3 is structurally and functionally very similar
to BRI1, but its expression is confined to the root stem cell niche
while that of BRI1 is ubiquitously found in the root. This suggest
that the BR-related drought responses in roots could be led by BR
receptors in specific cells, such as the root meristematic region
and vascular tissues (Fàbregas et al., 2018). In crops, increments
in the BR biosynthetic pathway were shown to improve both
stress tolerance—including dehydration and heat stress—and
seed yield in the oil crop Brassica napus (Sahni et al., 2016).
Furthermore, in wheat, the overexpression of the BES/BZR
family TF gene TaBZR2, a positive regulator of BR signaling,
enhanced the expression of wheat glutathione S-transferase 1,
TaGST1. These transgenic plants showed an increase in ROS
scavenging and a drought-resistant phenotype without being
dwarf (Cui et al., 2019). The seemingly opposed behavior of BR-
engineered plants could be partly explained by the drought stress
experimental setup. Most BR biosynthetic and signaling mutants
exhibit an evident dwarf phenotype. However, in drought
survival experiments, dwarf plants often show a passive
drought resistance phenotype, and it is challenging to dissect
whether a phenotype is due to a direct genetic effect on drought-
related gene expression, or if it is a dehydration avoidance
mechanism due to limited water consumption. Still, the
manipulation of BR pathways retains its full potential with
respect to the development of stress-tolerant varieties,
particularly if directed to specific cell types to avoid
unnecessary ectopic expression, and because of the
involvement of these pathways in many agriculturally relevant
traits such as grain shape and size, cell elongation and plant
height, leaf angle, and root development (Espinosa-Ruiz et al.,
2017; Martins et al., 2017; Tong and Chu, 2018). Unfortunately,
translating root responses from Arabidopsis to cereals is
particularly challenging as the root system and architecture
differ greatly among plant species. Nevertheless, interesting
results were obtained in cereals by engineering root responses.
In rice, expressing the TF OsNAC5 under the control of the root-
specific promoter RCc3 (Xu et al., 1995) improved drought
resistance by increasing root diameter. Specifically, enlarged
metaxylematic vascular tissues permitted the transgenic plants
to have a better water flux. The use of a tissue-specific promoter
was paramount for the success of this experimental approach.
Indeed, when expressed under a constitutively strong promoter,
the same OsNAC5 was not able to increase yield under drought
because of a reduction in the grain filling rate (Jeong et al., 2013,
Figure 2F). Another example is the rice NAC family, which is
well known for its effect on root architecture and stress
responses. Several genes of this family have been overexpressed
(OsNAC9, Redillas et al., 2012) or expressed under the control of
the root-specific promoter RCc3 (OsNAC10, Jeong et al., 2010),
with similar effects on drought and stress tolerance. Another
superfamily of stress-related TFs, the APETALA2/ethylene
responsive element binding factors (AP2/ERF), has been
extensively studied in attempt to enhance root traits and
achieve improved drought tolerance. AP2/ERF TFs participate
in drought and cold stress responses (Shinozaki et al., 2003) and
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the overexpression of AP2/ERF genes increases stress tolerance
in Arabidopsis (Haake et al., 2002). The Arabidopsis HARDY
(HRD) gene, a AP2/ERF TF, was identified as a dominant
mutant with increased root density, and its ectopic expression
was able to improve the survival rate of both Arabidopsis and rice
(Karaba et al., 2007). Ectopic HRD expression also alters leaf
morphology, with thicker deep-green leaves in Arabidopsis and
increased shoot biomass in rice contributing to an improved
WUE of the transgenic plants. However, the increased WUE was
measured as an increase in biomass and no data regarding seed
production and yield were reported. Similar promising results
were obtained in the fodder dicot Trifolium alexandrinum by
constitutively expressing ArabidopsisHRD. This transgenic plant
had a larger biomass in drought and salt stress conditions as
tested in a controlled environment and in field trials
(Abogadallah et al., 2011). In bread wheat, the expression of
the Arabidopsis AP2/ERF TF DREB1A gene under the control of
the stress-inducible RD29A promoter delayed leaf wilting in a
water withholding experiment in a controlled environment
(Pellegrineschi et al., 2004). In rice, a root-specific drought-
responsive AP2/ERF TF OsERF71 was cloned and expressed
either in the whole plant using the rice GOS2 promoter (de Pater
et al., 1992), or specifically in the roots using the RCc3 promoter.
Both transgenic lines proved to be drought resistant. In addition,
the root-specific expression was able to improve grain yield in
drought conditions. OsERF71 can bind to the promoter of the
key lignin biosynthesis gene OsCINNAMOYL-COENZYME A
REDUCTASE1, and it was proposed that changes in cell wall and
root structure were the basis of the drought-resistant phenotype
(Lee et al., 2016). However, OsERF71 overexpression has a much
wider impact on plant transcriptional regulation; it induces the
oxidative response and DNA replication, and reduces
photosynthesis, thereby diverting more resources toward
survival-related mechanisms (Ahn et al., 2017). Native
OsERF71 expression is induced by ABA, and in turn regulates
the expression of ABA-related and proline biosynthesis genes in
drought stress conditions (Li et al, 2018b). Another set of studies
aimed at improving abiotic stress tolerance in rice found that the
expression of barley late embryogenesis abundant (LEA) protein
HVA1 under the control of a synthetic ABA-inducible promoter
increased the root system expansion. LEA proteins are encoded
by stress-responsive genes, and barley HVA1 and its rice
homolog LEA3 are well known for being regulated in roots in
response to ABA, salt, and abiotic stresses. LEA proteins could
work as osmoprotectants by maintaining cell functionality and
conferring dehydration tolerance. In this rice study, the synthetic
promoter 3xABRC321, which carries a series of ABA-responsive
elements, drove the expression of HVA1 in response to abiotic
stress specifically in the root apical meristem and lateral root
primordia. In turn, both primary and secondary root growth was
significantly promoted through an auxin-dependent process.
These transgenic rice plants showed a better WUE and abiotic
stress tolerance in a small-scale field trial (Chen et al., 2015). In
rice, QTL DEEPER ROOTING 1 (DRO1), which controls root
angle, was studied using shallow- and deep-rooting cultivars, and
was identified by developing a near-isogenic line homozygous for
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the allele conferring the deep-root trait. DRO1 is expressed in the
root meristematic region, is controlled by auxins, and regulates
the gravitropic response. The DRO1 deep-root allele from the
cultivar Kinandang Patong (DRO1-kp) contains a 1-bp deletion
that results in a premature stop codon, shortening the C-
terminal domain of the protein that it encodes. DRO-kp lines
have an enhanced gravitropic response that leads to deeper roots
and drought avoidance, and ultimately improves rice yield under
drought conditions (Uga et al., 2013). Furthermore, as shown in
paddy field trials, the yield of DRO-kp lines is also improved in
normal growth conditions (Arai-Sanoh et al., 2014). Although
DRO1 does not have a clear homolog in Arabidopsis, it has
homologs in other monocots like maize. The C-terminal position
of the stop codon in the DRO1-kp alleles makes DRO1 an ideal
target for CRISPR-based gene targeting.
CHALLENGES AND
FUTURE PERSPECTIVES

Genome Editing for Drought-Resistant
Crops
During the past 10 years, genome editing technologies like zinc
fingers nucleases (ZFNs), transcription activator–like effectors
nucleases (TALENs), and homing meganucleases (also known as
meganucleases) have enabled scientists to produce targeted
genetic modifications in organisms of choice (Arnould et al.,
2011; Bogdanove and Voytas, 2011; Carroll, 2011). Innovative
cloning approaches like the Golden Gate system made the
assembly of these tools more straightforward (Cermak et al.,
2011); however, genome editing protocols were still relatively
time consuming and labor intensive. With the advent of the
engineered clustered regularly interspaced short palindromic
repeats/CRISPR-associated protein 9 (CRISPR/Cas9) system to
perform targeted mutagenesis, genome editing became accessible
to most research laboratories (Gasiunas et al., 2012; Jinek et al.,
2012). In CRISPR-based genome editing, specificity to the target
sequence is conferred by a programmable short fragment of RNA
called guide RNA (gRNA), and the Cas9 protein itself does not
require any structural modification to change target recognition.
This is similar to what happens in the case of ZFNs and TALENs
(Cong et al., 2013). CRISPR/Cas9 is derived from the bacterial
immune system against viral infections. It was first observed by
sequencing the DNA of E. coli, where a short series of DNA
repeats are separated by spacer sequences (Ishino et al., 1987).
The spacer sequences are DNA from viral invaders that the
bacteria store as a sort of immune memory (Mojica et al., 2000;
Mojica et al., 2005). These CRISPR sequences are transcribed and
processed into short CRISPR RNAs (crRNAs), which are
composed of a variable spacer portion and a conserved
protospacer repeat, and subsequently associated with a trans-
activating CRISPR RNA (tracrRNA). The ribonucleoprotein
complex composed by Cas9, crRNA, and tracrRNA are finally
directed toward the invading DNA complementary to the spacer
(Jansen et al., 2002; Bolotin et al., 2005; Pourcel et al., 2005). This
system was engineered in such a way that the crRNA and
Frontiers in Plant Science | www.frontiersin.org 10232
tracrRNA were fused together in a unique fragment, the
gRNA. Simply modifying the 20 nucleotides corresponding to
the spacer is sufficient to target the Cas9 to a sequence of choice
(Cong et al., 2013).

The implementation of CRISPR-based genome editing
technologies in plant science opened up a wealth of
opportunities to plant scientists and plant breeders alike (Li
et al., 2013; Shan et al., 2013). The most straightforward
application of CRISPR/Cas9 is the production of out-of-frame
loss-of-function mutants. Interestingly, loss-of-function
mutations are the most frequent kind of genomic modification
that happened during the domestication of crops. In fact, from a
genetic perspective, crop domestication was achieved by stacking
loss-of-function mutants in key genes controlling traits like seed
shattering, flowering time, seed color, or size (Meyer and
Purugganan, 2013). By targeting these genes, scientists have
been able to swiftly retrace thousands of years of crop
improvement in a process known as de novo domestication
(Zsögön et al., 2017; Li et al., 2018c). Ideally, this approach
could assist with the rapid improvement of highly resilient,
locally adapted species to obtain new commercially relevant
crops that still retain the unaltered stress resistance
characteristics of their wild-type relatives. For some crops, de
novo domestication could be more efficient than breeding into
modern commercial varieties since stress resistance traits, often
controlled by multiple, sometimes unknown, genes, have been
lost during crop domestication.

Genome editing technologies might also help speed up
molecular breeding and crop improvement for so-called
orphan crops, plants that are critical to local food security but
are less relevant on a global scale (e.g., sweet potato, chickpea, or
sorghum) (Lemmon et al., 2018; Li et al., 2018a). The rationale
behind these approaches is similar to that of the de novo
domestication strategy: improving a resilient, locally adapted,
and highly specialized crop might provide better results than
attempting to restore stress tolerance in currently used elite
varieties in which complex multigenic traits were lost over the
domestication process (Khan et al., 2019). One of the main limits
to genome editing in crops is plant transformation efficiency,
which hampers the delivery of genome editing material into the
target cells. For most wild or orphan species, genetic
transformation has never been attempted, and in the
remaining cases, current protocols are only efficient for a small
subset of the lab amenable varieties. Nonetheless, the high
potential of genome editing in plant sciences is driving the
development of more efficient crop transformation methods
(Figure 3A).

DuPont Pioneer scientists have successfully used CRISPR/
Cas9 to engineer drought tolerance by swapping the native
promoter of the ARGOS8 gene for the promoter of maize
GOS2. The maize GOS2 promoter was identified from the rice
homolog GOS2 (de Pater et al., 1992), and in this case conferred
a moderate ubiquitous expression to ARGOS8. In field trials,
these cis-genic lines showed increased yield under drought
conditions (Shi et al., 2017). ARGOS were previously studied
as negative regulators of ethylene signaling in both Arabidopsis
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FIGURE 3 | A general frame for translating research in Arabidopsis thaliana to crops to improve drought performance in cereals. (A) Translation of promising genes/
traits in crops: In recent years, the improvement of genome editing technologies has enabled targeted genetic modifications of organisms of choice, and has opened
up a wealth of opportunities to plant scientists and plant breeders alike. Genome editing technologies might also help drive the development of more efficient crop
transformation methods. (B) Development of cell-specific stress response promoters for monocots: It has been shown that the use of moderate constitutive, tissue-
specific, and drought-responsive promoters could limit unintended pleiotropic effects in terms of growth or yield penalty while maintaining the improved trait (Waltz,
2015; Fàbregas et al., 2018; Papanatsiou et al., 2019). (C) Analysis of cell-specific drought responses: As of today, cell-specific promoters available for cereals are
limited. By performing transcriptomic studies coupled to FACS (fluorescence-activated cell sorting) in the crops of interest, it could be possible to identify novel cell-
specific promoters. Subsequently, these promoters could be exploited and introduced into crops. Drought stress research will greatly benefit from tissue-specific
-omics. (D) Correct experimental design and phenotyping in Arabidopsis: Many Arabidopsis drought-stress experiments are performed without recording traits such
as yield, plant biomass, relative water content (RWC), etc. Moreover, near-lethal conditions do not reflect in crop performances in open fields. Future studies should
consider all these aspects. Recording more detailed data, plus validating these promising results in crops, should be a priority for any research group working in
Arabidopsis. (E) High-throughput plant phenotyping (HTPP) to corroborate Arabidopsis results and test novel crop genes: HTPP for drought has been implemented
in Arabidopsis, and it is in development for many crops. HTTP will help increase and improve the reproducibility and quality of data from drought adaptation studies.
The widespread adoption of HTTP platforms could represent a valid intermediate step between laboratory conditions and open, large-scale field trials.
Frontiers in Plant Science | www.frontiersin.org January 2020 | Volume 10 | Article 167611233

https://www.frontiersin.org/journals/plant-science
http://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles


Martignago et al. Drought Resistance by Tissue-Specific Responses
and maize. The constitutive overexpression of ZmARGOS1,
ZmARGOS8, and Arabidopsis ARGOS were shown to decrease
ethylene sensitivity in transgenic Arabidopsis plants (Shi et al.,
2015). ARGOS genes and their molecular mechanisms are
conserved in both model and crop species. However,
constitutively high expression had a negative effect in cool and
high humidity conditions (Guo et al., 2014). The use of the maize
GOS2 promoter enabled a moderate constitutive expression that
delivered drought resistance without affecting yield in normal or
humid conditions (Shi et al., 2017). This work shows that
combining genome editing with promoters of tailored activity
levels can provide the basis for successfully producing drought-
resistant crops (Figure 2D).

Tissue-Specific Promoters to Drive
Drought Tolerance
Basic plant science research, as well as most traditional breeding
and biotechnological approaches, are based on loss-of-function or
gain-of-function mutants, or on the constitutive expression of a
gene conferring a certain trait. As an example, mutations in the
MILDEW RESISTANCE LOCUS O (Mlo) genes confer broad-
spectrum resistance against fungal pathogens to a large number
of plant species including major cereals like wheat and barley
(Kusch and Panstruga, 2017). Similarly, Bt crops constitutively
expressing bacterial toxins from Bacillus thuringiensis are used
worldwide to protect crops from pathogens (ISAAA Brief, 2017).
However, improving resistance to abiotic stresses does not seems
to follow the same pattern (Todaka et al., 2015). Dehydration
avoidance based on a reduction in size or density of stomata
comes with a growth or yield penalty (Bertolino et al., 2019).
Manipulating hormone signaling pathways by means of ectopic
overexpression of its components, or alternatively, by knocking
them out, often has an undesired pleiotropic negative effect on
overall plant growth and development. In contrast, it has already
been shown in maize that the use of moderate constitutive
promoters instead of strong promoters could limit this
undesired effect while maintaining the improved trait (Shi
et al., 2017) (Figure 2B).

The use of tissue-specific promoters to drive gene expression
in particular cells upon drought stress stands as a promising
solution to break the deadlock between drought resistance and
yield penalties. Several emerging studies show that when a tissue-
specific promoter is used, it is possible to reap the benefits of the
expressed genes while avoiding any major alteration to overall
plant phenotype. This is the case for the guard cell–specific
promoter pMYB60, which was used to express the synthetic
protein BLINK1 in stomata (Papanatsiou et al., 2019), and the
rbcS leaf-specific promoter that was used to express T6P
biosynthetic genes in leaves (Garg et al., 2002). Similarly, the
use of stress-inducible promoters has proven to be an effective
strategy to improve drought performances without penalizing
yield in soybean and wheat (Waltz, 2015; Gonzalez et al., 2019).
Importantly, these transgenic plants were tested extensively in
field trials, and the transgenic HB4 soybean is one of the very few
biotechnologically improved drought-resistant plants ever to be
introduced on the market (ISAAA, 2019). Our recent findings
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revealed that the overexpression of the vascular AtBRL3 receptor
confers drought tolerance without any evidence of growth
penalty (Fàbregas et al., 2018), and thereby opens up new and
exciting possibilities to address the societal demand for
producing “more crop per drop” and to ensure global food
security goals in the upcoming years. It would be interesting to
assess what the effect would be of expressing the drought
resistance genes that have been isolated over the years under
the control of a promoter that is both stress-inducible and cell-
specific, similarly to what was demonstrated in rice by expressing
the barley LEA protein HVA1 under the control of a synthetic
promoter (Chen et al., 2015).

The main drawback of this approach is the limited availability
of crop promoters that allow such specific gene expression. This
hurdle could be overcome by performing transcriptomics in
crops under normal and stress conditions that accurately
differentiate between tissues. For example, in a study
performed in rice, metabolomic and transcriptomic profiling
was performed using samples representing developed leaves and
the SAM region exposed to progressively harsher drought
conditions. Different responses from the plant were recorded.
Mild stress induced stomatal responses, decreased auxin and CK
levels, and thus plant growth, while more severe stress resulted in
the production of ABA and the remobilization of sugars (Todaka
et al., 2017). Differentially regulated genes identified by this and
similar studies will hopefully lead to the isolation of tissue-
specific, drought-responsive promoters. Species-specific
responses were also observed in this study; in contrast to what
previously reported in Arabidopsis, moderate drought stress did
not activate ethylene-responsive genes in rice (Skirycz et al.,
2011). Thus, as drought response pathways might differ
significantly from those of Arabidopsis, it will be important to
perform transcriptomic studies directly on the crops of interest.
This might also help identify novel, species-specific components
of the drought response.

Once a sufficient number of promoters are identified and
tested in crops, a virtuous circle might be triggered in which
transgenic cereals expressing tissue-specific markers would
enable tissue-specific transcriptomics. This in turn could lead
to the discovery of novel, cell type– and response-specific
promoters that might provide innovative solutions to plant
biotechnologists. Using fluorescence-activated cell sorting
(FACS), a large number of plant seedlings expressing cell type–
specific fluorescent markers could be grown in the desired
experimental conditions, and then protoplasts prepared and
sorted by flow cytometry to collect cells for -omics studies
(Birnbaum et al., 2005). In Arabidopsis, methods to perform
RNAseq transcriptomics with as few as 40 cells isolated using
FACS have been developed (Clark et al., 2018). In fact, efficient
protoplast preparation protocols that enable quick preparation
and sorting of protoplasts—avoiding major transcriptional
changes—are already available for rice (Zhang et al., 2011),
and FACS has already been used to study stress responses in
this crop (Evrard et al., 2012). Similarly, a protocol to prepare
protoplasts for FACS has already been developed for maize
(Ortiz-Ramirez et al., 2018). An alternative approach for
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single-cell isolation is INTACT (isolation of nuclei tagged in
specific cell types), where cell type–specific nuclei are isolated by
affinity purifying a transgenic label targeted to the cell nucleus
(Deal and Henikoff, 2011). INTACT does not require specialized
instruments for cell sorting and might be preferred for chromatin
studies (Deal and Henikoff, 2010). However, so far it has been
tested exclusively on the model plant Arabidopsis. Both methods
need transgenic plants expressing a fluorescent marker or a
nuclear protein label. In cereals, depending on the species, plant
transformation might still be challenging and a protoplast
preparation protocol might be tedious, time consuming, and
may significantly alter the transcriptional responses. In fact, so
farmost of the tissue-specific studies performed inmonocots have
used laser capturemicrodissection to isolate tissues. However, it is
expected that cereal-adapted protocols will soon be developed to
enable advanced transcriptomics. Regardless of the method of
choice, drought stress research in cereals will greatly benefit from
tissue-specific -omics, especially considering how just a few
relevant cell types appear to control major responses (Efroni
and Birnbaum, 2016) (Figure 3C). In Arabidopsis, this field of
research is quickly developing and has led to even more exciting
approaches that allow high-throughput single-cell RNA
sequencing (scRNA-seq). In scRNA-seq, protoplasted cells are
encapsulated in individual droplets and each cell transcriptome is
individually analyzed. Cells are then bioinformatically organized
into tissues and cell types based on the presence of marker genes,
which in the case of Arabidopsis, are well established for each cell
type. In turn, novel, highly specificmarker genes can be identified.
This approach is called Drop-seq, and while it was initially
developed for animal cell studies (Macosko et al., 2015), it has
been adapted for Arabidopsis root cells to study development
(Denyer et al., 2019; Ryu et al., 2019) and responses to treatments
(Shulse et al., 2019).

Cereal Transformation
With the notable exceptions of rice and maize, for which
transformation efficiencies can reach up to 100% and 70%,
respectively, plant transformation is notoriously challenging in
cereal crops and involves time-consuming protocols that often
need to be performed by highly skilled technicians (Singh and
Prasad, 2016). Even when efficient protocols have been
developed for the species of interest, high transformation
efficiency is usually confined to just a few laboratory varieties
(Harwood, 2012). In addition, as these varieties are often
obsolete, an introgression program into current elite varieties
must follow, thereby further hampering applicability of plant
research in plant breeding.

The advent of genome editing is rapidly altering this scenario.
The wealth of opportunities that are opening up as a result of the
rapidly advancing CRISPR-based technologies are driving a new
wave of technological development in plant transformation
(Kausch et al., 2019). A recent breakthrough by DuPont
Pioneer (now Corteva) scientists was achieved by applying
morphogenic regulator genes like BABYBOOM (BBM) and
WUSCHEL (WUS) as transformation adjuvants (Lowe et al.,
2016). This ultimately optimized the idea of using growth-
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stimulating genes in plant transformation (Ebinuma et al.,
1997). Co-delivery of BBM and WUS, either as proteins or
coding sequences, together with the target sequences seems to
considerably improve transformation efficiency in a number of
notoriously recalcitrant species like sorghum and sugarcane, as
well as in elite varieties of maize (Lowe et al., 2016; Mookkan
et al., 2017).

Scientists at the University of California, Berkeley (USA),
developed an interesting approach to plant transformation,
which is distinct from both Agrobacterium- and biolistic-based
systems. In this novel approach, a DNA delivery system makes
use of carbon nanotubes (Demirer et al., 2019). While
transformation was achieved only transiently in leaves or
protoplasts of the target plants, this method has the notable
advantage of being genotype independent. The lack of transgene
integration could actually represent a critical advantage when
CRISPR/Cas9 genome editing is involved. Indeed, it has been
proven that transient expression of Cas9 and gRNAs in the target
cells is sufficient to produce stable and heritable edits (Zhang
et al., 2016). The advantage of this approach is that the first
generation of mutants after transformation can carry the desired
modifications, with no need to segregate the CRISPR material.
This makes it attractive, especially for use in crops that are
difficult or impossible to cross. Even though this approach is still
in its proof-of-concept stage, it represents an innovative and
potentially groundbreaking technology.

High-Throughput Plant Phenotyping for
Drought Traits
Despite the vast amount of information that has been reported to
date regarding drought in Arabidopsis, Bayer’s (then Monsanto)
DroughtGard® maize, Verdeca’s HB4 soybean and wheat, and
Indonesian Perkebunan Nusantara’s NXI-4T sugarcane are the
only biotechnologically improved drought-resistant crops ever
introduced onto the market (Nuccio et al., 2018). This gap can
only partially be explained by societal and market opposition to
genetically modified (GM) crops. The main hurdle in translating
Arabidopsis-developed drought-resistant traits into crops is the
fact that most of the laboratory-scale, Arabidopsis-based drought
studies have limited data collection and phenotyping (Blum,
2014). As a general example, most of the Arabidopsis drought-
stress experiments are performed by suspending irrigation for an
extended time (12–21 days) followed by re-watering. The
survival rate (live/dead plants) is then measured a few days
(2–7) after. In this set of experiments, data regarding soil
moisture, plant biomass, RWC, and seed yield are often not
recorded. These dehydration survival experiments in near lethal
conditions do not often reflect in crop performances in open
fields, and do not relate to improved yield under drought or
normal conditions (Figure 3D). Furthermore, plants have
evolved survival traits to maximize fitness when growth
conditions are not ideal, often by decreasing total seed number
to ensure the full viability of a limited number of seeds. However,
the ultimate goal of plant breeding is to increase or secure plant
yield and production, not plant survival (Skirycz et al., 2011;
Blum and Tuberosa, 2018). Future experimental planning with
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more thorough data collection beyond mere survival rate and
that includes yield evaluations might overcome this limitation
(Zhou et al., 2016). Validating the most promising results in a
crop model should become the priority for any research group
that works in Arabidopsis. Alternatively, collaborations between
Arabidopsis and crop scientists and/or plant breeders should be
established to streamline the translation of innovative
biotechnological approaches for use in agricultural science.
Furthermore, industrial partnerships with plant breeding
companies or seed companies could provide both the means
and the expertise to test engineered plants in extensive field trials,
tests which would otherwise prove unpractical or financially
unsustainable in most research laboratories.

In parallel , the advent of high-throughput plant
phenotyping (HTPP) platforms and the establishment of
research infrastructure networks like the EPPN2020 (https://
eppn2020.plant-phenotyping.eu/) will definitively help to
increase and improve the reproducibility and quality and
quantity of data from drought adaptation studies. HTPP for
drought responses has been implemented for Arabidopsis
(Granier et al., 2006; Jansen et al., 2009; Skirycz et al., 2011;
Fujita et al., 2018) and applied to drought research (Rosa et al.,
2019). Outdoor or greenhouse HTPP facilities to study drought
performances are being developed for crops (Fahlgren et al.,
2015). These facilities are usually capable of capturing
multispectral images of the plants, weighing the pots as a
gravimetric, indirect measure of soil moisture, and
differentially irrigating the plants to allow drought-exposed
and control plants to be placed in the same environment.
Generally, these systems are based either on a robotized
apparatus that moves around the plants performing
measurements and irrigation (Gosseau et al., 2019), or
exploits a mobile device that scans plants for images while
the pots stand on scales (Vadez et al., 2015). Alternatively, the
pots are arranged on a conveyor belt system that transports the
plants to watering or imaging stations, like in the APPP
systems at IPK Gatersleben, Germany (Junker et al., 2014).
As reproducibility of results (Editorial, 2016) might deter plant
breeders and investors, a widespread adoption of HTPP could
not only support the validity of experimental results, but also
represent a valid intermediate step before large-scale field
trials, especially when a series of different genotypes with
comparable drought performances are involved (Figure 3E).
SUMMARY

In this review, we highlight that many physiological mechanisms
underlying drought-resistance traits are conserved between
Arabidopsis and crops. DE, control of flowering time, stomatal
responses, T6P pathways, and some root traits are highly
conserved among plants. Therefore, Arabidopsis is an excellent
model to test drought responsive strategies. Still, when studies
performed in Arabidopsis reveal interesting agronomic potential,
these results should promptly be translated into laboratory-
amenable cereal crops like rice.
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On the other hand, traits like cuticular waxes, senescence, and
stay-green might have significant differences that would need to
be carefully assessed using a species-by-species approach.
Nonetheless, Arabidopsis could still provide a useful
heterologous system to test novel genes discovered in cereal
species and their relative molecular responses.

As a general frame to help translate research in Arabidopsis
into crops, and with the ultimate goal of improving drought
performance in cereals, we suggest the following measures to be
adopted: a) use an accurate experimental design in Arabidopsis;
b) timely translate promising genes/traits in model crops (i.e.,
rice); c) include HTPP to corroborate Arabidopsis results and to
test novel crop genotypes; d) investigate tissue- and cell type–
specific drought responses; and e) clone tissue- and cell type–
specific, stress-responsive promoters for monocots and make
available them to the entire scientific community.

It is crucial to strengthen the bridges between Arabidopsis and
crop scientists. Moreover, the coordination of research groups
and institutes working with Arabidopsis and crop species at the
same time will be important in facilitating this process. In
addition, academia–industry partnerships could prove
instrumental not only for rapidly scaling up promising results,
but also for designing potential drought-resistant strategies that
might have a high impact on global agriculture.
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Small increases in temperature result in enhanced elongation of the hypocotyl and petioles
and hyponastic growth, in an adaptive response directed to the cooling of the leaves and
to protect the shoot meristem from the warm soil. This response, collectively termed as
thermomorphogenesis, relies on the faster reversion of phyB Pfr at warmer temperatures,
which leads to enhanced activity of the basic-helix-loop-helix PHYTOCHROME
INTERACTING FACTOR 4 (PIF4). PIF4 acts as a molecular hub integrating light and
temperature cues with endogenous hormonal signaling, and drives thermoresponsive
growth by directly activating auxin synthesis and signaling genes. Growth promotion by
PIF4 depends on brassinosteroid (BR) signaling, as indicated by the impaired
thermoresponse of BR-defective mutants and the partial restoration of pifq
thermoresponsive defects by brassinolide (BL) application. Also, phyB limits
thermomorphogenic elongation through negative regulation of the E3 ubiquitin ligase
COP1 that triggers nuclear degradation of multiple photomorphogenesis-promoting
factors acting antagonistically to PIF4. COP1 is indeed observed to accumulate in the
nucleus in darkness, or in response to warm temperatures, with constitutive
photomorphogenic cop1 mutants failing to respond to temperature. Here we explored
the role of BR signaling on COP1 function, by growing cop1 seedlings on BL or the
inhibitor brassinazole (BRZ), under different light and temperature regimes. We show that
weak cop1 alleles exhibit a hyposensitive response to BL. Furthermore, while cop1-6
mutants display as described a wild-type response to temperature in continuous
darkness, this response is abolished by BRZ. Application of this inhibitor likewise
suppressed temperature-induced COP1 nuclear accumulation in N. benthamiana
leaves. Overall these results demonstrate that cop1-6 is not a temperature-conditional
allele, but this mutation allows for a partially active protein which unveils a pivotal role of
active BR signaling in the control of COP1 activity.

Keywords: thermomorphogenic elongation, COP1, brassinosteroid, cop1-6, Arabidopsis
INTRODUCTION

Light and temperature are key environmental factors regulating plant growth and development. In
nature, the hypocotyl of dark germinated seedlings rapidly elongates and folds in an apical hook,
while the cotyledons remain closed and unexpanded to facilitate shoot emergence from soil, in the
so-called skotomorphogenesis process. On light perception, photomorphogenesis is initiated and
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hypocotyl growth is suppressed, at the time that cotyledons
expand and chlorophyll is produced. Warm temperatures
produce morphological changes in the light, which contribute
to protect the shoot meristem from the warm soil and to
avoid heat-induced damage of the photosynthetic machinery
(Quint et al., 2016). This adaptive response, known as
thermomorphogenesis, leads to elongation of the hypocotyl
and the petioles, and hyponastic growth, and relies on the
ability of plants of integrating external light and temperature
cues with the inner circadian clock, to the coordinated regulation
of endogenous plant hormones such as auxin, gibberellin and
brassinosteroids (Casal and Balasubramanian, 2019; Gil and
Park, 2019).

Phytochrome-mediated light responses have been extensively
linked to a direct regulatory effect on the family of basic-
helix-loop-helix transcription factors PHYTOCHROME
INTERACTING FACTORS (PIFs) (Pfeiffer et al., 2014). Light-
induced nuclear translocation of phytochrome B (phyB)
mediates phosphorylation and subsequent degradation of these
regulators that function as central hubs of a hypocotyl elongation
regulatory cascade leading to direct activation of the auxin
biosynthetic TAA1 and YUCCA genes, in addition to the
modulation of multiple cell wall loosening enzymes with a role
in directional cell expansion (Zhang et al., 2013).

Different molecular factors with a role in thermomorphogenic
elongation have been identified to date in Arabidopsis. Among
those, phyB is established to act as a main thermosensor, as
increases in ambient temperature lead to faster Pfr reversion and
reduced photoreceptor activity (Jung et al., 2016; Legris et al.,
2016). PIF4 was shown to accumulate at elevated temperatures
(Foreman et al., 2011) and to promote themormorphogenic
elongation via direct activation of auxin biosynthetic and
signaling genes (Koini et al., 2009; Nozue et al., 2011), in
addition to the up-regulation of BR levels via direct interaction
with the BR signaling BZR1 factor (Oh et al., 2012). PIF4-BES/
BZR1 complex formation switches BES1/BZR1 transcriptional
activity from a repressive into an activator function and leads to
de-repressed expression of BR-biosynthetic genes (Martıńez
et al., 2018). Impaired thermoresponse of BR biosynthetic
mutants (Ibañez et al., 2018), along with restoration of the
thermoresponsive defects of pifq mutants by BL (Martıńez
et al., 2018), indeed shows that functional BR signaling is
essential to thermomorphogenic elongation. Perception of BRs
by the BRASSINOSTEROID INSENSITIVE 1 (BRI1) receptor
promotes its interaction with the co-receptor BRI1-ASSOCIATED
RECEPTOR KINASE 1 (BAK1) and triggers a phosphorylation
cascade that leads to inactivation of the BRASSINOSTEROID
INSENSITIVE 2 (BIN2) kinase, with a master negative regulatory
role in BR signaling (Belkhadir and Jaillais, 2015). Inactivation of
BIN2 allows PP2A-mediated de-phosphorylation of BES1/BZR1
and nuclear accumulation of these factors (Tang et al., 2011), in
addition to suppress BIN2-dependent phosphorylation and
destabilization of PIF4 (Bernardo-Garcıá et al., 2014). BZR1
accumulates into the nucleus in response to warm temperatures,
and binds the PIF4 promoter to its activated expression
(Ibañez et al., 2018).
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phyB moreover suppresses the activity of the ring-finger E3
ubiquitin ligase CONSTITUTIVE PHOTOMORPHOGENIC 1
(COP1), and this negative control depends on light and
temperature signaling (Ma et al., 2002; McNellis et al., 2007;
Park et al., 2017). COP1 activity is increased in the dark and
under warm temperature regimes, where the COP1 protein is
observed to preferentially accumulate in the nucleus. COP1
targets for degradation multiple photomorphogenesis-
promoting transcription factors acting antagonistically to PIF4,
such as ELONGATED HYPOCOTYL (HY5) (Ang et al., 1998).
Notably, COP1 function is described to enhance PIF4 expression
(Gangappa et al., 2017) and promote PIFs activity by binding and
inhibiting the BR signaling kinase BIN2 (Bernardo-Garcıá et al.,
2014; Ling et al., 2017), in addition to ubiquitinate and target for
degradation the inactive phosphorylated form of BZR1 (Kim
et al., 2014). Accordingly, the constitutive photomorphogenic
cop1 mutants fail to respond to warm temperatures.

Here, we show that weak cop1 mutants display a
hyposensitive response to BL treatment and that application of
the inhibitor brassinazole (BRZ) suppresses the thermosensitive
phenotype of cop1-6 alleles. Remarkably, cop1-6 mutants exhibit
a wild-type thermoresponse in darkness, but fail to respond to
temperature under diel conditions. This indicates that the in
frame full length cryptic splicing form of cop1-6 retains part of
COP1 activity, this mutation thus providing an excellent tool to
the study of the role of BR signaling in the temperature-
dependent control of COP1.
MATERIALS AND METHODS

Plant Material and Growth Conditions
Wild type Arabidopsis thaliana Col-0 plants and cop1-4 and
cop1-6 mutants in the Col-0 background (McNellis et al., 1994)
were used in this study. Seeds were surface-sterilized for 15 min
in 70% (v/v) ethanol and 0.01% (v/v) Triton X-100, followed by
two washes of 2 min in 96% (v/v) ethanol. Seeds were air dried
and sown on half strength MS-agar plates with 1% sucrose and
stratified for 3 days at 4°C in the dark. Germination was
synchronized by illuminating the plates for 4 h and transferring
them back to darkness for 20 additional hours. Seedlings were
grown in darkness or in short days (8 h light/16 h dark) under 50
µmol∙m−2∙s−1 fluorescent white lights, in light chambers maintained
at 22°C or 28°C.

Hypocotyl Measurements
To measure hypocotyl growth, seeds were sown on half strength
MS-agar plates with 1% sucrose, supplemented with the BL/BZR
treatments in vertical plates. After 5 days, seedlings (n = 15–30)
were photographed and the length of the hypocotyls was
measured with the ImageJ software.

Transient Expression in N. benthamiana
Agrobacterium tumefaciens AGL21 containing the respective
constructs and the p19-silencing suppressor were grown
overnight at 28°C in YEB medium supplemented with the
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appropriate antibiotics. Cultures were pelleted and suspended in
10 mMMES pH 5.5, 10 mM MgSO4 and 150 mM acetosyringone
at a OD600 = 0.5. The constructs and p19 cultures were mixed in a
1:1 ratio and used for infiltration of 4 to 5 leaf-old N. benthamiana
plants. Protein accumulation was observed 2 to 3 dpi. For BRZ
treatments, leaves were infiltrated with mock solution or 4 µM
epiBL, 24 h before confocal microscopy observation.
RNA Isolation and Quantitative
RT-PCR Analysis
Total RNA from 5 days old seedlings was extracted using the
High Pure RNA Isolation kit (Roche) according to the
manufacturer’s instructions. 1 µg total RNA was used for
cDNA preparation, using the Transcriptor First Strand cDNA
synthesis kit (Roche). Quantitative RT-PCR analyses, using the
FastStart Universal SYBR Green Master (Roche), were
performed using the 7500 Real-Time PCR System (Applied
Biosystems). Each sample was analyzed in quadruplicate. The
gene specific primers for COP1 and cop1-6 T1-T4 amplification
were: COP1-Fw (5′-GAGCACCGGATCTGGATAAA-3′);
COP1-Rev (5′-ACATGCCGAGCTGAAGTTTT-3′), cop1-6T1-
Fw (5′-AACGGATTCATGCTCAGAATGTT-3′); cop1-6T2-Fw
(5′-AACGGATTCATGCTCAGTGTCTTG-3′); cop1-6T3-Fw
(5′-AACGGATTCATGCTCA GATTGC-3′); cop1-6T-Rev (5′-
CCGTTGCTATAGCCTTCCCTCC-3′) cop1-6T4-Fw (5′-
GGCCCCAGTGATTGTGTTAC-3′); cop1-6T4-Rev (5′-
TGAAGTCCAATCGGCTTTTT-3′). Transcript T3 was
observed to be generated from an AG acceptor site adjacent to
the one initially described (McNellis et al., 1994). T3 actually
includes a 35-bp insertion and primer cop1-6T3-Fw was
modified accordingly. The PP2A gene was used as endogenous
control to normalize target gene expression between samples, by
using primers PP2A-Fw (5′-TAACGTGGCCAAAATGATGC-
3′) and PP2A-Rev (5’-GTTCTCCACAACCGCTTGGT-3′).
Semi-Quantitative PCR
A cop1-6 cDNA was used as template to analyze the relative
abundance of T1-T4 transcripts by PCR amplification with the
TaqI DNA Polymerase (Biotools), using 35 cycles of 94°C/15 s;
55°C/30 s; 72°C/20 s; and a final extension at 72°C/7 min. The
PCR amplification products were separated on a 3% agarose gel.
Specific primers used were cop1-6T-Fw (5′-GAAAGAAACGG
ATTCATGCTCAG-3′) and cop1-6T-Rev.
Plasmid Constructs
The full-length COP1, cop1-6 T2, and cop1-4 coding sequences
(CDS) were cloned into the Gateway System (pENTR™

Directional TOPO® Cloning kit and Gateway® LR Clonase II
Enzyme Mix, Invitrogen) following the manufacturer
recommendations. COP1 and cop1-4 CDS were amplified using
the forward primer COP1-cloning Fw (5′-caccATGGAAGAGAT
TTCGACGGATC-3′) and the reverse primers COP1-cloning
Rev (5′-GAagatctTCACGCAGCGAGTACCAGAAC-3′) and
Frontiers in Plant Science | www.frontiersin.org 3244
cop1-4-cloning Rev (5′-TTACGAATCTGACCCACTCAGCGC
ATCC-3′), respectively. To amplify cop1-6 T2, the 15 bp insertion in
this transcript was introduced by overlapping PCR, using the
following pairs of primers: COP1-cloning Fw/cop1-6-cloning Rev
(5′CCACAAGACAAGACACTGAGCATGAATCCGTTTCTTT
CTAGCC-3′) and cop1-6-cloning Fw (5′-CAGTGTCTTG
TCTTGTGGTTCAATGATTTACAAGAATGTTA-3′)/COP1-
cloning Rev. The binary vector pUBN-RFP-Dest (Grefen et al., 2010)
was used for N-terminal terminal fusion of the mRFP tag.
Confocal Microscopy
Fluorescence imaging was performed on a Leica TCS-SP8
multispectral confocal system equipped with the LAS X v. 2.0
control software (Leica Microsystems), gated-hybrid emission
detectors, and a white laser beam (WLL2) for 470 to 670
excitation, by using a 63x/1.20NA water immersion objective.
The 555 nm and 640 nm laser lines were used for RFP (in red)
and chloroplast excitation (in blue). The emission bandwidths
between 565 to 630 nm and 654 to 748 nm were used for RFP
and chloroplast detection respectively.
RESULTS

Darkness and Warm Temperatures
Suppress the Short Hypocotyl of cop1-6
Seedlings
COP1 is a central repressor of photomorphogenesis (Deng et al.,
1991) and, consistent with this function, cop1 mutants display a
constitutive photomorphogenic phenotype in the dark. Several
independent cop1 recessive mutations have been described and
classified in three phenotypic classes: weak, strong, and lethal
(McNellis et al., 1994). Weak cop1-4 and cop1-6 alleles display
slightly longer hypocotyls in dark conditions as compared to the
light, suggestive of a residual activity of these proteins (McNellis
et al., 1994)

In the cop1-6 allele (McNellis et al., 1994), a point mutation at
the intron 4 acceptor splicing junction causes the cryptic splicing
into three mRNAs (T1-T3), along with the unspliced intron 4
transcript (T4), as shown in Figure 1A. T1, T3, and T4 lead to
truncated proteins after Glu-301, which are the result of a 16-bp
deletion, a 35-bp insertion, and the unspliced intron 4,
respectively. By opposite, T2 produces a full-length in frame
protein with a 5 amino acids insertion after Glu-301, between the
two nuclear localization signals (NLS) (Figure 1A). The cop1-4
allele corresponds to a C-to-T mutation which changes Gln-283
into a stop codon, leading to a truncated protein lacking the two
NLS and the C-terminal WD-40 repeat domains. Notably, the
cop1-6 allele was previously described as a temperature-
conditional mutation (Hsieh et al., 2000), given that this
mutant exhibits a constitutively photomorphogenic development
in the dark when grown at temperatures below 28°C, but elongated
hypocotyls above 28°C.
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To gain deeper insight into the effects of light and temperature on
these two mutant alleles, we grew WT, cop1-4 and cop1-6 seedlings
for 5 days at 22°C or 28°C, in either short days (SD) or constant dark
conditions, andmeasured their hypocotyl lengths.WT plants showed
the expected thermomorphogenic phenotype, with elongated
hypocotyls at 28°C under short day cycles, and long hypocotyls
with small pale cotyledons in darkness, in contrast to cop1-4 and
cop1-6 seedlings which at 22°C, displayed a constitutive
photomorphogenic phenotype both in SD conditions and in
continuous dark. Dark grown cop1-6 seedlings, however, developed
elongated hypocotyls and smaller cotyledons at 28°C, in opposite to
the de-etiolated phenotype of cop1-4 mutants (Figures 1B, C).
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cop1-6 T2 Expression Levels Are
Independent of Light and Temperature
Conditions
Since cop1-6 was observed to encode an active protein in dark and
warm conditions, we reasoned that abundance of cop1-6 transcript
2 (cop1-6 T2), coding for an in frame full-length protein, might be
elevated in these conditions. To examine this possibility, we
analyzed by quantitative PCR the expression levels of all four
potential cop1-6 transcripts (T1-T4) in WT, cop1-4 and cop1-6
seedlings, grown in darkness or in short days, and 22°C/28°C.
To this end, we designed primers specific to the different cop1-
6 insertions/deletions and to intron 4 (Figure 2A), and
A B

C

FIGURE 1 | Darkness and warm temperatures rescue the photomorphogenic phenotype of cop1-6 mutants. (A) COP1 structural domains. CLS and NLS are the
cytoplasmic and nuclear localization signals, respectively. The cop1-6 allele carries a point mutation at the acceptor site of intron 4 that causes three cryptically spliced
transcripts (T1-T3) and a transcript with the unspliced intron 4 (T4). T2 encodes a full-length protein with 5 extra aa between the two NLS. The cop1-4 allele is a point
mutation, resulting in a truncated protein (adapted from McNellis et al., 1994). (B) Visible hypocotyl phenotypes of Col-0, cop1-4 and cop1-6 mutants. Seedlings were
grown for 5 days in constant dark/SD and at 22°C or 28°C. (C) Box plots showing the hypocotyl length measurements. Error bars indicate standard deviation (n=15 -
30). The data were statistically analyzed using a two-tailed Student’s t-test (*p < 0.05, **p < 0.001, **p < 0.0001, 28°C compared with 22°C conditions).
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A

B

C

FIGURE 2 | Analysis of expression levels of the cop1-6 T1-T4 transcripts. (A) Diagram showing the positions of primers used for quantitative RT-PCR analysis of
cop1-6 T1-T4 and COP1. (B) cop1-6 T1-T4 transcripts were detected in the cop1-6 mutant but not in the Col-0 and cop1-4 backgrounds. Total RNA was
extracted from 5-day-old seedlings. PP2A was used to normalize gene expression levels. Relative levels are the relative quantification (RQ) mean of four technical
replicates. Error bars indicate ± RQ maximum and minimum. (C) PCR products amplified from the cop1-6 cDNA using primers to 5’ and 3’-regions near the point
mutation. PCR products were separated on a 3% agarose gel. M indicates the size of the molecular marker in base pairs.
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analyzed abundance of these transcripts in the different
genetic backgrounds.

As shown in Figure 2B, an amplification signal corresponding
to the cop1-6 T1-T4 transcripts was detected in cop1-6 seedlings,
but not in the WT or cop1-4 plants. Levels of these transcripts,
however, did not significantly change in response to warm
temperatures or dark conditions, showing that cop1-6 T2 is not
elevated in the dark and 28°C. Quantification of the relative
abundance of these transcripts by PCR amplification of a cop1-6
cDNA, using primers designed on a region upstream the point
mutation and on exon 5, showed that transcripts T1 and T4 are
the most abundant (Figure 2C), while T2 and T3 accumulate to
significantly lower levels, as previously described (McNellis
et al., 1994).

We also examined total COP1 expression levels in these three
backgrounds to assess whether the different phenotype of cop1-4
and cop1-6 alleles might be caused by differences in the stability
of the respective transcripts. Notably, although COP1 mRNA
levels were similar in cop1-6 and the WT, they were reduced in
the cop1-4 background (Figure 2B); suggesting a reduced
stability of the transcripts allowing for the truncated cop1-4
Frontiers in Plant Science | www.frontiersin.org 6247
protein, or that COP1 activity is required to the indirect control
of its own expression.

cop1-6 Mutants Display Enhanced
Sensitivity to BRZ Treatments
Thermomorphogenic elongation is recently shown to be mediated
by enhanced BR synthesis (Ibañez et al., 2018; Martıńez et al.,
2018). The transcription factor BZR1, was shown to accumulate in
the nucleus at warm temperatures and promote PIF4 expression
(Ibañez et al., 2018), leading to transcriptional activation of
growth-related genes. Moreover, additional studies showed that
COP1 promotes skotomorphogenesis by repressing the BR
signaling kinase BIN2, that functions at PIF3 phosphorylation
and degradation in the dark (Ling et al., 2017). Therefore, the
observation that impaired thermomorphogenic growth of cop1-6
mutants is rescued in continuous dark, suggested that BR signaling
might regulate COP1 activity. To test this hypothesis, we studied
the response of cop1 mutants to BL or BRZ treatments, under
different light and temperature regimes. First, we grewWT, cop1-4
and cop1-6 seedlings on MS medium containing different
concentrations of BRZ (0, 0.05, 0.1, 0.3, and 0.6 µM), in
A

B

FIGURE 3 | Thermo-induced hypocotyl elongation of cop1-6 seedlings is drastically reduced upon BRZ treatment. (A) Representative pictures of 5 days-old Col-0,
cop1-6 and cop1-4 seedlings grown in the dark at 22°C/28°C, in the presence of increasing BRZ concentrations. (B) BRZ dose-response. Graphs showing the
hypocotyl lengths of 5 days-old plants grown in constant darkness and 22°C or 28°C. Error bars indicate standard deviation. (n=15 -30). Statistical analysis was
performed with a two- tailed Student’s t-test (*p < 0.05, **p < 0.001, 28°C compared with 22°C conditions).
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continuous dark, and either 22°C or 28°C (Figure 3A). Notably,
cop1-6 mutants displayed in these conditions a hypersensitive
response to the inhibitor BRZ, as evidenced by a drastic reduction
in temperature induced hypocotyl elongation in the dark, as
compared to the WT (Figure 3B).

COP1 Nuclear-Cytoplasmic Partitioning
Relies on BR Signaling
Warm temperatures and darkness drive the nuclear localization of
COP1 (Von Arnim and Deng, 1993; Park et al., 2017). To assess
whether the full-length cop1-6 protein follows the same nuclear-
cytoplasmic partitioning as the WT, we analyzed the localization
of N-terminal RFP fusions of the COP1, cop1-4 and cop1-6
proteins in N. benthamiana leaves (Figure 4). We first
examined the subcellular localization of these proteins in leaves
of plants grown in the light and 22°C. In these conditions, RFP-
COP1 and RFP-cop1-6 were observed to largely accumulate in a
diffuse pattern of fluorescence in the cytoplasm, in addition to
aggregate into cytosolic inclusion bodies. Moreover, both of these
proteins showed a residual signal in the nucleus, but whereas RFP-
COP1 formed large nuclear bodies, RFP-cop1-6 displayed mainly
a uniform nuclear signal with smaller speckles. RFP-cop1-4 was by
opposite entirely localized in the cytoplasm (Figure 4).

Incubation of leaves at 28°C had no remarkable effect
regarding COP1 import to the nucleus, suggesting that tobacco
plants may require higher temperatures than 28°C for
thermomorphogenic activation. In consequence, we incubated
the infiltrated leaves for 24 h at 32°C in the dark. Remarkably,
RFP-COP1 was in these conditions entirely imported into the
nucleus, as it was most of the RFP-cop1-6 protein. Moreover,
RFP-cop1-6 formed at 32°C similar large nuclear bodies as RFP-
COP1, suggesting that this full-length variant is still able to
associate into active ubiquitination complexes under dark and
warm conditions, in opposite to RFP-cop1-4, lacking the NLS
signals, which remained at 32°C in the cytoplasm. Light on the
other hand partially suppressed nuclear import of RFP-COP1
and RFP-cop1-6. Both of these proteins showed at 32°C an
intermediate distribution pattern in the light, whereby their
nuclear levels were increased as compared to 22°C, but a
significant signal was still detected in the cytosol (Figure 4).
More remarkably, nuclear fluorescence by the RFP-COP1 and
RFP-cop1-6 proteins was strongly reduced on application of the
inhibitor BRZ (Figure 4). For each of these constructs signal was
now stronger in the cytoplasm in correlation with a higher
number of cytosolic aggregates, therefore demonstrating an
effect of impaired BR synthesis in abrogating temperature-
induced COP1 nuclear accumulation.

Hyposensitive Response to BL of cop1-6
and cop1-4 Mutants
Exogenous application of BL induces hypocotyl elongation in the
light, while inhibits it under constant darkness (Oh et al., 2012).
Hence, we next tested the effects of increasing BL concentrations
(0, 0.1, 0.5 and 1 µM) on WT and cop1mutants grown under SD
conditions or constant dark, at 22°C or 28°C (Figure 5). Notably,
BL application was observed to suppress, as previously reported,
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hypocotyl growth of dark-grown WT seedlings. However, effects
of this hormone differed in SD among seedlings grown at 22°C or
28°C. While lower concentrations of BL (up to 0.1 µm) promoted
WT hypocotyl elongation at 22°C, they had a growth inhibitory
effect at concentrations > 0.5 µM. Also, all concentrations of BL
suppressed growth at 28°C, evidencing that warm temperatures
lead to an enhanced sensitivity to BL.

Furthermore, cop1-4 and cop1-6 mutants displayed a reduced
response to BL in SD, but a contrasting effect in continuous dark.
In fact, BL application partially rescued the short hypocotyl and
impaired thermoresponse of these mutants in SD, but surprisingly
interfered with the temperature conditional phenotype of cop1-6
seedlings in continuous dark (Figure 5). BL effects on dark grown
cop1-6 seedlings were actually comparable to those observed in SD
in the WT, suggesting that impaired BR signaling of cop1-6 is
restored at elevated temperatures in the dark, in opposite to the
cop1-4 mutants that show an analogous hyposensitive phenotype
in SD as in continuous dark (Figure 5). Therefore, these findings
establish a functional link between temperature-conditional effects
of the cop1-6 mutation, BR signaling and the presence/absence
of light.
CONCLUSIONS

COP1 has been widely studied as a central repressor of light
signaling and, more recently, as a thermomorphogenesis-
promoting factor. Additional evidence indicates that COP1
plays a pivotal role in modulating diverse hormonal signaling
pathways (Wang et al., 2019), and therefore acts as a main hub in
crosstalk interaction between environmental and endogenous
signals. Moreover, the COP1/SPA complex was recently
established to repress BIN2-mediated phosphorylation of the
PIF transcription factors (Bernardo-Garcıá et al., 2014; Ling
et al., 2017), indicating that antagonism between light and BR
signaling in photomorphogenic development may potentially
depend on COP1 regulation of BR signaling.

Here, we show that warm temperatures suppress the
photomorphogenic phenotype of cop1-6 mutants in the dark,
which suggests that the 5 amino acid insertion full-
length protein translated from cop1-6 T2 is active in these
conditions, even though low expression levels of this transcript
do not change at 28°C. Moreover, we observed that cop1-6
protein activity is dependent on active BR signaling, as
application of BRZ suppressed cop1-6 hypocotyl elongation at
28°C in the dark. In these growth conditions, cop1-6 mutants
actually exhibit a hypersensitive response to BRZ, suggestive of
a direct effect of BR signaling on COP1 activity. BRZ
application was actually found to reduce COP1 nuclear
abundance in transient expression studies in N. benthamiana
leaves, COP1 nuclear depletion presumably leading to growth
inhibition through the accumulation of HY5 and other PIFs-
antagonizing factors, in addition to the reduction in PIFs
protein abundance (Pham et al., 2018). Thus, it is possible
that these inhibitory effects are stronger in the cop1-6
background, because of the low abundance of T2 transcript
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encoding the full-length protein, although additional studies
will be needed to establish whether the 5 amino acid insertion
in the bipartite NLS slows down cop1-6 nuclear import
rendering this protein more sensitive to BRZ inhibition.
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Likewise, cop1-4 and cop1-6mutants were observed to exhibit a
hyposensitive response to BL, though in cop1-6 seedlings response
to this hormone was partially restored at elevated temperatures
and in the dark. In fact, higher concentrations of BL disturbed
FIGURE 4 | BRZ application results in nuclear depletion of COP1. Subcellular distribution of COP1 in N. benthamiana leaves. The RFP-tagged COP1, cop1-4 and
cop1-6 proteins were agroinfiltrated in N. benthamiana leaves and visualized by confocal microscopy. COP1 is mainly localized in the cytoplasm and shows a diffuse
nuclear signal at 22°C, in the light. After 24 h exposition to dark and warm temperatures (set to 32°C for N. benthamiana), COP1, and cop1-6 are shuttled to the
nucleus. Leaves incubated at 32°C in the light showed a partial COP1 and cop1-6 nuclear import. Nuclear COP1 forms nuclear bodies, whereas cop1-6 has a more
diffused nuclear pattern, with occasional distribution in speckles. BRZ treatment however leads to a reduction in nuclear abundance of both proteins. RFP-cop1-4
lacks the NLS signals and is localized in the cytoplasm. RFP signal is shown in red, chloroplasts auto-fluorescence in blue and bright field in grey. Scale bars = 15
µm. Nuclear signal is delimited by white circles, whereas cytosolic bodies are indicated with asterisks.
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hypocotyl elongation in the WT, but enhanced growth and
promoted the thermoresponse of cop1-4 and cop1-6 mutants in
SD (Figure 5). However, behavior of these weak alleles was
radically different in continuous dark, where BL application
caused at elevated temperatures a similar disturbed growth of
cop1-6 seedlings as in the WT, while temperature was of no effect
Frontiers in Plant Science | www.frontiersin.org 9250
on the hyposensitive response of cop1-4mutants (Figure 5). These
observations demonstrate that the temperature-conditional
phenotype of cop1-6 seedlings depends on BR signaling. As
such, future studies directed to analyze HY5 abundance in
response to BL and BRZ application shall contribute to
understand function of this pathway in modulating COP1 activity.
A

B

FIGURE 5 | Hyposensitive response to BL treatments of cop1 mutants. Graphs and pictures displaying the phenotypes of Col-0, cop1-6, and cop1-4 seedlings
grown for 5 days on different BL concentrations, under short days (A) and continuous dark (B). Error bars indicate standard deviation (n=15). Statistical analysis was
performed with a two- tailed Student’s t-test (*p < 0.05, **p < 0.001, 28°C compared with 22°C conditions).
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COP1 is actually shown to promote plant growth by
sequestering the BR signaling kinase BIN2, involved in PIFs
and BZR1/2 phosphorylation and destabilization (Ling et al.,
2017). Although the BR-biosynthesis det2 mutant was found in
initial studies to display at 22°C a similar pattern of COP1
accumulation as the WT, and BL treatments failed to increase
COP1 nuclear abundance in the light (Von Arnim et al., 1997),
Frontiers in Plant Science | www.frontiersin.org 10251
here we show that application of the inhibitor BRZ suppresses
temperature-induced COP1 nuclear accumulation. Likewise, the
weak cop1-6 allele was observed to exhibit a differential response
to BL in continuous darkness or diurnal conditions at 28°C,
which suggest that temperature-induced COP1 nuclear
translocation enhances the response to BL, while increased BL
levels are required for COP1 nuclear accumulation. These
findings suggest that COP1 nuclear shuttling requires of the
assistance of so far unknown light/temperature responsive
components, while BR signaling is essential for nuclear COP1
stability. We hypothesize that COP1 activity may be reduced via
BIN2-mediated phosphorylation (Figure 6), which would
partially explain the altered response of cop1-6 mutants to BL/
BZR treatments. Future studies addressed to define the
mechanisms by which BIN2 possibly regulates COP1 activity
will be critical to link BR signaling and COP1 function.
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Nitric Oxide Alters the Pattern of 
Auxin Maxima and PIN-FORMED1 
During Shoot Development
Inmaculada Sánchez-Vicente , Tamara Lechón , María Fernández-Marcos , Luis Sanz  and 
Oscar Lorenzo *

Departamento de Botánica y Fisiología Vegetal, Instituto Hispano-Luso de Investigaciones Agrarias (CIALE), Facultad de 
Biología, Universidad de Salamanca, Salamanca, Spain

Hormone patterns tailor cell fate decisions during plant organ formation. Among them, 
auxins and cytokinins are critical phytohormones during early development. Nitric oxide 
(NO) modulates root architecture by the control of auxin spatial patterns. However, NO 
involvement during the coordination of shoot organogenesis remains unclear. Here, 
we explore the effect of NO during shoot development by using a phenotypic, cellular, 
and genetic analysis in Arabidopsis thaliana and get new insights into the characterization 
of NO-mediated leaf-related phenotypes. NO homeostasis mutants are impaired in several 
shoot architectural parameters, including phyllotactic patterns, inflorescence stem 
elongation, silique production, leaf number, and margin. Auxin distribution is a key feature 
for tissue differentiation and need to be controlled at different levels (i.e., synthesis, 
transport, and degradation mechanisms). The phenotypes resulting from the introduction 
of the cue1 mutation in the axr1 auxin resistant and pin1 backgrounds exacerbate the 
relationship between NO and auxins. Using the auxin reporter DR5:GUS, we observed 
an increase in auxin maxima under NO-deficient mutant backgrounds and NO scavenging, 
pointing to NO-ASSOCIATED 1 (NOA1) as the main player related to NO production in 
this process. Furthermore, polar auxin transport is mainly regulated by PIN-FORMED 1 
(PIN1), which controls the flow along leaf margin and venations. Analysis of PIN1 protein 
levels shows that NO controls its accumulation during leaf development, impacting the 
auxin mediated mechanism of leaf building. With these findings, we also provide evidence 
for the NO opposite effects to determine root and shoot architecture, in terms of PIN1 
accumulation under NO overproduction.

Keywords: auxin response, auxin transport, leaf morphology, nitric oxide homeostasis mutants, PIN-FORMED 1

INTRODUCTION

Leaf initiation from the shoot apical meristem (SAM), and later development are controlled 
by networks composed by plant hormones and transcriptional factors, which determine organ 
form and size. Leaf shape and size change between different species and around an individual 
plant. Although some variation exists depending on environmental circumstances and internal 
conditions, main signaling mechanisms surrounding these processes are influenced by spatial 
patterns based on auxin gradients (Avsian-Kretchmer et  al., 2002; Heisler et  al., 2005;  
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Cheng et  al., 2007; Marcos and Berleth, 2014). Specific points 
of auxin maxima are described previously to leaf initiation, 
involving changes in the polar localization of efflux carriers 
[i.e., PIN-FORMED (PIN1) proteins]. PIN transporters modulate 
this auxin flow in a highly controlled manner in order to 
organize cell and organ growth (Reinhardt et  al., 2000, 2003; 
Benková et  al., 2003; Qi et  al., 2014).

During the regulation of physiological and stress processes, 
the gasotransmitter nitric oxide (NO) usually interacts with 
plant hormones and other endogenous molecules, affecting 
their biosynthesis, catabolism, transport, perception, and signal 
transduction (reviewed in Freschi, 2013; Sanz et  al., 2015). 
Even though NO synthesis in plants is still partially unresolved, 
the best characterized mechanisms involve the reduction of 
nitrite by NITRATE REDUCTASES 1 (NIA1) and 2 (NIA2) 
and the oxidation in an arginine-dependent pathway by 
NO-ASSOCIATED 1 (NOA1), similar to the animal NO synthase 
(NOS) activity (reviewed in Astier et  al., 2018). There is plenty 
of evidence that NO acts downstream of auxin (just in  
A. thaliana, Lombardo et  al., 2006; Flores et  al., 2008; Kolbert 
et  al., 2008; Kolbert and Erdei, 2008; Chen et  al., 2010; Wang 
et  al., 2010; Schlicht et  al., 2013; Cao et  al., 2017; Fattorini 
et  al., 2017; Moro et  al., 2017; Sun et  al., 2017; Liu et  al., 
2018), but several reports have shown that mutants which 
overproduce NO or the addition of exogenous NO also increase 
auxin levels (Xu et  al., 2010; Chen et  al., 2013; Elhiti et  al., 
2013; Manoli et  al., 2015; Wen et  al., 2016). However, the role 
of NO in auxin accumulation seems to be  indirect. The use 
of NO donors in Medicago truncatula seedlings under cadmium 
stress improves stress tolerance by reducing indoleacetic acid 
(IAA) oxidase-driven auxin degradation, thus maintaining auxin 
equilibrium (Xu et  al., 2010). Furthermore, knocking out 
phytoglobins (PGBs), which increase endogenous NO levels, 
inhibits auxin metabolism, resulting in a drastic modification 
of embryogenesis and root development (Elhiti et  al., 2013).

Since NO had been described to act downstream of auxin, 
especially during root hair (Lombardo et  al., 2006) and lateral 
root formation (Wang et  al., 2010; Cao et  al., 2017), Terrile 
et al. (2012) demonstrated that it might do so through promotion 
of auxin signaling via S-nitrosation of TIR1, which would enhance 
the interaction between SCFTIR1 and the Aux/IAAs, facilitating 
their degradation. However, previous reports had shown that, 
even though pharmacological NO donors increased lateral root 
formation and inhibited primary root development, they did 
not increase auxin response, since they could not elicit auxin-
responsive promoters DR5::uidA and BA3::uidA (Méndez-Bravo 
et  al., 2010; Pető et  al., 2011). This was later confirmed using 
NO-overproducer mutants (Fernández-Marcos et  al., 2011) and 
since then, several independent researchers have shown that 
AXR3/IAA17, one of the Aux/IAA transcriptional repressors, is 
stabilized by NO (Shi et al., 2015, 2017; Yuan and Huang, 2016). 
In addition, NO represses TIR1 transcription (Vitor et al., 2013), 
so it seems that the interaction between NO and auxin is mostly 
antagonistic. The observed reduction in auxin response caused 
by high levels of NO might be  explained by a reduction in 
polar auxin transport (Fernández-Marcos et  al., 2011), and NO 
homeostasis mutants present alterations in auxin transport 

(Fernández-Marcos et  al., 2011; Sanz et  al., 2014; Shi et  al., 
2015), an effect that can be  replicated using a pharmacological 
approach (Adamakis et  al., 2014; Sanz et  al., 2014; Yuan and 
Huang, 2016; Sun et  al., 2017; Liu et  al., 2018). Furthermore, 
it has been shown that GSNO affects the polar distribution 
of PIN2  in roots during gravitropism (Ni et  al., 2017;  
París et  al., 2018).

To extend our understanding of the effect of NO during 
shoot organization and leaf determination, we  have studied 
the phenotype of NO homeostasis mutants, highlighting an 
altered leaf phenotype, including size and number of leaves 
and structural characteristics like the number of serrations. 
We also detected defects related to shoot architectural parameters, 
including phyllotactic patterns, inflorescence stem elongation, 
and silique production. In order to deepen on the NO and 
auxin crosstalk, we  studied the weakened phenotypes resulting 
from the introduction of cue1 mutation in auxin resistant 1 
(axr1) background (a mutant with impaired auxin signaling 
since AXR1 is required for SCFTIR1/AFB functionality and perception 
of the hormone), and in pin1 mutant (altered in auxin transport). 
Furthermore, NO-overproducing mutants and exogenous NO 
treatments decrease the expression of auxin response reporter 
DR5:GUS but promote the accumulation of PIN1 protein levels, 
coincident with an alteration of auxin transport. Accordingly, 
NO deficiency promotes an increase in the auxin maxima and 
a decrease in PIN1 accumulation at early developmental stages. 
Finally, we  show that the main NO synthesis mechanism 
contributing to the regulation of leaf auxin maxima is related 
with the NOA1 pathway, since no dramatic DR5:GUS increase 
is observed in NR deficient mutants. These results confirm 
the relevance of NO in the distribution of auxin gradients 
along the leaf, mainly at early developmental stages.

MATERIALS AND METHODS

Plant Materials and Treatments
Arabidopsis thaliana ecotype Columbia-0 (Col-0) is the genetic 
background for all wild type plants used in this work, except 
cue1-1 which is in the Bensheim (Be-0) ecotype background. 
Seed stocks pPIN1:PIN1-GFP, DR5:GUS, and cue1/nox1 were 
obtained from ABRC. Genetic crosses were performed using 
the cue1/nox1 and the noa1-1 mutant as donor in all the cases 
and the corresponding acceptor lines axr1-3, pin1, 
pPIN1:PIN1-GFP, and DR5:GUS, as described in Fernández-
Marcos et  al. (2011) and Sanz et  al. (2014). axr1-3, axr6-3, 
and pin1 mutants were a kind gift from Dr. James A.H. Murray 
(Cardiff University, Cardiff, United  Kingdom), nia1nia2noa1-2 
mutant was a kind gift from Dr. José León (IBMCP-CSIC, 
Valencia, Spain), and venosa (ven) and dov1 mutants were 
kindly provided by Dr. José Luis Micol (UMH, Elche, Spain). 
axr1-3 mutant was generated by mutagenizing a Col-0 population 
with EMS (Lincoln et al., 1990), and it harbors a point mutation 
that changes a cysteine from the active site into an alanine, 
rendering the protein inactive. Arabidopsis plants used throughout 
this work were grown routinely in a growth chamber under 
50–60% humidity, a temperature of 22°C, and with a 16  h 
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light/8  h dark photoperiod at 80–100  μE m−2  s−1 in pots 
containing a 1:3 vermiculite:soil mixture.

For in vitro culture, Arabidopsis seeds were surface-sterilized 
in 75% (v/v) bleach solution (4–5% sodium hypochlorite) and 
0.01% (v/v) Triton X-100 for 5  min and washed three times 
in sterile water before sowing. Seeds were stratified for 3  days 
at 4°C and then grown on MS medium (Murashige and Skoog, 
1962). Petri dishes containing solid medium composed of MS 
basal salts and 2% (w/v) Gluc were solidified with 0.6% (w/v) 
agar, and the pH was adjusted to 5.7 with KOH before 
autoclaving. Plates were sealed and incubated horizontally in 
a controlled environment growth chamber. For the different 
treatments, seeds were sown in MS vertical sealed plates and 
maintain for 7, 10, 15, 21, and 30  days, after which were 
changed to vertical plates supplemented with 300  μM NO 
donor SNAP (S-Nitroso-N-acetyl-DL-penicillamine) or 1  mM 
NO scavenger cPTIO [2-(4-carboxyphenyl)-4,4,5,5-
tetramethylimidazoline-1-oxyl-3-oxide] and incubated in the 
growth chamber during the different time periods.

Measurement of Primary Root Length
Plants were grown on plates containing a modified MS medium 
optimized for root growth, MSR [2.3 g/L MS (Duchefa Biochemie, 
Haarlem, The Netherlands), 15  g/L agar], supplemented with 
glucose as indicated in Lechón et al. (2020). After full germination, 
root growth was captured by scanning plates with an Epson 
flatbed scanner and a resolution set to 600  ppi. Primary root 
length was assessed in at least three independent experiments, 
and individual seedlings were then measured using image 
analysis software Image J.

Measurement of Phyllotactic Sequences
Phyllotactic pattern was assessed on fully grown stems of 
2–3  month-old plants. The top  5  cm of the stem were not 
assessed because elongation was incomplete. Divergence angle 
and inflorescence stem length were measured simultaneously 
using a custom-made device similar to the one used by Peaucelle 
et  al. (2007). The divergence angle was measured between the 
insertion points of two successive floral pedicels and is therefore 
independent of the outgrowth direction of the pedicel. Phyllotactic 
orientation was determined by setting the direction giving the 
smallest divergence angle or closest to the expected 137.5°.

GUS Staining
GUS staining of DR5:GUS plants was performed using 50 mM 
sodium phosphate buffer (pH 7.0) containing 0.5% (v/v) Triton 
X-100, 1  mM  K3/K4 FeCN, 0.05% (w/v) EDTA, and 1  mg/ml 
X-Gluc (Duchefa). At least, 10 seedlings and plants per genotype 
were fixed 5  min in 90% (v/v) acetone at −20°C and after 
this at 37°C overnight. Tissue was cleared with 70% (v/v) 
ethanol, and photographs were taken using a LEICA MZ 16 
FA microscope coupled to a LEICA DFC 490 digital camera.

Fluorescence Microscopy
The fluorescent photographs of seedlings and leaves grown in 
vitro and expressing the pPIN1:PIN1-GFP reporter gene under 

control of the PIN1 promoter for confocal microscopy were 
mounted in 100% glycerol and taken using a LEICA TCS SP2 
confocal microscope. For GFP detection, the excitation source 
was an argon ion laser at 488 nm and detection filters between 
500 and 550 nm and for the chlorophyll channel filters between 
610 and 670  nm.

Detection of Endogenous NO
Arabidopsis seedlings between 7- and 15-day-old were incubated 
in a 500 μl solution containing 10 μM of 4,5-diamino-fluorescein 
diacetate (DAF-2DA, Sigma) in buffer 10  mM Tris-HCl, pH 
7.4, during 2  h at 25°C in the dark. Seedlings were then 
washed three times for 15  min with fresh buffer 10  mM Tris-
HCl, pH 7.4. Finally, fluorescence emitted by DAF-2DA was 
detected on a LEICA MZ 16 FA microscope coupled to a 
LEICA DFC 490 digital camera and on a LEICA TCS SP2 
confocal microscope by excitation at 495  nm and emission at 
515 nm. Quantification of fluorescence intensity was performed 
with ImageJ software. Four regions of interest (ROIs) were 
analyzed, corresponding to first and second leaves, shoot apical 
meristem (SAM), and petioles. The same area was selected in 
three biological replicates.

Western Blotting
Total protein extracts for western blot analysis were obtained 
from leaves of pPIN1:PIN1-GFP transgenic and corresponding 
mutant lines. Tissue was placed in a standard 1.5  ml plastic 
microcentrifuge tube in the presence of extraction buffer (5 mM 
Tris-HCl pH 6.8, 2  mM EGTA, 2  mM EDTA, 2% SDS, and 
1x proteases inhibitor mix, Roche) and was incubated on ice 
for 10  min followed by centrifugation for 10  min at 15800  g 
and 4°C. Protein concentration was determined by the Bio-Rad 
Protein Assay (Bio-Rad) based on the Bradford method (Bradford, 
1976). Total protein was loaded in SDS-acrylamide/bisacrylamide 
gel electrophoresis using Tris-glycine-SDS buffer. Proteins were 
electrophoretically transferred to Inmobilon™-P PVDF membrane 
(Millipore) using the Trans-Blot cell (Bio-Rad). Membranes were 
blocked in Tris buffered saline-0.1% (v/v) Tween 20 containing 
5% (w/v) blocking agent and probed with antibodies diluted 
in blocking buffer. Anti-GFP (Clontech), anti-Actin clone 10-B3 
Purified Mouse Immunoglobulin (Sigma), ECL-Peroxidase labeled 
anti-mouse (Amersham), and anti-PIN1, kindly provided by Dr. 
Klaus Palme (University of Freiburg, Germany) antibodies were 
used in the western blot analyses. Detection was performed 
using ECL Advance Western Blotting Detection Kit (Amersham), 
and the chemiluminescence was detected using an Intelligent 
Dark-Box II, LAS-1000 scanning system (Fujifilm).

RESULTS

NO Accumulates in Aerial Parts of 
Arabidopsis Seedlings
The functions of NO are closely related to the accumulation 
sites in different tissues along the plant. The presence of 
NO has been well characterized in roots, around the 
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elongation zone (Fernández-Marcos et  al., 2011) and the 
stem cell niche (Sanz et  al., 2014), but less information is 
available about the aerial parts. Previous research localizes 
NO synthesis in primary leaves and trichomes (Tun et  al., 
2006; Corpas et  al., 2009). Using the DAF-2DA fluorescent 
dye, we  observed a high NO accumulation around the 
meristematic zones and throughout the petioles of Col-0 
seedlings (Figures  1A,B).

Additionally, NO was analyzed in the NO overaccumulator 
cue1/nox1, the NO deficient noa1-1 and venosa1 (ven1) mutants 
in seedlings between 7- and 15-day-old, using Col-0 as the 
wild type (Figures  1C–F). In the wild type fluorescence was 
mainly observed along the meristematic zones (Figure  1A), 
as previously described (Corpas et  al., 2009). The greater NO 
accumulation corresponded to younger leaves of cue1/nox1 as 
expected, while ven1 and noa1-1 mutants showed a decrease 
along the aerial part (Figures  1C–F). These results revealed 
that NO production was specifically detected in the first leaves 
formed, where a physiological effect is presumed, since DAF-2DA 
has the advantage to detect NO accumulation very close to 
the production sites in cells.

NO Homeostasis Mutants Present 
Abnormal Leaf Phenotypes
Nitric oxide was described to be  involved in the regulation of 
root development (Stöhr and Stremlau, 2006; Fernández-Marcos 
et al., 2011, 2012; Bai et al., 2014) and root stem cell maintenance 
(Sanz et  al., 2014), but more information is needed to clarify 
its role during leaf morphology. A visual analysis of NO homeostasis 
mutants showed apparent defects associated with leaf morphology 
(Figures  2A–E) and structural characteristics, like the number 
of serrations (Figure  2F). The reduced number of true leaves 
in noa1-1 mutant showed a pale phenotype, with premature 
senescence in the oldest ones, as previously reported (Liu and 
Guo, 2013; Lv et  al., 2019), and a low number of serrations. 
On the opposite, the NO overaccumulator cue1/nox1 exhibited 
a high number of smaller leaves, with a remarkable venosa 
phenotype, characterized by a different pigmentation between 
the green veins and the pale interveinal regions (also known 
as reticulate; Berná et  al., 1999; Robles and Micol, 2001), and 
a greater number of serrations (Figure  2F).

A highly similar pale phenotype was also described as a 
consequence of mutations in the RETICULATA-RELATED gene 

A

C

F

D E

B

FIGURE 1 | Endogenous nitric oxide (NO) levels in Arabidopsis thaliana young leaves. Detection of endogenous NO production using 4,5-diamino-fluorescein 
diacetate (DAF-2DA) in Columbia-0 (Col-0; A,B), cue1/nox1 (C), ven1 (D), and NO-ASSOCIATED 1 (noa1-1; E) between 7- and 15-day-old seedling leaves 
observed with LEICA MZ 16 FA microscope coupled to with a LEICA DFC 490 digital camera (A,C–E) and with a Leica TCS SP2 confocal microscope (B). 
Quantitative data of NO-dependent DAF-2DA fluorescence leaf images. Values represent the mean ± SE (n = 15). Asterisk indicates statistically significant difference 
compared to Col-0 (t-test, *p < 0.05; F). Scale bars, 50 μm. P, petiole; S, stem.
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family (González-Bayón et  al., 2006; Pérez-Pérez et  al., 2013) 
and DIFFERENTIAL DEVELOPMENT OF VASCULAR 
ASSOCIATED CELLS 1 (DOV1) gene (Kinsman and Pyke, 
1998; Rosar et al., 2012), independently of NO levels. Analyzing 
the root length variation in response to exogenous NO treatment, 
only cue1/nox1 mutant underwent a significant reduction, as 
previously described (He et  al., 2004; Fernández-Marcos et  al., 
2011), while we did not found any common correlation between 
the rest of venosa mutants, compared to the wild type 
(Supplementary Figure  1).

NO Mutants Exhibit Additional Growth 
Defects During Aerial Part Development
The phyllotaxis of a plant is defined as the stereotyped 
spatiotemporal pattern of organ initiation that results in the 
recognizable architecture of the plant. In the shoot apex, 
phyllotaxis is driven by the pattern of auxin distribution 
(Reinhardt et  al., 2003). Given that NO homeostasis mutants 
present abnormal leaf phenotypes, we  also studied organ 

phyllotaxis in cue1 and noa1 mutants to find out whether 
altered NO levels were translated into a phyllotactic phenotype 
(Figures  3A–D). For this reason, plants were grown for 
2–3  months until their inflorescences were fully elongated, 
and the position of the plants was randomized to minimize 
environmental fluctuations. To assess the phyllotactic pattern, 
we  measured the length of the primary inflorescence and the 
divergence angle between siliques. Arabidopsis thaliana has a 
spiral phyllotaxis, with a divergence angle of 137.5° between 
successive organs, which is usually termed α or canonical angle 
(Galvan-Ampudia et  al., 2016). However, a notable amount 
(83%) of wild type plants also display organ permutations 
along the stem, that are measured as an angle sequence of 
2α, 360 - α, and 2α and give an “M motif ” when a phyllotactic 
sequence is represented in a graph (Figure  3A). These 
permutations are the result of two organs initiated simultaneously 
in the SAM, and lead to a normal distribution or permutation 
depending on which organ is positioned above the other after 
internode elongation (Galvan-Ampudia et  al., 2016). The 
phyllotactic sequences were quite similar for all three genotypes, 

A

D

E F

B C

FIGURE 2 | Leaf phenotype of NO homeostasis mutants. Phenotype of 15-day-old seedlings (A), 21-day-old seedlings (B), 21-day-old plant rosettes (C), and 
30-day-old plant leaves (D,E). Number of serrations in 30-day-old Arabidopsis leaves (F). The developmental number of the leaf is represented on the X-axis and 
cotyledons are not included. Values represent the mean ± SD (n = 10). Col-0, the ecotype used as a control is compared with the NO overproducer cue1/nox1 
mutant and the NO deficient noa1-1.
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as the relative angle between siliques and the position of their 
initiation relative to the center of the SAM were unaffected 
in cue1 and noa1 (Figures  3B,C). When we  analyzed the 
frequency of divergence angles for all the phyllotactic sequences 
analyzed, most siliques were separated by angles that follow 
a normal distribution around the canonical angle (Figure 3D).

We also found that the number of permutations might 
be  related to the endogenous NO content of the plant, since 
all noa1 plants presented permutations, 17% more than wild 
type plants. On the other hand, only 67% of cue1 plants had 
permutated siliques (Supplementary Table  1). The number of 
successive permutations, that is, of more than two siliques 
involved in successive permutations, was higher for noa1 than 
for Col-0 and, especially, cue1 plants. However, the permutation 
frequency for both mutants (one and three permutations per 
plant for cue1 and noa1, respectively) is within the usual range 
of permutations in Col-0 plants (Besnard et  al., 2014).

In addition to phyllotactic pattern analysis, we  compared 
the length of the primary inflorescences of Col-0, cue1, and 
noa1. While the inflorescence of cue1 is indeed 61% shorter 
than that of Col-0, both mutants have smaller inflorescences, 
as the inflorescence of noa1 is also 26% shorter. In the same 
way, both mutants have a higher silique production rate than 
wild type plants, as cue1 has 2.92  ±  0.19 siliques/cm of 
inflorescence, 48% more than Col-0, which only has 1.53 ± 0.12 
siliques/cm, and noa1 has 2.36  ±  0.12 siliques/cm, 35% more 

siliques than the wild type. However, the number of siliques 
per plant is quite different among the genotypes, as noa1 has 
13% more siliques per plant compared to the wild type, and 
cue1 has 24% less siliques per plant. Therefore, the increase 
in silique production seems to be  a function of the decrease 
in inflorescence length and not a decrease in the rate of organ 
production, the plastochron, which, according to this data, 
seems to be  unaltered in both NO homeostasis mutants 
(Supplementary Table  1). Recently, Ware et  al. (2020) have 
proposed a framework to explain the arrest of Arabidopsis 
inflorescence as a local process driven by auxin export from 
fruit proximal to the inflorescence apex.

Auxin Transport and Responses are 
Altered in cue1
In Fernández Marcos et  al. (2011), we  showed that high levels 
of NO reduce the acropetal auxin transport. Furthermore, 
we  observed certain similarities between the phenotypes of 
the cue1 and pin1 mutants. The loss of function of PIN1 
protein severely affects the formation of plant organs. Thus, 
the phenotype of an adult pin1 plant is characterized by the 
presence of leaves with altered morphology that lack serrations 
and a bare inflorescence stem that does not produce flowers 
or, if it does, they are sterile. This line was crossed with the 
cue1 mutant to obtain a pin1cue1 homozygous double mutant 
that gave rise to additive phenotypes with the appearance of 

A

B

C

D

E

FIGURE 3 | Phyllotactic patterns of NO homeostasis mutants. Representative angle sequences of Col-0 (A), cue1 (B), and noa1 (C). The black lines represent the 
canonical angle sequence (137.5°) and colors in the graph correspond to Col-0 (blue), cue1 (red), and noa1 (green). Distribution of divergence angles for all analyzed 
phyllotactic sequences of Col-0 vs. cue1 (D) and Col-0 vs. noa1 (E). At least, 10 plants per genotype were analyzed.
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the characteristic venosa phenotype and a bare inflorescence 
in adult plants (Figures  4A,B). Interestingly, the root length 
of the double pin1cue1 mutant is on average shorter than that 
of the parentals cue1 and pin1. These differences in average 
suggest that the inhibition of root growth associated with cue1 
entails the existence of additional mechanisms to the possible 
pin1 loss-of-function (Supplementary Figure  2A).

The expression of synthetic auxin response reporter construct 
DR5:GFP was decreased in the root of the cue1 mutant, 
confirming that NO accumulation also inhibits auxin signaling 
in the root apical meristem (RAM; Fernández-Marcos et  al., 
2011). In order to establish the extent of its auxin signaling 
impairment and relation to the functionality and perception 
of the hormone, we  introduced the cue1 mutation into the 
loss-of-function axr1 (axr1-3) line (Lincoln et  al., 1990) and 
studied the phenotype of the axr1cue1. The resulting double 
mutant mimicked to some extent, the adult plant phenotype 
displayed by the axr6 mutant (axr6-3; Quint et  al., 2005; 
Figures  4C,D).

AUXIN RESISTANT 1 encodes a RUB-conjugating enzyme 
which regulates auxin Skp1/Cullin/F-box (SCF) activity (del 
Pozo et  al., 1998), while AXR6 encodes the CUL1 subunit of 
the SCF complex (Hellmann et  al., 2003). Loss-of-function 
axr1 and axr6 plants exhibited growth defects, including a 
slight reduction in plant height and an increased number of 
lateral branches. The adult phenotype of axr1-3 is significantly 
less severe than that of axr6-3 (Lincoln et  al., 1990; Quint 
et  al., 2005). Seven-week-old axr1cue1 plants display reduced 
stature, an increased number of branches compared to axr1 
plants, and epinastic rosette leaves, similar to axr6 plants 
(Figure  4C). These phenotypes suggest that introducing cue1 
in axr1 increases its resistance to auxin. Contrary to the 
phenotype exhibited in the above-ground organs, examination 
of the primary root length of 7-day-old axr1cue1 
(1.34 ± 0.22 cm), axr1 (1.68 ± 0.28 cm), cue1 (1.20 ± 0.17 cm), 
and wild type seedlings (1.54 ± 0.24 cm) revealed that introducing 
the axr1 mutation into the cue1 background had no effect 
(p > 0.05) in root growth inhibition (Supplementary Figure 2B), 
highlighting specific NO effects depending on plant tissue.

NO Disturbs the Accumulation of Auxin 
Maxima
Reported evidences support that NO modulates root architecture 
by the control of auxin spatial pattern (Fernández-Marcos et al., 
2011), but it remains unclear whether the crosstalk with NO 
could determine leaf phenotype. Leaf development is influenced 
by spatial patterns of auxin response based on auxin gradients 
(Avsian-Kretchmer et  al., 2002; Heisler et  al., 2005; Cheng 
et al., 2007). Using the auxin output reporter DR5:GUS (Ulmasov 
et  al., 1997) for canonical auxin signaling, response-auxin sites 
were visualized in the leaf elongation tips during primordium 
development, that progressively moved to the margins by 
basipetal transport, hydathodes, trichomes, and mesophyll cells 
(Aloni et  al., 2003).

We observed the expression pattern of DR5:GUS under wild 
type and different NO mutant backgrounds (Figure  5, 
Supplementary Figure  3) and subjected to NO treatments 

(Supplementary Figure  4), in order to analyze the effect of 
NO in the auxin maxima distribution.

In this context, NO overproducer mutants (Figure  5A, 
Supplementary Figure  3) and exogenous NO treatments 
(Supplementary Figure  4) decreased the expression of the 
auxin response reporter DR5:GUS, in contrast to the NO 
deficient noa1-1 (Figure  5, Supplementary Figure  3) and 
NO scavenging (Supplementary Figure  4), which enhanced 
the detection of auxin maxima. Additionally, the pattern of 
auxin maxima in cue1/nox1 mutant was restored after 48  h 
of NO scavenger treatment (Supplementary Figure  4). These 
results were consistently observed during different 
developmental stages of leaf primordium (i.e., from the first 

A

B

C

D

FIGURE 4 | The cue1 mutation alters auxin transport and increases auxin 
response impairment. Phenotype of 30-day-old plant rosettes (A) and 
21-day-old plant rosettes (B) in wild type (Col-0), pin1 mutant altered in auxin 
transport, NO overproducer cue1 mutant, and pin1cue1 double mutant. 
Phenotype of 50-day-old plant rosettes (C) and 21-day-old plant rosettes 
(D) in wild type (Col-0), axr6-3, axr1-3, cue1, and double axr1-3cue1. Plants 
were grown on MS for 14 days at 20°C, then transferred to soil and grown in 
the greenhouse.
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and second leaves to the sixth true leaf stage), avoiding the 
highly pleiotropic phenotypes of NO homeostasis mutants 
compromise synchronization of growth to compare to the 
wild type.

In order to test the contribution of the two main pathways 
involved in NO production into the regulation of the pattern 
of auxin maxima, we  used the available genetic tools for 
NIA1, NIA2, and NOA1. The most significant changes in the 
DR5:GUS expression pattern compared to the wild type were 
observed in the noa1-1 deficient mutant (Figure  5B), while 
nia1nia2 expression pattern was close to the wild type. These 
results suggest that NOA1 could have a main role in NO 
production during the regulation of auxin maxima distribution 
in shoots.

NO Promotes PIN-FORMED1 
Accumulation in Aerial Parts
Auxin responses are based on dynamic spatial patterns 
mediated by the efflux transporter proteins, PIN-FORMED 
family, whose asymmetric localization promotes changes in 
polar auxin movements, leading to the correct hormone 
distribution (Palme and Gälweiler, 1999; reviewed in Friml, 
2003). Within this family, PIN1 polar localization presents 
a prominent role determining auxin distribution in the aerial 
part (Benková et  al., 2003). Previously, Fernández-Marcos 
et al. (2011) showed a PIN1 decrease in primary roots under 
NO treatments and in the cue1/nox1 NO overproducer 
mutant. Additionally, the root meristem size of this mutant 
resembles that of the pin1 knock-out mutant phenotype 

A

B

FIGURE 5 | Auxin response is impacted by mutations in NOA1 and CUE1. Pattern of DR5:GUS expression in transformed A. thaliana Col-0 and noa1-1, cue1-1, 
and pin1 mutant lines, showing histochemical localization of ß-GUS activity during morphogenesis in first and second leaves of 7-day-old seedlings, sixth and 
seventh leaves of 15-day-old seedlings, leaves of 21-day-old plants, and 30-day-old plants (A). Scale bars, between 200 and 1,000 μm. Histochemical localization 
was also showed in nia1nia2 NO deficient mutant in 7-, 15-, and 21-day-old plants (B). At least, 10 seedlings and plants per genotype were analyzed all showing a 
similar expression pattern and a representative image was selected.
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(Fernández-Marcos et  al., 2011). To determine whether NO 
can affect PIN1 accumulation pattern during leaf development, 
we  analyzed PIN1 protein levels in Arabidopsis young and 
rosettes leaves in different NO homeostasis mutant 
backgrounds (Figure  6).

Interestingly, we found a higher PIN1 accumulation in cue1/
nox1 mutant compared to the wild type Col-0, along the 
different developmental stages of the aerial part analyzed (i.e., 
7-, 10-, 15-, and 21-day-old seedlings grown in vitro and 21- 
and 30-day-old plant rosettes grown on soil; Figure 6). Oppositely, 
a decrease of PIN1 accumulation is observed in all the NO 
deficient mutants analyzed (noa1, nia1nia2, and nia1nia2noa1-2; 
Figures  6A,B,D), except in 30-day-old noa1-1 plant rosettes 
grown on soil.

To better understand the role of NO in PIN1 localization 
and distribution during early development of leaves, we carried 

out a confocal analysis showing the distribution of PIN1-GFP 
protein in young leaves of seedlings grown in vitro and expressing 
the pPIN1:PIN1-GFP reporter gene under control of the PIN1 
promoter (Figure  7). The different NO homeostasis mutant 
backgrounds analyzed included the NO overproducer cue1/
nox1 and the NO deficient noa1-1 mutants.

Thus, the quantitative results obtained with PIN1 accumulation 
(Figure  6) are fully supported by the confocal analysis, where 
we observed a reduction in the PIN1-GFP fluorescence pattern 
along the venations and the leaf margins in the noa1-1 mutant, 
in comparison to the wild type and cue1/nox1 background 
(Figure 7). This pattern was conserved in noa1-1;pPIN1:PIN1-GFP 
seedlings at every developmental stage analyzed from the first 
or second leaf margin (Figure  7A), in sixth and seventh leaf 
margin (Figure  7B) and in eleventh rosette leaf margin 
(Figure  7C).

A

B

D

C

FIGURE 6 | Effect of NO homeostasis mutants on PIN1 protein accumulation. Immunoblot analysis with anti-PIN1 in 30-day-old, A. thaliana rosette leaf extracts 
grown on soil from Col-0, pin1, cue1/nox1, noa1-1, noa1-2, nia1nia2noa1-2, and nia1nia2 mutants (A). Immunoblot analysis with anti-GFP in 21-day-old leaf 
extracts from Col-0 and pPIN1:PIN1-GFP transgenic lines in Col-0, cue1/nox1, and noa1-1 backgrounds (B). Black arrow indicates PIN1-GFP quimeric protein 
detection. (C) Immunoblot analyses with anti-GFP antibody in 15-day-old Arabidopsis root extracts from pPIN1:PIN1-GFP transgenic lines in Col-0, cue1/nox1, and 
noa1-1 backgrounds grown on MSR. Actin protein levels were also determined as loading control. (D) Immunoblot analysis with anti-GFP in Col-0 and pPIN1:PIN1-
GFP transgenic lines in Col-0, cue1/nox1, and noa1-1 backgrounds using 7-, 10-, 15-, and 21-day-old rosette leaf extracts grown in vitro. Actin protein levels were 
also determined as loading control.
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C

A

B C

FIGURE 7 | Distribution of PIN1 in aerial parts of NO homeostasis mutants. Confocal micrographs showing the expression of pPIN1:PIN1-GFP in A. thaliana grown 
in vitro seedlings first or second leaf margin (A), in sixth and seventh leaf margin (B), and in eleventh rosette leaf margin (C). Col-0; pPIN1:PIN1-GFP, cue1; 
pPIN1:PIN1-GFP and noa1-1; and pPIN1:PIN1-GFP lines are shown. Scale bars, 50 μm.

All together, these results suggest an opposite effect for NO 
during the regulation of PIN1 distribution in aerial parts 
compared to the previously reported in roots (Fernández-Marcos 
et  al., 2011; Figure  6C). PIN1 trafficking is controlled in part 
by auxin (Paciorek et  al., 2005), and free-auxin production 
shows a differential pattern in shoots compared to the root 
tips (Aloni et  al., 2003). This is not surprising, because leaf 
and root primordia initiation and development are differentially 
regulated (Elliott et  al., 1996; Malamy and Benfey, 1997).

DISCUSSION

Plants have evolved to adapt in a changing environment. Leaves 
exemplify this plasticity because of their highly variable 
morphology. Leaf organs play a key role in light capture and 
carbon fixing, modulating their structure depending on the 
external and internal cues. The complex network controlling 
leaf phenotype is composed by the interplay between hormones, 
transcription factors, and other components, such as secondary 

messengers or key gasotransmitters, like NO (Albertos et  al., 
2016) or oxygen. In roots, NO participates in many developmental 
cues (Pagnussat et  al., 2003, 2004; Correa-Aragunde et  al., 
2006; Méndez-Bravo et al., 2010; Fernández-Marcos et al., 2011, 
2012), but little is known about the regulation of leaf structure. 
Different NO homeostasis mutants present severe defects related 
to leaf phenotype, such as leaf number and margin, serrations, 
phyllotactic pattern, and number of siliques (Figures  2, 3, 
Supplementary Table  1). Based on our previous results that 
link NO effect to auxin transport and signaling inhibition in 
roots (Fernández-Marcos et  al., 2011), we  crossed the NO 
overproducer mutant cue1 with the loss-of-function mutants 
pin1 and axr1, in order to analyze the resulting phenotype 
(Figure 4). Double mutant pin1cue1 shows an additive phenotype 
(Figures  4A,B), while axr1cue1 resembles the partial auxin 
insensitivity displayed by axr6 (Quint et  al., 2005) and shows 
defects, such as reduced stature, higher number of branches, 
and epinastic rosette leaves (Figures  4C,D). Root length of 
the double pin1cue1 mutant was shorter than the corresponding 
parentals (Supplementary Figure 2A), suggesting the existence 
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of additional mechanisms during the inhibition of root growth. 
Interestingly, no inhibition effect was observed during root 
growth of axr1cue1 (Supplementary Figure  2B), highlighting 
a great tissue specificity.

Expression of a NO degrading dioxygenase (NOD) has been 
described to initiate leaf senescence (Mishina et  al., 2007). 
This result is in agreement with our observations of premature 
leaf senescence in 30-day-old plant of the NO deficient noa1-1 
mutant (Guo et al., 2003; Figure 2). Additionally, a delay effect 
in leaf senescence induced by methyl jasmonate was observed 
when low salicylic acid concentrations are used, which depends 
on NOA1 pathway for NO production (Ji et  al., 2016). Green 
reticulation on a paler lamina phenotype is a common feature 
between venosa and NO overaccumulator cue1/nox1 mutants 
(Li et  al., 1995). Nevertheless, the analysis of primary root 
length (Supplementary Figure 1) showed that not all the lines 
behave in a similar way to the NO donor application, suggesting 
that ven phenotype is independent of NO levels. The rescue 
of noa1 pale phenotype by NO exogenous treatment was 
previously described (Guo et  al., 2003), but its specific role 
at this level remains unclear. This result highlights the complex 
network involved in leaf morphology and structure, where 
NO emerges as an important player.

Sites of NO synthesis have been described in primary leaves 
and trichomes (Tun et  al., 2006; Corpas et  al., 2009). Using 
the DAF-2DA fluorescence probe, we  observed endogenous 
NO accumulation in younger seedling leaves, mainly in the 
SAM (Figure 1). As expected, the observed pattern was increased 
in the NO overaccumulator cue1/nox1 mutant background 
(Figure  1). Endogenous NO detection was also observed in 
the RAM (Fernández-Marcos et  al., 2011; Sanz et  al., 2014), 
suggesting a potential role for this molecule inside these 
specific tissues.

Auxin distribution regulates organ formation and sites of 
maxima accumulation point to the primordium initiation (Aloni 
et  al., 2003; Benková et  al., 2003). Using the auxin response 
reporter DR5:GUS (Ulmasov et  al., 1997), we  analyzed the 
NO effect in the sites of high free-auxin distribution of Arabidopsis 
seedling leaves. Auxin maxima were observed mainly in the 
leaf tip, that progressively moved to the margins, hydathodes, 
and basal sites (Figure  5), where venation formation occurs, 
as was previously described (Aloni et al., 2003; Mattsson et al., 
2003). Lower NO levels increase auxin accumulation along 
the younger leaves and during whole plant development, finding 
the opposite effect under higher NO levels (Figure  5, 
Supplementary Figures  3, 4). To deep further into the source 
of NO production in this process, we  detected the strongest 
ß-GUS activity in noa1-1 mutant, suggesting that NOA1 is 
the main enzymatic mechanism involved (Figure  5). Extensive 
crosstalk between NO and auxin has been reported at the 
level of synthesis, transport, perception (i.e., S-nitrosation of 
the auxin receptor protein TIR1), and signaling (i.e., degradation 
of Aux/IAAs and consequent activation of AUXIN RESPONSE 
FACTOR (ARF) genes; reviewed in Sanz et  al., 2015).

Auxin spatial and temporal pattern involves polar transport 
mediated mainly by the PIN1 efflux carrier (Benková et al., 2003). 
In order to decipher the mechanisms by which NO modifies 

auxin maxima distribution, we  checked PIN1 localization 
and accumulation in Arabidopsis leaf primordium and seedling 
leaves by confocal microscopy and western blot. Using the 
pPIN1:PIN1-GFP construction, we visualized PIN1 along the 
leaf margins and developing vasculature, as was previously 
localized (Benková et al., 2003; Reinhardt et al., 2003; Heisler 
et  al., 2005; Hay et  al., 2006). Interestingly, in cue1/nox1 
mutant, we  could detect an increase in PIN1 accumulation 
by western blot opposite to the effect of NO on PIN stability 
reported in roots (Figure  6), but the distribution pattern 
remains unchanged at the developmental stages analyzed 
(Figure  7). In contrast, noa1-1 mutant showed a dramatic 
decrease in PIN1-GFP fluorescence. Previous research showed 
that PIN1 activity promotes the formation of leaf serrations 
(Hay et  al., 2006) and cue1/nox1 present leaf margins with 
more serrations compared to the Col-0 wild type (Figure 2), 
suggesting that NO could modify leaf morphology through 
PIN1 regulation. Furthermore, Fernández-Marcos et al. (2011) 
showed a decrease in PIN1 along the root meristem in the 
presence of NO, evidencing a differential effect of NO in 
the auxin maxima accumulation between shoots and roots. 
Supporting this result, Otvös et al. (2005) found that promotion 
of cell division mediated by auxin in cell derived from 
alfalfa leaf protoplasts, was increased in the presence of 
NO, whereas in roots, the opposite effect was observed 
(Fernández-Marcos et  al., 2011).

PIN-FORMED 1 polar localization is regulated by several 
factors. Among them, stand out key proteins such as the 
transcriptional activator MONOPTEROS (MP), which belongs 
to the ARF family (Wenzel et  al., 2007; Schuetz et  al., 2008), 
GNOM ARF GEF affecting the endocytosis recycling (Steinmann 
et  al., 1999; Geldner et  al., 2003) and the protein kinase 
PINOID, that modulates PIN1 apical-basal location (Friml 
et  al., 2004). Two feedback loops are described for PIN1 polar 
location and auxin maxima distribution along the leaf margins. 
The first links auxin transport to its own distribution through 
PIN1 localization. In the second loop, CUP-SHAPED 
COTYLEDON 2 (CUC2) controls PIN1 reorientation, being 
repressed by auxin at the same time (Bilsborough et al., 2011). 
To get further insights into the mechanisms by which NO 
could control PIN1 localization and the pattern of auxin 
maxima, we searched for in silico putative targets of S-nitrosation, 
in the main players involved in this process, by using the 
GPS-SNO 1.0 software (Xue et al., 2010). Interestingly, PINOID, 
CUC2, MP, and GNOM ARF GEF present Cys residues 
susceptible to suffer this post-translational modification 
(Table  1). Remarkably, MP and GNOM ARF GEF, with three 
and four SNO hypothetical modifications, respectively, suggest 
that NO can modulate auxin transport at different levels 
including transcriptional regulation and endocytosis recycling. 
Indeed, the PIN1 endocytic recycling cycle depends on the 
actin cytoskeleton (Geldner et  al., 2001), whose structure is 
in part controlled by S-nitrosation (Lindermayr et  al., 2005; 
Rodriguez-Serrano et  al., 2014).

Together, these results provide new evidences on the 
regulation of NO during leaf morphology, as opposed to 
previous research on root development, and suggesting the 
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tissue specificity for NO function. NO homeostasis mutants 
are impaired in different parameters related to aerial part, 
highlighting leaf shape, serrations, and premature senescence. 
Auxin maxima decrease can be  linked to PIN1 greater 
accumulation, as a compensatory mechanism, in order to 
maintain the auxin spatial pattern along leaf margins and 
venations. Leaf development is tightly modulated by external 
and internal cues, coupling shape with functionality to 
maximize plant adaptation to the environmental changes. 
Results presented in this work suggest an extensive crosstalk 
between different signals (i.e., auxin and NO) and provide 
putative NO targets to elucidate the complete network during 
shoot development.
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