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Fruits of kiwifruit cultivars (Actinidia chinensis and A. deliciosa) generally have green
or yellow flesh when ripe. A small number of genotypes have red flesh but this
coloration is usually restricted to the inner pericarp. Three kiwifruit cultivars having
red (‘Hongyang’), or yellow (‘Jinnong-2’), or green (‘Hayward’) flesh were investigated
for their color characteristics and pigment contents during development and ripening.
The results show the yellow of the ‘Jinnong-2’ fruit is due to the combined effects of
chlorophyll degradation and of beta-carotene accumulation. The red inner pericarps
of ‘Hongyang’ fruit are due to anthocyanin accumulation. Expression differences of
the pathway genes in the inner pericarps of the three different kiwifruits suggest that
stay-green (SGR) controls the degradation of chlorophylls, while lycopene beta-cyclase
(LCY-B) controls the biosynthesis of beta-carotene. The abundance of anthocyanin in
the inner pericarps of the ‘Hongyang’ fruit is the results of high expressions of UDP
flavonoid glycosyltransferases (UFGT). At the same time, expressions of anthocyanin
transcription factors show that AcMYBF 110 expression parallels changes in anthocyanin
concentration, so seems to be a key R2R3 MYB, regulating anthocyanin biosynthesis.
Further, transient color assays reveal that AcMYBF110 can autonomously induce
anthocyanin accumulation in Nicotiana tabacum leaves by activating the transcription
of dihydroflavonol 4-reductase (NtDFR), anthocyanidin synthase (NtANS) and NtUFGT.
For basic helix-loop-helix proteins (bHLHs) and WD-repeat proteins (WD40s), expression
differences show these may depend on AcMYBF110 forming a MYB-bHLH-WD40
complex to regulate anthocyanin biosynthesis, instead of it having a direct involvement.

Keywords: expression differences, structural genes, transcription factors, color diversity, kiwifruit

INTRODUCTION

Kiwifruit (Actinidia, Actinidiaceae) is a dioecious, deciduous, perennial plant with a climbing
growth habit (Li et al., 2007). It has long been called the ‘king of fruits’ due to its unique flavor
and exceptional nutritional value. Its nutritional components include: abundant vitamin C, amino
acids, balanced mineral composition, high dietary fiber and various other healthful metabolites
(Chen et al., 2013).
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According to Li et al. (2007), Actinidia comprises around 75
distinct species, with their multi-seeded fruits (berries) exhibiting
a wide range of skin and flesh colors. This diversity is used by
breeders to produce novel kiwifruit cultivars which will help it to
further increase its market share, while also increasing its health
benefits. Two economically important species, Actinidia chinensis
and A. deliciosa, have dominated international trade because
of their large-fruit, unique flavors and good storage properties
(Chen et al, 2013). In recent years, because of the brilliant
colors and rich functional components (phenols, flavonoids
and carotenoids, etc.) of the yellow- and red-fleshed kiwifruits,
increasing international market and consumer attention are
being paid to these, compared with to their green-fleshed
cousins which have tended to monopolize the market till now.
Therefore, the coloring mechanisms of the yellow- and red-
fleshed kiwifruit have become a special focus for increasing
numbers of researchers.

Chlorophyll, carotenoids and anthocyanins are the most
important color pigments of plant tissues, including fruit. In
most plant tissues, the bright yellow colors are caused by
increases in carotenoid content, such as in pepper (Guzman
et al., 2010), carrots (Clotault et al., 2008) and sweet oranges
(Zeng et al., 2015). However, for kiwifruit, Montefiori et al.
(2009b) suggested the yellow color of yellow-fleshed kiwifruit was
caused by a disappearance of the chlorophylls, rather than by
an increase in the carotenoids. This process is controlled by the
expression level of SGR2 (Pilkington et al., 2012). Ampomah-
Dwamena et al. (2009) reported that the concentration of
beta-carotene, the major carotenoid in the three yellow-fleshed
kiwifruit species tested, increases rapidly during maturation
and ripening. Moreover, the increase in beta-carotene seems
to be positively controlled by the expression level of LCY-B
(Ampomah-Dwamena et al., 2009). Hence, it is speculated that
the yellow color formation is controlled by both chlorophyll-
related genes and by carotenoid-related genes. Carotenoids
also contribute to the red color formation in a few fruit
species, typically in red citrus (Zeng et al., 2015), red loquat
(Fuetal.,2012) and red pepper (Tian et al, 2014). While for
most plants, such as apple, pear and peach, the red color is
caused by the presence of anthocyanins (Telias et al., 2011;
Wang et al, 2013; Zhou et al, 2015). Hence, kiwifruit is
not exceptional (Montefiori et al., 2009a, 2011; Man et al,
2015). That anthocyanins, deriving from the flavonoid branch
of the phenylpropanoid metabolic pathway, has been extensively
studied in many fruit species (El-Sharkawy et al., 2015; Cho
et al,, 2016). The most important transcription factors are MYBs,
bHLHs and WD40s, which regulate the downstream enzyme
genes by forming the MYB-bHLH-WD40 (MBW) complex
(Schaart et al,, 2013; Xu et al,, 2014, 2015). In kiwifruit, most
enzyme genes controlling anthocyanin biosynthesis have already
been reported (Li et al, 2007, 2015; Yang et al.,, 2009, 2010;
Montefiori et al., 2011; Zhang et al., 2012). However, there are
few studies to reveal the molecular mechanism of transcription
factors regulate anthocyanin biosynthesis and accumulation in
flesh of red-fleshed kiwifruit (Man et al., 2012, 2015; Li et al., 2015,
2017). AcMYBI110 is an R2R3 MYB regulating the coloration of
the red petals in kiwifruit (Fraser et al., 2013). This shows strong

activation of the anthocyanin pathway in Nicotiana tabacum
leaves (Montefiori et al., 2015). However, its expression product
is undetectable in the fruit of red-fleshed kiwifruit (Li et al.,
2015).

To investigate the molecular mechanisms of color differences
in different-colored kiwifruits, three representative kiwifruit
cultivars were selected. These were: ‘Hongyang, one of the main
commercial kiwifruit cultivars now grown in China, contains
high concentrations of anthocyanin. These anthocyanins
accumulate mainly in the inner pericarp, creating an attractive,
red, star-shape in the center; Jinnong-2, because of its yellow
flesh, high fruit quality and yield, and great potential in stress
resistance, is being widely promoted in Shannxi province of
China; ‘Hayward, as is known to all, has been widely cultivared
around the world, therefore it is a good material as a green
control for research of kiwifruit coloration. We identified the key
genes controlling the development of yellow and red coloration
in kiwifruit flesh by detecting the concentrations of chlorophyll,
carotenoids and anthocyanin in the outer and inner pericarps of
fruit. Also, by recording the differential structural genes and by
carrying out transcription factor expression analyses at different
developmental stages. These findings help to create a firm
theoretical basis for further study of the molecular mechanisms
of color difference in different-colored kiwifruit. They are also
valuable for plant breeders, given the challenges of developing
new kiwifruit varieties from within a genus.

MATERIALS AND METHODS

Fruit Materials
Three kiwifruit cultivars of contrasting coloration were selected
(Table 1). Sampling dates for each cultivar are reported as
days after pollination (DAP). Samples were taken about every
20 days (Supplementary Table S1). At each sampling time, 20
fruits were collected at random from three vines of each of the
three cultivars. Fruits were collected of each genotype at seven
preharvest stages: on 25, 45, 65, 85, 105, 125, and 145 DAP.
‘Hongyang’ and ‘Hayward’ are commercial cultivars in China
and their times of harvest were determined according to the
normal industry criteria: ‘Hongyang, when the soluble solids
content (SSC) was >7.0° Brix, and ‘Hayward, when the SSC was
>6.5° Brix. Meanwhile, Jinnong-2’ is a commercial cultivar in
Shaanxi province but not widely grown outside China. We set
its commercial harvest time as being when the SSC > 10.0° Brix
because this criterion is commonly used for screening breeding
populations of A. chinensis. For a long time, the dry matter
content of >15.0% has been a industry criterion for determining
harvest time for kiwifruit. By 145 DAP, the fruits of all three
cultivar had reached commercial harvest maturity (Table 1).
Fruits were then harvested and stored at room temperature
(c. 22°C). A total of 20 fruits of each genotype were examined
after 10 days storage (155 DAP) and a further 20 fruits at
full ripeness - fruit firmness was about 9.8 N on 170 DAP
(‘Hongyang’ and Jinnong-2’) or on 190 DAP (‘Hayward’).

Of the 20 fruits of each cultivar at each stage, 10 fruits were
used to measure the various physiological parameters (i.e., SSC,
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55.39 £ 1.13

19.64 £1.16

18.21 £ 0.11
18.74 £ 1.65

18.27 £ 0.19
15.67 £ 0.35

11.40 £ 0.81

Dark yellow

Yellow

A. chinensis

Jinnong-2 (JN)

6.63+0.12

Green

Green

A. deliciosa

Hayward (HWD)

dry matter content, firmness and color indices). After peeling
(removing the skin to approximately 1 mm depth), the other
10 fruits were carefully separated into outer and inner pericarps
(seeds were removed) and the separated tissues immediately
frozen in liquid nitrogen. Petals, stems, leaves and ovaries were
collected from vines of ‘Hongyang.” Fruits of another three, red-
fleshed cultivars (‘Qihong, ‘Donghong’ and ‘Purpurea’) and of
three, green-fleshed cultivars ("Xuxiang, ‘Cuixiang’ and Jinkui’)
were also collected at maturity. All samples were taken from
the National Center of Kiwifruit Breeding, Mei County, Shannxi
province, China. The tissues were frozen in liquid nitrogen and
stored at —80°C pending analysis.

Measurements of Fruit Firmness, Soluble
Solids and Dry Matter Content

Fruit flesh firmness was determined by penetration at the two
opposite cheeks of each fruit after removal peel (1 mm thick,
1 cm?) using the GUSS Fruit Texture Analyzer (GS-15, Strand,
South Africa) with a 8 mm plunger (Minas et al., 2016). The
same fruit was used to measure the SSC, expressed as ° Brix, by
taking two juice samples from the equatorial part of each fruit and
measuring with a hand-held refractometer (PAL-1, Atago, Japan).
The 2 mm transversal slice came from the equator of each fruit
was uesd to measure the dry matter content. The fruit slices after
weighed their fresh weights (FW) were then dried at 105°C in a
vacuum oven (DZF-6050, Shanghai, China) to constant weight
(DW). The dry matter content is FW/DW * 100% (Famiani et al.,
2012). Three repeated were carried out for these physiological
parameters.

Color Measurement

The colors of the outer and inner pericarp tissues at the various
stages were measured using a chroma meter (CR-400, Konica
Minolta, Japan) based on the CIE L*, a*, b* mode (Hanbury and
Serra, 2002). Five random measurements were carried out on the
outer and inner pericarps of each fruit transverse section. The
data are described as L* (lightness), a* (red-green sensation), b*
(yellow-blue sensation) and h® [hue angle, tan~!(b*/a*)]. Three
replicates were performed for each sample.

Measurements of Chlorophyill,
Carotenoid and Anthocyanin

Chlorophyll and carotenoids were extracted from the fruits
following the method of Montefiori et al. (2009b), and quantified
using the method of Tian et al. (2014). Three replicates were
performed for each sample.

The anthocyanins were extracted with 1% (v/v) hydrochloric
acid/methanol and held for 24 h at 4°C in the dark. The
supernatant was filtered through a 0.22 pm syringe. Extracts were
analyzed as previously described (Bi et al., 2014). Three replicates
were performed for each sample.

Expression Analysis by Quantitative

Real-Time PCR (qPCR)

Total RNA was extracted using the Plant RNA Kit (Omega
Bio-tek, Norcross, GA, United States). The RNA concentration
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and quality were determined by UV spectrophotometry and
by running on a 1.0% agar ethidium bromide-stained gel.
Approximately 1 pg of total RNA was used for cDNA synthesis
with the PrimeScript RT reagent kit (TaKaRa, Dalian, China).
Quantitative real time PCR was carried out with SYBR Premix
ExTaq II Kit (TaKaRa, Dalian, China), and amplification
was monitored on an Icycler iQ5 (Bio-Rad, Berkeley, CA,
United States) in a reaction volume of 20 L.

The amplification program consisted of one cycle of 95°C
for 40 s followed by 40 cycles of 95°C for 30 s and 59°C for
30 s. Melting curve analysis was carried out after 40 cycles
to ensure the proper amplification of target fragments. Actin
was used for normalization. All analyses were repeated three
times using biological replicates. Primer sequences are listed in
Supplementary Table S2.

Identification of Candidate Transcription
Factors in Kiwifruit and a Phylogenetic

Analyses

Using the sequences of MYB, bHLH and WD40 which have been
identified to promote anthocyanin synthesis in other plants, we
blasted the genome of kiwifruit', resulting in five MYBs, five
bHLH and two WD40 members being identified. The nucleotide
sequences were used for phylogenetic analyses. Sequences were
aligned using ClustalW and adjusted manually as necessary. The
resulting data were analyzed by the Neighbor Joining method
using the MEGA 6.0 program. They were named based on the
results of the phylogenetic analyses.

Isolation and Sequence Alignments of

AcMYBF110

Full-length cDNAs of AcMYBF110 were amplified from
‘Hongyang’ fruits by specific primers (given in Supplementary
Table S2) based on the available sequences in the kiwifruit
genome database!. The amino acid sequences encoded by
AcMYBF110 and anthocyanin-promoting MYBs from various
plants were used for multiple alignment using DNAMAN
software.

Subcellular Localization of AcMYBF110

The coding region without stop codon of AcMYBFII0 with
C-terminal GFP fusion was inserted into the multiple cloning
site of plant binary expression vector pVBG2307 (Ahmed
et al,, 2012) to form 35S:AcMYBF110-GFP. The primers are
shown in Supplementary Table S2. Vector which inserted
only with the GFP gene (35S:GFP) was used as positive
control. Two constructs were transformed to Agrobacterium
tumefaciens strain GV3101 using a freeze-thaw method. Then
the Agrobacterium strains were infiltrated into 6-week-old
Nicotiana benthamiana leaves. After incubating at 24°C with
16 h light for 48-72 h, the fluorescence was observed and
DAPI was used to locate the fluorescent proteins in the
nucleus.

Uhttp://bioinfo.bti.cornell.edu/kiwi

Heterologous Overexpression of
AcMYBF110 in Tobacco

Six-week-old N. tabacum leaves were used for infiltration.
The above strains containing 35S:AcMYBF110-GFP and control
(35S:GFP) were infiltrated into the abaxial leaf surface. Each
infiltration was carried out on three leaves. The infiltrated plants
were placed in the dark at 24°C overnight and then transferred to
a growth chamber at 24°C with a 16 h light/8 h dark cycle under
low light conditions. Plants were photographed and sampled
6 days after being infiltrated. All samples were frozen in liquid
nitrogen and stored at —80°C, pending analyses.

RESULTS

Colors of the Three Kiwifruit Cultivars

Colors of all three kiwifruit cultivars were green at the beginning
of development and with a similar hue angle — both the outer
and inner percarps (Figures 1A-D). Obvious redness appeared
in the inner percarp of ‘Hongyang (HY) at 85 DAP, while
for its green outer percarp, as well as both outer and inner
pericarps of ‘Hayward (HWD), remained green throughout,
accelerated color change started after 155 DAP in both outer and
inner pericarps of Jinnong-2’ (JN) (Figures 1A-C). Hue angle
decreased dramatically during development in inner pericarp of
HY, followed by JN (both outer and inner pericarps), but less so
in three green pericarps (Figure 1D). A PCA analysis also showed
that all outer and inner pericarps of three cultivars were divided
into red, yellow, and green groups (Figure 1E). Combining the
colors of the three cultivars can be described satisfactorily using
hue angle which is used in the following analyses.

Analysis of Pigments in Three Kiwifruit

Cultivars

Based on the observations of the phenotypes and on the analyses
of hue angles in the fruits of the three kiwifruit cultivars, six stages
could be identified for pigment analysis. These stages were S1, S2,
S3, $4, and S5 referring to fruits at 45, 85, 125, 145, and 155 DAP,
respectively and S6 when fully ripe.

In the outer pericarp tissues of the three kiwifruit cultivars, the
chlorophyll b content of JN was higher than that of HY and that
of HWD (lowest) before fruits were harvested (Figure 2A). But
at the last, it was only 1.16 ug-g~ ! FW in JN, significantly lower
than that in HY and HWD. So did the contents of chlorophyll a
(Figure 2B). In the inner pericarp tissues, the contents of both
chlorophyll b and chlorophyll a reached peaks at S2 for all three
kiwifruit cultivars, followed by a decrease until S6. At this stage
the contents were significantly higher in HWD than that in HY
and JN (Figures 2E,F).

The contents of lutein in the outer pericarp tissues generally
decreased slightly but fluctuated somewhat over the development
and ripening stages, showing no obvious pattern (Figure 2C).
It is noteworthy that the content of beta-carotene in HY and
HWD generally decreased, but in JN it increased strongly at
post-harvest (Figure 2D). This change was well correlated with
the visible phenotype, indicating beta-carotene seems to be
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FIGURE 1 | Changes of color in three kiwifruit cultivars. (A=C) Bisected fruits of ‘Hongyang’ (HY), ‘Jinnong-2’ (JN) and ‘Hayward’ (HWD) at nine developmental
stages. The red star indicates a fruit harvested at 145 DAP (days after pollination). (D) Changes of hue angle (h°) in the outer and inner pericarps during development
and ripening. OP, outer pericarp; IP, inner pericarp; black arrows mark stages were selected for following analyses. (E) PCA analyses of hue angles of all samples.

associated with the formation of yellow color in the yellow-
fleshed kiwifruit. Further, it was found that in the inner
pericarp tissues of all three kiwifruit, the contents of both lutein
and beta-carotene in HWD peaked at S2 and then gradually
decreased (Figures 2G,H). In contrast for HY and JN, the
content of lutein showed a slight decrease during development,
while the content of beta-carotene increased strongly post-
harvest as well as showing change in the outer pericarp
of JN.

To better analyze the pigment differences among the three
kiwifruit cultivars, anthocyanins were also detected by HPLC.
Unlike carotenoids and chlorophylls detected in all samples,
anthocyanins were only detected in the fruit of HY and cyanidin
3-O-xylogalactiside was the major component (Supplementary
Figure S1). In the fruit of HY, only traces of anthocyanins
(or none at all) were detected in the early growth stages in both

the inner and outer pericarps of HY (Figures 3A,B). In the inner
pericarp, it started to increase markedly from S2 until S6, while
in the outer pericarp, it changed very slightly - very much lower
than in the inner pericarp.

In summary, these results suggest the yellow color of kiwifruit
is due not only to the degradation of the chlorophylls but also
to the increase in beta-carotene. While the red color of the red-
fleshed kiwifruit is due to anthocyanins accumulation.

Expression Profiles of the Structural

Genes Involved in Pigment Metabolism

in Kiwifruit

To further investigate what controls the color diversity of
green-, yellow-, and red-fleshed kiwifruit, the inner pericarps
of the three cultivars were used to analysis the expressions of
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FIGURE 3 | Changes of anthocyanin content of ‘Hongyang’ kiwifruits.
(A) Outer pericarps. (B) Inner pericarps. Results represent means + SE of
three replicates.

the key structural genes involved in pigment biosynthesis and
degradation using qPCR.

The genes involved in chlorophyll biosynthesis and
degradation were measured (Figures 4A,B). CAO and RBCS
expressions varied considerably throughout fruit development
in the three kiwifruit cultivars. In contrast, GLUTR expression
showed higher levels for all stages in the green-fleshed kiwifruit
than that in the red- or yellow-fleshed ones. The expression of
CBR and PAO showed no obvious regularity for three kiwifruit
cultivars. PPH expression in green-fleshed kiwifruit reached a
peak, higher than in other two kiwifruit in S4 but except for this
peak, overall PPH expression was higher in the yellow-fleshed
kiwifruit in the later stages. SGR expression in red- and yellow-
fleshed kiwifruit showed an obvious increase with a peak at S5
that was very much higher than in the green-fleshed kiwifruit.

Among six carotenoid biosynthesis genes, ZDS was not
detectable in any samples (data not shown), the relative
expression of PSY, PDS, CRTISO and LCY-¢ in the green-fleshed
kiwifruit was higher at most stages than in the other two

kiwifruits (Figure 5A). While expression of LCY-B showed an
increase in all three cultivars, the higher levels were measured in
the red- and yellow-fleshed kiwifruits than in the green-fleshed
one. As for the carotenoid degradation genes CCD and NCED,
both of them showed the highest expression level in the yellow-
fleshed fruit at early stages. However, in the final stage, their
expressions in yellow-fleshed kiwifruit was significantly lower
than in the other two (Figure 5B).

The expression profiles of the anthocyanin biosynthetic
pathway genes, including CHS, CHI, F3H, F3'H, DFR, ANS and
UDP flavonoid glycosyltransferases (UFGT), were investigated in
three kiwifruit during fruit development (Figure 6). Apart from
UFGT, most of the others, were expressed in both the red and also
in the non-red tissues. In contrast, UFGT was highly expressed
in the red inner pericarps but not in the green or yellow inner
pericarps.

Correlation Analysis

To find significant statistical correlations between gene
expression and flesh color, the Pearson’s correlation coefficient
(r) test was used with the above qPCR data, pigment contents
and hue angles. SGR showed a significant positive correlation
with the degradation of chlorophylls (Supplementary Table S3),
and LCY-B correlated well with the beta-carotene and hue angles
(Supplementary Table S4). Also, UFGT showed a significant
negative correlation with hue angle and a significant positive
correlation with anthocyanin concentration (Supplementary
Table S5). Apart from the genes identified above, none of the
others showed significant correlations with flesh color.

Expression Profiles of Anthocyanin
Transcription Factors in Different

Colored Kiwifruits
Structural plant genes are usually regulated by transcription
factors, but we found no transcription factors regulating the
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chlorophylls and carotenoids from the genome of kiwifruit* based
on previous reports. While twelve anthocyanin transcription
factors, including five MYBs, five bHLHs and two WD40s, were
screened in kiwifruit and named according to the phylogenetic
analysis (Supplementary Figure S2) (Hichri et al, 2010; An
et al.,, 2012; Liu et al., 2013b; Schaart et al., 2013; Tuan et al,,
2015; Lai et al., 2016). The expression profiles of these kiwifruit
transcription factors were then examined by real-time qPCR
(Figures 7A-C).

Except for the first stage, MYB5b was either not expressed
at all or showed extremely low expression levels for all samples
at all stages of fruit development (Figure 7A). In contrast,
MYB5a, MYB5c and MYB3 were expressed in all samples and
showed higher expressions in green and yellow fruits than in red
fruits. Overall, the variations of these four MYBs were correlated
neither with anthocyanin content nor with the expression of
UFGT (Supplementary Table S6). However, the transcript level of
MYBF110 in all three fruits showed significant correlations with
both anthocyanin content (|r| = 0.550) and with the expression
of UFGT (|r] = 0.609). Especially during the coloring stages
(S2 to S4), its expression increased and reached maximum
value at S4 in the red fruit, while for the green and yellow
fruits, it decreased, showing significantly lower levels than in the

Zhttp://bioinfo.bti.cornell.edu/kiwi

red fruit (Figure 7A). These findings suggest an essential role
for AcMYBF110 in the anthocyanin biosynthesis of red-fleshed
kiwifruit.

Of the five bHLH genes, all showed much higher expressions
in the green fruit than in the red and yellow ones at all
stages of development (Figure 7B). For bHLHI, bHLH2 and
bHLH3, it increased until S4, at which stage expression reached a
maximum and then decreased in the later stages. For bHLH4 and
bHLHS5, expression fluctuated in the early stages but showed an
overall decreasing trend during fruit development. All five genes
showed no obvious correlation with anthocyanin biosynthesis
(Supplementary Table S6).

Lastly, the expression of both WDRI and WDR2 was
significantly higher in green fruit than in red and yellow
fruits at all stages (Figure 7C), being not consistent with
anthocyanin content and UFGT expression (Supplementary
Table S6), although it showed a tendency to increase in red fruit
at the coloring stages.

Sequence and Expression Analysis of
AcMYBF110

The full-length ¢cDNA of AcMYBF110 was cloned from
‘Hongyang’ fruit. The predicted AcMYBF110 protein contained
a highly conserved N-terminal R2R3 repeat of a DNA-binding
domain with a bHLH motif (Zimmermann et al., 2004). Second,
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the ANDV motif (Box A) and the [R/K]Px[P/A/R]xx[F/Y]
motif (Box B) are present in AcMYBF110 (Figure 8A). Both
of these motifs are well conserved in anthocyanin-promoting
MYBs (Kranz et al., 1998; Lin-Wang et al., 2010). AcMYBF110
had a high degree of homology with other plant anthocyanin-
promoting MYBs (Figure 8A). For example, the amino acids
in the R2R3 DNA-binding domain share 95.15% identity to
AcMYBI110, 83.50% identity to LcMYB1, 82.52% identity to
FaMYB10, and 81.30% identity to MrMYB1.

To examine whether the expression patterns of AcMYBF110
coincided spatially or inter-varietally with anthocyanin
accumulation in kiwifruit, real-time qPCR was used to investigate
its expression levels in different tissues of ‘Hongyang’ and in
the other cultivars. The results showed significantly higher
levels of expression were found in two red tissues and in
the three red-fleshed cultivars (Figure 8B). These correlated
well with the high anthocyanin contents of these samples. In
contrast, lower levels were observed in the other green tissues
in which anthocyanins were barely detectable. These findings
further confirm that AcMYBF110 may be involved in regulating
anthocyanin biosynthesis in kiwifruit.

Subcellular Localization Analysis of
AcMYBF110

To determine the subcellular localization of the putative protein
encoded by AcMYBF110, the transient expression assay of this
protein fused to the green fluorescent protein (GFP) was carried
out in 6-week-old N. benthamiana leaves. As shown in Figure 8C,
the AcMYBF110-GFP fusion protein signal was observed both
in the nucleus and cytoplasm. This suggests the AcMYBF110
protein could act as a transcriptional regulator in plant cells.

Functional Test of AcMYBF110 in

Tobacco by Transient Overexpression

To further confirm the regulation role of AcMYBFIIO in
anthocyanin biosynthesis, the transcriptional activity of
AcMYBF110 was tested using a tobacco transient color
assay. The above fused construct under the action of 35S
(35S:AcMYBF110-GFP) was syringe-infiltrated into the abaxial
surfaces of expanding N. tabacum leaves. The empty vector
(35S:GFP) served as a control. An intense red pigmentation was
observed at the infiltration sites 6 days after being transformed
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with 35S:AcMYBF110-GFP (Figure 8Di), while the infiltration
sites remained green in leaves transformed with 35S:GFP.
Anthocyanin extraction and HPLC analysis showed the leaves
transformed with 355:AcMYBF110-GFP contained anthocyanin
but not those with 35S:GFP (Figure 8Dii). Moreover,
AcMYBF110 was highly expressed in leaves transformed
with 355:AcMYBF110-GFP but no transcript was detected in
leaves transformed with 35S:GFP (Figures 8Diii,iv). We then
carried out qPCR analyses of the expression of key anthocyanin
synthesis genes in tobacco leaves, including NtDFR, NtANS
and NtUFGT. The expression levels of these were higher in the
leaves transformed with 35S:AcMYBF110-GFP than in those
transformed with 35S:GFP by 17.73-, 2185.20-, and 801.58-times,
respectively.

DISCUSSION

Pigment Changes in Green-, Yellow-, and
Red-Fleshed Kiwifruit

Chlorophyll, carotenoid and anthocyanin are the three most
important color pigments in plant tissues, including in fruit.
We measured the concentrations of these three pigments in the
outer and inner pericarps of three different-colored kiwifruits at
various developmental stages. The concentrations of chlorophyll

b and chlorophyll a showed similar variation trends in all
kiwifruits (Figures 2A,B,E,F) but were significantly lower in the
yellow fruits (JN) than that in the red (HY) or green (HWD) fruits
when fully ripe. Meanwhile, the beta-carotene content decreased
slightly in the early stages in all three cultivars. Subsequently,
beta-carotene increased significantly until S6 in JN but remained
low in HY and HWD (Figures 2C,D,G,H). In contrast, there
was no obvious pattern for lutein content, which agrees with
Ampomah-Dwamena et al. (2009). These results indicate that
the formation of yellowness in kiwifruit is related not only to
a degradation of chlorophylls but also to an increase in beta-
carotene (Ampomah-Dwamena et al., 2009; Pilkington et al,
2012). Anthocyanin was detected only in HY fruits with very low
or no detectable levels found in the green outer pericarps from
S1 to S6 of and green inner pericarp at S1, while higher levels
were detected in the red inner pericarps from S3 to S6 (Figure 3).
This indicates anthocyanin is the pigment primarily responsible
for the formation of the red color in the inner pericarp of HY
(Liet al., 2015; Man et al., 2015).

Expression of Pigment Biosynthesis and

Degradation Genes in Kiwifruit

Chlorophyll de-greening is a coordinated process. It seems to
be involved with a down-regulation of chlorophyll biosynthesis
and an up-regulation of chlorophyll degradation. SGR proteins
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have been shown previously to play a critical role in the initiation
of chlorophyll degradation and senescence (Luo et al., 2013;
Sakuraba et al., 2015). We measured the transcript levels of
the chlorophyll biosynthesis and degradation genes and found
the genes are expressed in all three cultivars (Figure 4). Based
on correlation analysis between gene expression and hue angles
and chlorophyll content, SGR showed a significant positive

correlation with the degradation of chlorophylls (Supplementary
Table S3). This is in agreement with results obtained by
Pilkington et al. (2012), who showed SGR2 was a potential
regulatory step of chlorophyll degradation. To date, the
relationship between carotenoid gene expression and carotenoid
accumulation has been investigated in a range of crop species. For
example, PDS was found to contribute directly to beta-carotene
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accumulation in citrus (Fanciullino et al, 2008). Ha et al.
(2007) suggest that high concentrations of carotenoids are
associated with high transcription levels of PDS and PSY in
pepper. Meanwhile, the expression level of PSY was found to
be higher in high carotenoid tomatoes, compared with low
carotenoid ones (Morris et al,, 2004). In our study, only the
transcription level of LCY-B was well correlated with beta-
carotene contents and hue angles (Figure 5 and Supplementary
Table S4). This indicates that LCY-p may be a key determinant of
beta-carotene biosynthesis in kiwifruit, suggesting that LCY-B is
involved in controlling and regulating the yellow color formation

in kiwifruit (Ampomah-Dwamena et al., 2009). These results
suggest carotenoid biosynthesis may be differently controlled
in different species. All the above results suggest that yellow
color formation may be controlled by SGR together with LCY-.
During fruit development and ripening, SGR activates the
degradation of chlorophyll, meanwhile LCY-p catalyzes beta-
carotene biosynthesis. Together these cause flesh color to change
from green to yellow.

It has been shown UFGT enzyme is key to anthocyanin
biosynthesis in peach (Tuan et al., 2015), pear (Wang et al,
2013), strawberry (Gonzalez et al., 2008). While for apple, most
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stuctural genes in the anthocyanin pathway function in concert
to determine fruit anthocyanin level (El-Sharkawy et al., 2015).
In the present study, we measured and compared the expression
levels of CHS, CHI, F3H, F3'H, DFR, ANS and UFGT in the
green-, yellow-, and red-inner pericarps of the three cultivars
during development (Figure 6). Apart from UFGT, most of the
others, were expressed in both the red and also in the non-red
tissues, showing a weak correlation with anthocyanin content
(Figure 6 and Supplementary Table S5). In contrast, UFGT
showed the strongest correlation with anthocyanin content, being
highly expressed in the red inner pericarps but not in the green or
yellow inner pericarps. This agrees results obtained by Montefiori
etal. (2011), who suggests the red inner pericarps of ‘HD22 is the
result of high expressions of AcF3GT1I.

Expression of Transcription Factors
Involved in Anthocyanin Biosynthesis in
Kiwifruit

In plants, the structural genes are always regulated by
transcription factors. There are, however, few studies of
transcription factors regulating the genes of chlorophyll and
carotenoid biosynthesis and degradation. Those studies that exist
are mostly in model plants (Tang et al., 2012; Liu et al., 2013a).
Hence, no transcription factors regulating chlorophylls and
carotenoids have been screened in our study. More importantly,
anthocyanin content was the most significant difference between
the three kiwifruit cultivars in this study. Therefore, our study
only analyzed the anthocyanin transcription factors in kiwifruit.
A growing body of evidence suggests anthocyanin biosynthesis
in plants is controlled by a transcription complex, composed
of two transcription factors belonging to the R2R3-MYB and
the bHLH-MYC protein families. A WD40 co-factor protein is
also involved. These three proteins activate the expression of
a downstream structural gene in the anthocyanin pathway by
forming the MYB-bHLH-WD40 (MBW) complex (Schaart et al.,
2013; Xu et al,, 2014, 2015).

At this stage, the MYBs determining anthocyanin biosynthesis
have been well characterized in many species (Chagne et al,,
2013; Perez-Diaz et al., 2016; Zhai et al., 2016). In our study,
we used the above anthocyanin regulation related MYBs to
screen the genome of kiwifruit’. We found five MYBs and
named these: AcMYBF110, AcMYB5a, AcMYB5b, AcMYB5c and
AcMYB3 based on the names of similar genes (Supplementary
Figure S2A). Expression and correlation analyses showed that
transcript of AcMYBFI110 was significantly correlated with both
anthocyanin content and also with the expression of UFGT
(Figure 7A and Supplementary Table S6). Similar analyses
for the other MYBs showed much weaker correlations. This
indicates AcMYBF110 may plays a crucial role in regulating
anthocyanin biosynthesis in kiwifruit. Therefore, this was cloned
from fruit of ‘Hongyang’ and its expression levels were found
to be correlated with anthocyanin contents (Figures 8A,B).
Moreover, the subcellular localization analysis showed that
AcMYBF110 is located both in the nucleus and the cytoplasm.

3http://bioinfo.bti.cornell.edu/kiwi

This suggests that the ACMYBF110 protein is the transcriptional
regulator in these plant cells (Figure 8C). Further, transient
color assays showed that, as with peach PpMYBI10.1 (Zhou
et al, 2015) and Actinidia chinensis AcMYBI110 (Montefiori
etal., 2015), AcMYBFI110 can autonomously induce anthocyanin
accumulation in N. tabacum leaves by activating transcription
of NtDFR, NtANS and NtUFGT (Figure 8D). This differs from
apple MdMYBI10 and MdMYBI10 which induce anthocyanin
accumulation by necessarily interacting with bHLH3 (Chagne
et al,, 2013). These results confirm AcMYBFI10 is a key R2R3
MYB transcription factor regulating anthocyanin biosynthesis
in red-fleshed kiwifruit. Further studies are required to
clarify which anthocyanin structural genes are regulated by
AcMYBF110.

The bHLH proteins function as anthocyanin regulators and
have been reported in model plants and fruit species including:
maize (Ludwig et al, 1989), Arabidopsis (Zhang et al., 2003),
grape (Hichri et al., 2010), peach (Rahim et al., 2014) and litchi
(Lai et al., 2016). They usually serve as co-factors interacting
with the R2R3 MYBs to induce anthocyanin biosynthesis.
In this study, we found five bHLHs from the genome of
‘Hongyang, and their expression levels were measured by
qPCR (Figure 7B). All five bHLHs were much more highly
expressed in green fruit than in red or yellow fruit at all
stages of development. Moreover, they showed no significant
correlation with anthocyanin accumulation (Supplementary
Table S6). This indicates that, as in apple (Espley et al,
2007), peach (Rahim et al., 2014) and litchi (Lai et al., 2016),
bHLHs likely depends on co-expression with other regulatory
factors (such as R2R3 anthocyanin-promoting MYBs) to induce
anthocyanin biosynthesis in the red-fleshed kiwifruit. This
instead of contributing directly to anthocyanin biosynthesis.
However, in most plants more than one bHLH factor controls
anthocyanin biosynthesis and other metabolic pathways. An
increasing body of evidence supports the view that the different
bHLHs have specific functions within each species. Hence, it
is worth further study to ascertain which of the bHLH serves
as a partner to AcMYBFI110 so as to regulate coloration in the
red-fleshed kiwifruit.

The WD40 group is members of the MBW transcription
complex. This group is related to anthocyanin biosynthesis
and has been isolated in a number of model plant species.
Initially, it included ANII which controls flower pigmentation
in petunia (de Vetten et al., 1997) and AtTTGI in Arabidopsis
(Walker et al., 1999). More recently, WD40 members involved
in anthocyanin biosynthesis have been isolated in a number
of fruit species (Brueggemann et al., 2010; Matus et al., 2010;
Schaart et al., 2013). Based on these WD40s, we found two WD40
members (WDRI and WDR2) in kiwifruit (Supplementary
Figure S2C). Analysis of qPCR showed the expression of WDRI
was significant higher in green fruit than in red or yellow fruits
at all stages. It also showed a trend for increase in the red
fruit in the coloring stages. Similar profiles were found for the
expression of WDR2 (Figure 7C). Overall, the expressions of
WDR1 and WDR2 were not consistent with anthocyanin content
and UFGT expression in the three different colored kiwifruits
examined here (Supplementary Table S6). However, if analyzed
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only in the red fruit, their expressions were highly correlated
with both anthocyanin content and with UFGT expression
(data not shown). These findings suggest these WDRs are
likely to play different roles in different kiwifruit cultivars. For
example, in red kiwifruit they are primarily involved in regulation
of anthocyanin biosynthesis, while in the green and yellow
kiwifruits, their involvement seems mainly to be the regulation
of other physiological and biochemical processes. In other plants,
they have been shown to be involved in defense and response
to various biotic and abiotic stresses (Lee et al., 2010; Chen and
Brandizzi, 2012).

CONCLUSION

Our analysis of pigments changes and expression differences
of pathway genes in different colored kiwifruits suggests the
formation of yellowness in kiwifruit is due to the degradation
of chlorophylls and also to an increase in beta-carotene, under
the control of SGR and LCY-B. Meanwhile, the red color
formation is due to rising anthocyanin content controlled
by UFGT. The expression of transcription factors suggests
that AcMYBFII0 is a crucial MYB regulating anthocyanin
biosynthesis. AcMYBFI10 was expressed at a significantly
higher level in red tissues and cultivars than that in green
or yellow tissues or cultivars. Subcellular localization analyses
show that AcMYBF110 is located both in the nucleus and the
cytoplasm. This suggests the AcMYBF110 protein could act
as transcriptional regulator in plant cells. Further, a transient
color assay revealed that AcMYBFI110 could autonomously
induce the anthocyanin accumulation in N. tabacum leaves by
activating the transcription of NtDFR, NtANS and NtUFGT.
For bHLHs and WD40s, expression differences show they may
depend on AcMYBFI10 forming a MBW complex to regulate
anthocyanin biosynthesis, rather than having a direct effect.
The structural components of this MBW complex and the

REFERENCES

Ahmed, S. S., Gong, Z. H., Ji, J. J., Yin, Y. X,, Xiao, H. J., Khan, M. A, et al.
(2012). Construction of the intermediate vector pVBG2307 by incorporating
vital elements of expression vectors pBI121 and pBI221. Genet. Mol. Res. 11,
3091-3104. doi: 10.4238/2012.August.31.7

Ampomah-Dwamena, C., Mcghie, T., Wibisono, R., Montefiori, M., Hellens,
R. P, and Allan, A. C. (2009). The kiwifruit lycopene beta-cyclase plays a
significant role in carotenoid accumulation in fruit. J. Exp. Bot. 60, 3765-3779.
doi: 10.1093/jxb/erp218

An, X. H,, Tian, Y., Chen, K. Q.,, Wang, X. F,, and Hao, Y. J. (2012). The apple
WD40 protein MAT TGl interacts with bHLH but not MYB proteins to regulate
anthocyanin accumulation. J. Plant Physiol. 169, 710-717. doi: 10.1016/j.jplph.
2012.01.015

Bi, X. L., Zhang, J. L., Chen, C. S., Zhang, D., Li, P. M., and Ma, F. W. (2014).
Anthocyanin contributes more to hydrogen peroxide scavenging than other
phenolics in apple peel. Food Chem. 152, 205-209. doi: 10.1016/j.foodchem.
2013.11.088

Brueggemann, J., Weisshaar, B., and Sagasser, M. (2010). A WD40-repeat gene
from Malus x domestica is a functional homologue of Arabidopsis thaliana
TRANSPARENT TESTA GLABRAL. Plant Cell Rep. 29, 285-294. doi: 10.1007/
$00299-010-0821-0

mechanisms regulating of anthocyanin biosynthesis in kiwifruit
remain to be explored.

AUTHOR CONTRIBUTIONS

YL designed the experiments, performed the research, wrote
and revised this manuscript. BZ, YQ, XC, and CL performed
experiments and helped revised manuscript. ZL designed the
experiments and provided all samples tested. XR designed
the experiments, discussed results, and revised this manuscript.
All authors have participated in this research and approved the
final manuscript.

ACKNOWLEDGMENTS

This work was supported by the National Seeds
Innovation Engineering: Kiwifruit Breeding Innovation (Grant
No: C000082). The authors thank Jiang Yonghua and Zhang
Yujie for guiding the experiments.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online
at: http://journal.frontiersin.org/article/10.3389/fpls.2017.01507/
full#supplementary-material

FIGURE S1 | HPLC chromatograms of anthocyanins from outer (OP) and inner
(IP) pericarps of ‘Hongyang’ (HY), ‘Jinnong-2’ (JN) and ‘Hayward’ (HWD) at

520 nm. (1) Delphinidin 3-O-galactoside; (2) unknown composition; (3) cyanidin
3-O-xylogalactoside; (4) cyanidin-galactoside; (5) cyanidin 3-O-xylogalactoside; (6)
cyanidin 3-O-glucoside; (7) cyanidin-pentoside; (8) unknown composition.

FIGURE S2 | Phylogenetic analyses of selected plants anthocyanin regulating
transcription factors and putative kiwifruit factors. (A) MYBs, (B) bHLHs and (C)
WD40s.

Chagne, D., Lin-Wang, K., Espley, R. V., Volz, R. K,, How, N. M., Rouse, S.,
et al. (2013). An ancient duplication of apple MYB transcription factors is
responsible for novel red fruit-flesh phenotypes. Plant Physiol. 161, 225-239.
doi: 10.1104/pp.112.206771

Chen, Y., and Brandizzi, F. (2012). AtIRE1A/AtIRE1B and AGBI independently
control two essential unfolded protein response pathways in Arabidopsis. Plant
J. 69, 266-277. doi: 10.1111/j.1365-313X.2011.04788.x

Chen, Y. A, Yang, H, and Liu, Y. F. (2013). GAP Production Technology in
Kiwifruit. Yangling: Northwest A&F University Press.

Cho, K., Cho, K. S,, Sohn, H. B, Ha, L. ], Hong, S. Y., Lee, H,, et al. (2016).
Network analysis of the metabolome and transcriptome reveals novel regulation
of potato pigmentation. J. Exp. Bot. 67, 1519-1533. doi: 10.1093/jxb/erv549

Clotault, J., Peltier, D., Berruyer, R., Thomas, M., Briard, M., and Geoffriau, E.
(2008). Expression of carotenoid biosynthesis genes during carrot root
development. J. Exp. Bot. 59, 3563-3573. doi: 10.1093/jxb/ern210

de Vetten, N., Quattrocchio, F., Mol, J., and Koes, R. (1997). The anl1 locus
controlling flower pigmentation in petunia encodes a novel WD-repeat protein
conserved in yeast, plants, and animals. Genes Dev. 11, 1422-1434.

El-Sharkawy, L, Liang, D., and Xu, K. N. (2015). Transcriptome analysis of an apple
(Malus x domestica) yellow fruit somatic mutation identifies a gene network
module highly associated with anthocyanin and epigenetic regulation. J. Exp.
Bot. 66, 7359-7376. doi: 10.1093/jxb/erv433

Frontiers in Plant Science | www.frontiersin.org

September 2017 | Volume 8 | Article 1507


http://journal.frontiersin.org/article/10.3389/fpls.2017.01507/full#supplementary-material
http://journal.frontiersin.org/article/10.3389/fpls.2017.01507/full#supplementary-material
https://doi.org/10.4238/2012.August.31.7
https://doi.org/10.1093/jxb/erp218
https://doi.org/10.1016/j.jplph.2012.01.015
https://doi.org/10.1016/j.jplph.2012.01.015
https://doi.org/10.1016/j.foodchem.2013.11.088
https://doi.org/10.1016/j.foodchem.2013.11.088
https://doi.org/10.1007/s00299-010-0821-0
https://doi.org/10.1007/s00299-010-0821-0
https://doi.org/10.1104/pp.112.206771
https://doi.org/10.1111/j.1365-313X.2011.04788.x
https://doi.org/10.1093/jxb/erv549
https://doi.org/10.1093/jxb/ern210
https://doi.org/10.1093/jxb/erv433
http://www.frontiersin.org/Plant_Science/
http://www.frontiersin.org/
http://www.frontiersin.org/Plant_Science/archive

Liu et al.

Key Genes Affect Kiwifruit Coloration

Espley, R. V., Hellens, R. P., Putterill, J., Stevenson, D. E., Kutty-Amma, S., and
Allan, A. C. (2007). Red colouration in apple fruit is due to the activity of the
MYB transcription factor, MdMYBI0. Plant J. 49, 414-427. doi: 10.1111/j.1365-
313X.2006.02964.x

Famiani, F., Baldicchi, A., Farinelli, D., Cruz-Castillo, J. G., Marocchi, F.,
Mastroleo, M., et al. (2012). Yield affects qualitative kiwifruit characteristics
and dry matter content may be an indicator of both quality and storability. Sci.
Hortic. 146, 124-130. doi: 10.1016/j.scienta.2012.08.009

Fanciullino, A., Cercos, M., Dhuique-Mayer, C., Froelicher, Y., Talon, M.,
Ollitrault, P., et al. (2008). Changes in carotenoid content and biosynthetic gene
expression in juice sacs of four orange varieties (Citrus sinensis) differing in flesh
fruit color. J. Agric. Food Chem. 56, 3628-3638. doi: 10.1021/jf0732051

Fraser, L. G., Seal, A. G., Montefiori, M., McGhie, T. K., Tsang, G. K., Datson,
P. M., et al. (2013). An R2R3 MYB transcription factor determines red petal
colour in an Actinidia (kiwifruit) hybrid population. BMC Genomics 14:28.
doi: 10.1186/1471-2164-14-28

Fu, X,, Kong, W., Peng, G., Zhou, J., Azam, M., Xu, C,, et al. (2012). Plastid structure
and carotenogenic gene expression in red- and white-fleshed loquat (Eriobotrya
japonica) fruits. J. Exp. Bot. 63, 341-354. doi: 10.1093/jxb/err284

Gonzalez, A., Zhao, M. Z., Leavitt, ]. M., and Lloyd, A. M. (2008). Regulation of
the anthocyanin biosynthetic pathway by the TTG1/bHLH/Myb transcriptional
complex in Arabidopsis seedlings. Plant J. 53, 814-827. doi: 10.1111/j.1365-
313X.2007.03373.x

Guzman, I, Hamby, S., Romero, J., Bosland, P. W., and O’connell, M. A. (2010).
Variability of carotenoid biosynthesis in orange colored Capsicum spp. Plant
Sci. 179, 49-59. doi: 10.1016/j.plantsci.2010.04.014

Ha, S. H.,, Kim, J. B,, Park, J. S., Lee, S. W, and Cho, K. J. (2007). A comparison
of the carotenoid accumulation in Capsicum varieties that show different
ripening colours: deletion of the capsanthin-capsorubin synthase gene is not
a prerequisite for the formation of a yellow pepper. J. Exp. Bot. 58, 3135-3144.
doi: 10.1093/jxb/erm132

Hanbury, A., and Serra, J. (2002). Mathematical morphology in the CIELAB space.
Image Anal. Stereol. 21, 201-206. doi: 10.5566/ias.v21.p201-206

Hichri, L., Heppel, S. C., Pillet, J., Leon, C., Czemmel, S., Delrot, S., et al. (2010). The
basic helix-loop-helix transcription factor MYCI is involved in the regulation
of the flavonoid biosynthesis pathway in grapevine. Mol. Plant 3, 509-523.
doi: 10.1093/mp/ssp118

Kranz, H. D., Denekamp, M., Greco, R,, Jin, H. L., Leyva, A., Meissner, R. C,, et al.
(1998). Towards functional characterisation of the members of the R2R3-MYB
gene family from Arabidopsis thaliana. Plant ]. 16, 263-276.

Lai, B, Du, L. N, Liu, R., Hu, B, Su, W. B,, Qin, Y. H,, et al. (2016). Two LcbHLH
transcription factors interacting with LcMYBI in regulating late structural
genes of anthocyanin biosynthesis in Nicotiana and litchi chinensis during
anthocyanin accumulation. Front. Plant Sci. 7:166. doi: 10.3389/fpls.2016.00166

Lee, J. H.,, Yoon, H. J., Terzaghi, W., Martinez, C., Dai, M., Li, J., et al. (2010).
DWA1 and DWA2, two Arabidopsis DWD protein components of CUL4-based
E3 ligases, act together as negative regulators in ABA signal transduction. Plant
Cell 22, 1716-1732. doi: 10.1105/tpc.109.073783

Li, B. Q. Xia, Y. X., Wang, Y. Y., Qin, G. Z., and Tian, S. P. (2017). Characterization
of genes encoding key enzymes involved in anthocyanin metabolism of
kiwifruit during storage period. Front. Plant Sci. 8:341. doi: 10.3389/fpls.2017.
00341

Li, J. Q., Li, X. W, and Soejarto, D. D. (2007). Actinidiaceae (Flora of China). Acta
Phytotax 45, 633-660.

Li, W. B, Liu, Y. F,, Zeng, S. H,, Xiao, G., Wang, G., Wang, Y., et al. (2015).
Gene expression profiling of development and anthocyanin accumulation in
kiwifruit (Actinidia chinensis) based on transcriptome sequencing. PLoS ONE
10:€0136439. doi: 10.1371/journal.pone.0136439

Lin-Wang, K., Bolitho, K., Grafton, K., Kortstee, A., Karunairetnam, S., Mcghie,
T. K., et al. (2010). An R2R3 MYB transcription factor associated with
regulation of the anthocyanin biosynthetic pathway in Rosaceae. BMC Plant
Biol. 10:50. doi: 10.1186/1471-2229-10-50

Liu, X,, Chen, C. Y, Wang, K. C, Luo, M, Tai, R, Yuan, L, et al
(2013a). PHYTOCHROME INTERACTING FACTOR3 associates with the
histone deacetylase HDA15 in repression of chlorophyll biosynthesis and
photosynthesis in etiolated Arabidopsis seedlings. Plant Cell 25, 1258-1273.
doi: 10.1105/tpc.113.109710

Liu, X., Feng, C., Zhang, M. M,, Yin, X. R, Xu, C. J., and Chen, K. (2013b).
The MrWD40-1 gene of Chinese bayberry (Myrica rubra) interacts with MYB
and bHLH to enhance anthocyanin accumulation. Plant Mol. Biol. Rep. 31,
1474-1484. doi: 10.1007/s11105-013-0621-0

Ludwig, S. R, Habera, L. F., Dellaportat, T. L., and Wessler, S. R. (1989).
Lc, a member of the maize R gene family responsible for tissue-specific
anthocyanin production, encodes a protein similar to transcriptional activators
and contains the myc-homology region. Proc. Natl. Acad. Sci. US.A. 86,
7092-7096.

Luo, Z., Zhang, ], Li, J., Yang, C., Wang, T., Ouyang, B, et al. (2013).
A STAY-GREEN protein SISGR1 regulates lycopene and beta-carotene
accumulation by interacting directly with SIPSY1 during ripening processes in
tomato. New Phytol. 198, 442-452. doi: 10.1111/nph.12175

Man, Y. P., Li, G, Liu, H., Wang, Y. C., and Qin, R. (2012). Cloning and expression
analysis of MYB in Actinidia chinensis ‘Hongyang'. J. Huazhong Agric. Univ. 31,
679-685. doi: 10.13300/j.cnki.hnlkxb.2012.06.015

Man, Y. P, Wang, Y. C, Li, Z. Z, Jiang, Z. W., Yang, H. L., Gong, J. ],
et al. (2015). High-temperature inhibition of biosynthesis and transportation
of anthocyanins results in the poor red coloration in red-fleshed Actinidia
chinensis. Physiol. Plant. 153, 565-583. doi: 10.1111/ppl.12263

Matus, J. T., Poupin, M. J., Canon, P., Bordeu, E., Alcalde, J. A., and Arce-
Johnson, P. (2010). Isolation of WDR and bHLH genes related to flavonoid
synthesis in grapevine (Vitis vinifera L.). Plant Mol. Biol. 72, 607-620.
doi: 10.1007/s11103-010-9597-4

Minas, 1. S., Tanou, G., Karagiannis, E., Belghazi, M., and Molassiotis, A. (2016).
Coupling of physiological and proteomic analysis to understand the ethylene-
and chilling-induced kiwifruit ripening syndrome. Front. Plant Sci. 7:120.
doi: 10.3389/fpls.2016.00120

Montefiori, M., Brendolise, C., Dare, A. P., Lin-Wang, K., Davies, K. M., Hellens,
R. P, etal. (2015). In the Solanaceae, a hierarchy of bHLHs confer distinct target
specificity to the anthocyanin regulatory complex. J. Exp. Bot. 66, 1427-1436.
doi: 10.1093/jxb/eru494

Montefiori, M., Comeskey, D. J., Wohlers, M., and Mcghie, T. K. (2009a).
Characterization and quantification of anthocyanins in red kiwifruit
(Actinidia spp.). J. Agric. Food Chem. 57, 6856-6861. doi: 10.1021/jf90
0800z

Montefiori, M., Espley, R. V., Stevenson, D., Cooney, J., Datson, P. M., Saiz, A.,
et al. (2011). Identification and characterisation of F3GT1 and F3GGTI, two
glycosyltransferases responsible for anthocyanin biosynthesis in red-fleshed
kiwifruit (Actinidia chinensis). Plant ]. 65, 106-118. doi: 10.1111/j.1365-313X.
2010.04409.x

Montefiori, M., Mcghie, T. K., Hallett, I. C., and Costa, G. (2009b). Changes
in pigments and plastid ultrastructure during ripening of green-fleshed and
yellow-fleshed kiwifruit. Sci. Hortic. 119, 377-387. doi: 10.1016/j.scienta.2008.
08.022

Morris, W. L., Ducreux, L., Griffiths, D. W., Stewart, D., Davies, H. V., and Taylo,
M. A. (2004). Carotenogenesis during tuber development and storage in potato.
J. Exp. Bot. 55, 975-982. doi: 10.1093/jxb/erh121

Perez-Diaz, J. R., Perez-Diaz, J., Madrid-Espinoza, J., Gonzalez-Villanueva, E.,
Moreno, Y., and Ruiz-Lara, S. (2016). New member of the R2R3-
MYB transcription factors family in grapevine suppresses the anthocyanin
accumulation in the flowers of transgenic tobacco. Plant Mol. Biol. 90, 63-76.
doi: 10.1007/s11103-015-0394-y

Pilkington, S. M., Montefiori, M., Jameson, P. E., and Allan, A. C. (2012). The
control of chlorophyll levels in maturing kiwifruit. Planta 236, 1615-1628.
doi: 10.1007/s00425-012-1723-x

Rahim, M. A., Busatto, N., and Trainotti, L. (2014). Regulation of anthocyanin
biosynthesis in peach fruits. Planta 240, 913-929. doi: 10.1007/s00425-014-
2078-2

Sakuraba, Y., Park, S. Y. and Paek, N. C. (2015). The divergent roles of
STAYGREEN (SGR) homologs in chlorophyll degradation. Mol. Cells 38,
390-395. doi: 10.14348/molcells.2015.0039

Schaart, J. G., Dubos, C., Romero De La Fuente, I., Van Houwelingen, A. M.,
De Vos, R. C., Jonker, H. H., et al. (2013). Identification and characterization
of MYB-bHLH-WD40 regulatory complexes controlling proanthocyanidin
biosynthesis in strawberry (Fragaria x ananassa) fruits. New Phytol. 197,
454-467. doi: 10.1111/nph.12017

Frontiers in Plant Science | www.frontiersin.org

September 2017 | Volume 8 | Article 1507


https://doi.org/10.1111/j.1365-313X.2006.02964.x
https://doi.org/10.1111/j.1365-313X.2006.02964.x
https://doi.org/10.1016/j.scienta.2012.08.009
https://doi.org/10.1021/jf0732051
https://doi.org/10.1186/1471-2164-14-28
https://doi.org/10.1093/jxb/err284
https://doi.org/10.1111/j.1365-313X.2007.03373.x
https://doi.org/10.1111/j.1365-313X.2007.03373.x
https://doi.org/10.1016/j.plantsci.2010.04.014
https://doi.org/10.1093/jxb/erm132
https://doi.org/10.5566/ias.v21.p201-206
https://doi.org/10.1093/mp/ssp118
https://doi.org/10.3389/fpls.2016.00166
https://doi.org/10.1105/tpc.109.073783
https://doi.org/10.3389/fpls.2017.00341
https://doi.org/10.3389/fpls.2017.00341
https://doi.org/10.1371/journal.pone.0136439
https://doi.org/10.1186/1471-2229-10-50
https://doi.org/10.1105/tpc.113.109710
https://doi.org/10.1007/s11105-013-0621-0
https://doi.org/10.1111/nph.12175
https://doi.org/10.13300/j.cnki.hnlkxb.2012.06.015
https://doi.org/10.1111/ppl.12263
https://doi.org/10.1007/s11103-010-9597-4
https://doi.org/10.3389/fpls.2016.00120
https://doi.org/10.1093/jxb/eru494
https://doi.org/10.1021/jf900800z
https://doi.org/10.1021/jf900800z
https://doi.org/10.1111/j.1365-313X.2010.04409.x
https://doi.org/10.1111/j.1365-313X.2010.04409.x
https://doi.org/10.1016/j.scienta.2008.08.022
https://doi.org/10.1016/j.scienta.2008.08.022
https://doi.org/10.1093/jxb/erh121
https://doi.org/10.1007/s11103-015-0394-y
https://doi.org/10.1007/s00425-012-1723-x
https://doi.org/10.1007/s00425-014-2078-2
https://doi.org/10.1007/s00425-014-2078-2
https://doi.org/10.14348/molcells.2015.0039
https://doi.org/10.1111/nph.12017
http://www.frontiersin.org/Plant_Science/
http://www.frontiersin.org/
http://www.frontiersin.org/Plant_Science/archive

Liu et al.

Key Genes Affect Kiwifruit Coloration

Tang, W., Wang, W., Chen, D,, Ji, Q. Jing, Y., Wang, H., et al. (2012).
Transposase-derived proteins FHY3/FARI interact with PHYTOCHROME-
INTERACTING FACTORLI to regulate chlorophyll biosynthesis by modulating
HEMBI during deetiolation in Arabidopsis. Plant Cell 24, 1984-2000.
doi: 10.1105/tpc.112.097022

Telias, A., Lin-Wang, K., Stevenson, D. E., Cooney, J]. M., Hellens, R. P., Allan,
A. C, et al. (2011). Apple skin patterning is associated with differential
expression of MYB10. BMC Plant Biol. 11:93. doi: 10.1186/1471-2229-11-93

Tian, S. L., Li, L., Chai, W. G., Shah, S. N, and Gong, Z. H. (2014). Effects
of silencing key genes in the capsanthin biosynthetic pathway on fruit color
of detached pepper fruits. BMC Plant Biol. 14:314. doi: 10.1186/s12870-014-
0314-3

Tuan, P. A, Bai, S. L., Yaegaki, H., Tamura, T., Hihara, S., Moriguchi, T., et al.
(2015). The crucial role of PpMYBI10.1 in anthocyanin accumulation in peach
and relationships between its allelic type and skin color phenotype. BMC Plant
Biol. 15:280. doi: 10.1186/s12870-015-0664-5

Walker, A. R, Davison, P. A, Bolognesi-Winfield, A. C., James, C. M,
Srinivasan, N., Blundell, T. L., et al. (1999). The TRANSPARENT TESTA
GLABRAL locus, which regulates trichome differentiation and anthocyanin
biosynthesis in Arabidopsis, encodes a WD40 repeat protein. Plant Cell 11,
1337-1349.

Wang, Z. G., Meng, D., Wang, A. D, Li, T. L,, Jiang, S. L., Cong, P. H,, et al. (2013).
The methylation of the PcMYBI10 promoter is associated with green-skinned
sport in max red bartlett pear. Plant Physiol. 162, 885-896. doi: 10.1104/pp.113.
214700

Xu, W., Dubos, C., and Lepiniec, L. (2015). Transcriptional control of flavonoid
biosynthesis by MYB-bHLH-WDR complexes. Trends Plant Sci. 20, 176-185.
doi: 10.1016/j.tplants.2014.12.001

Xu, W., Grain, D., Bobet, S., Le Gourrierec, J., Thevenin, J., Kelemen, Z., et al.
(2014). Complexity and robustness of the flavonoid transcriptional regulatory
network revealed by comprehensive analyses of MYB-bHLH-WDR complexes
and their targets in Arabidopsis seed. New Phytol. 202, 132-144. doi: 10.1111/
nph.12620

Yang, H. L., Wang, Y. C,, Jiang, Z. W., and Huang, H. W. (2009). Construction of
cDNA library of  Hongyang’ kiwifruit and analysis of F3H expression. Hereditas
31, 1265-1272. doi: 10.3724/SP.].1005.2009.01265

Yang, J., Jiang, Z. W., and Wang, Y. C. (2010). Cloning and expression of
dihydroflavonol 4-reductase in Actinidia chinensis var. rufopulpa. J. Wuhan Bot.
Res. 28, 673-681. doi: 10.3724/SP.].1142.2010.60673

Zeng, Y., Du, J., Wang, L., Pan, Z., Xu, Q., Xiao, S., et al. (2015). A comprehensive
analysis of chromoplast differentiation reveals complex protein changes
associated with plastoglobule biogenesis and remodeling of protein systems in
sweet orange flesh. Plant Physiol. 168, 1648-1665. doi: 10.1104/pp.15.00645

Zhai, R., Wang, Z. M., Zhang, S. W., Meng, G., Song, L. Y., Wang, Z. G,, et al.
(2016). Two MYB transcription factors regulate flavonoid biosynthesis in pear
fruit (Pyrus bretschneideri Rehd.). J. Exp. Bot. 67, 1275-1284. doi: 10.1093/jxb/
erv524

Zhang, F., Gonzalez, A., Zhao, M., Payne, C. T., and Lloyd, A. (2003). A network
of redundant bHLH proteins functions in all TTG1-dependent pathways of
Arabidopsis. Development 130, 4859-4869. doi: 10.1242/dev.00681

Zhang, L., Man, Y. P, Jiang, Z. W., and Wang, Y. C. (2012). Cloning and expression
of anthocyanin pathway genes, AcCHS and AcLDOX, in Actinidia chinensis.
Acta Hortic. Sin. 39, 2124-2132.

Zhou, H., Lin-Wang, K., Wang, H. L., Gu, C,, Dare, A. P., Espley, R. V., et al. (2015).
Molecular genetics of blood-fleshed peach reveals activation of anthocyanin
biosynthesis by NAC transcription factors. Plant J. 82, 105-121. doi: 10.1111/
tpj.12792

Zimmermann, I. M., Heim, M. A., Weisshaar, B., and Uhrig, J. F. (2004).
Comprehensive identification of Arabidopsis thaliana MYB transcription
factors interacting with R/B-like BHLH proteins. Plant J. 40, 22-34.
doi: 10.1111/j.1365-313X.2004.02183.x

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

Copyright © 2017 Liu, Zhou, Qi, Chen, Liu, Liu and Ren. This is an open-access
article distributed under the terms of the Creative Commons Attribution License
(CC BY). The use, distribution or reproduction in other forums is permitted, provided
the original author(s) or licensor are credited and that the original publication in this
journal is cited, in accordance with accepted academic practice. No use, distribution
or reproduction is permitted which does not comply with these terms.

Frontiers in Plant Science | www.frontiersin.org

15

September 2017 | Volume 8 | Article 1507


https://doi.org/10.1105/tpc.112.097022
https://doi.org/10.1186/1471-2229-11-93
https://doi.org/10.1186/s12870-014-0314-3
https://doi.org/10.1186/s12870-014-0314-3
https://doi.org/10.1186/s12870-015-0664-5
https://doi.org/10.1104/pp.113.214700
https://doi.org/10.1104/pp.113.214700
https://doi.org/10.1016/j.tplants.2014.12.001
https://doi.org/10.1111/nph.12620
https://doi.org/10.1111/nph.12620
https://doi.org/10.3724/SP.J.1005.2009.01265
https://doi.org/10.3724/SP.J.1142.2010.60673
https://doi.org/10.1104/pp.15.00645
https://doi.org/10.1093/jxb/erv524
https://doi.org/10.1093/jxb/erv524
https://doi.org/10.1242/dev.00681
https://doi.org/10.1111/tpj.12792
https://doi.org/10.1111/tpj.12792
https://doi.org/10.1111/j.1365-313X.2004.02183.x
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://www.frontiersin.org/Plant_Science/
http://www.frontiersin.org/
http://www.frontiersin.org/Plant_Science/archive

	Expression Differences of Pigment Structural Genes and Transcription Factors Explain Flesh Coloration in Three Contrasting Kiwifruit Cultivars
	Introduction
	Materials And Methods
	Fruit Materials
	Measurements of Fruit Firmness, Soluble Solids and Dry Matter Content
	Color Measurement
	Measurements of Chlorophyll, Carotenoid and Anthocyanin
	Expression Analysis by Quantitative Real-Time PCR (qPCR)
	Identification of Candidate Transcription Factors in Kiwifruit and a Phylogenetic Analyses
	Isolation and Sequence Alignments of AcMYBF110
	Subcellular Localization of AcMYBF110
	Heterologous Overexpression of AcMYBF110 in Tobacco

	Results
	Colors of the Three Kiwifruit Cultivars
	Analysis of Pigments in Three Kiwifruit Cultivars
	Expression Profiles of the Structural Genes Involved in Pigment Metabolism in Kiwifruit
	Correlation Analysis
	Expression Profiles of Anthocyanin Transcription Factors in Different Colored Kiwifruits
	Sequence and Expression Analysis of AcMYBF110
	Subcellular Localization Analysis of AcMYBF110
	Functional Test of AcMYBF110 in Tobacco by Transient Overexpression

	Discussion
	Pigment Changes in Green-, Yellow-, and Red-Fleshed Kiwifruit
	Expression of Pigment Biosynthesis and Degradation Genes in Kiwifruit
	Expression of Transcription Factors Involved in Anthocyanin Biosynthesis in Kiwifruit

	Conclusion
	Author Contributions
	Acknowledgments
	Supplementary Material
	References


