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Abstract

Anthocyanins are secondary metabolites derived from the general phenylpropanoid pathway and are widespread throughout
the plant kingdom. Anthocyanin accumulation is regulated by transcription factors. However, little is known about the role
of CaMYC from the bHLH family in pepper anthocyanin synthesis. In this study, a purple-leaved pepper (Capsicum annuum
L.) was selected and subjected to light and cold stress at the seedling stage. The result showed that anthocyanin content in
purple leaves was higher than in green leaves, which was related to anthocyanins synthesis. CaMYC is an important factor
and may be responsible for anthocyanin synthesis. Light and cold stress can result in strong anthocyanin accumulation.
CaMYC plays a key role in increasing structural gene expression, which regulates anthocyanin synthesis by the combination
of CaMYB and CaWD40. Further analysis showed that CaMYC-silencing resulted in low expression of structural genes in
the anthocyanin synthesis pathway, suggesting that CaMYC has a positive role in pepper anthocyanin metabolism. Our study
will provide an insight for anthocyanin synthesis in pepper.
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Introduction

Anthocyanins are colored water-soluble pigments belong-
ing to the phenolic group, and primarily responsible for the
colors, such as red, purple, and blue, in fruits and vegetables
(Raghvendra and Shakya 2011; Khoo et al. 2017). Owing to
its importance in plant metabolism and breeding programs,
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researchers have paid more and more attention to anthocya-
nin synthesis in recent years (Cheng et al. 2018). Anthocya-
nins possess various bioactivities, and give a distinctive and
attractive color to plant organs including leaves (Zhao et al.
2017), flowers (Tatsuzawa et al. 2012) and fruits (Shiomi
et al. 1996). Thus, anthocyanin-rich plants have attracted
increasing attention in planta for their special biological
value (Gao 2010).

Recently, the anthocyanin biosynthesis pathway has been
widely described. All structure genes in the pathway, includ-
ing chalcone synthase (CHS), chalcone isomerase (CHI),
flavanone 3-hydroxylase (F3H), flavonoid 3'5'-hydroxylase
(F3'5'H), dihydrolavonols 4-reductase (DFR), anthocyanin
synthase (ANS), UDP-glucose: flavonoid 3-glucosyltrans-
ferase (UFGT), anthocyanin permease (ANP) and glu-
tathione S-transferase (GST), have been identified in some
crops (Lalusin et al. 2006; Liu et al. 2013a). Anthocyanin
content is closely related to control of expression patterns
of structural genes, which in turn is reflected in the color
of plant organs/tissues (Tiffin et al. 1998; Boulton 2001).
These structure genes usually are regulated by multiple
transcription factors, especially MYB, bHLH, and WD40
proteins (Liu et al. 2013b). The three transcription factors
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can form a regulatory complex MYB-bHLH-WD40 (MBW)
by interacting with each other to directly regulate the tran-
scription of the structural genes (Spelt et al. 2000; Petroni
and Tonelli 2011; see EMS_1, Liu et al. 2013a, b). Antho-
cyanin production is transcriptionally regulated by the MBW
complex which controls anthocyanin levels by activating the
late biosynthetic genes (Li 2014). The interaction between
these transcription factors and the structure genes can protect
plants from environmental factors including light and tem-
perature (Ambawat et al. 2013). In general, the synthesis of
anthocyanins can be induced or upregulated intensively by
the exposure of plants to environmental stressors as diverse
as high irradiance, extremes of temperature and high light
(Shao et al. 2008; Peng et al. 2015). Light has been thought
to be an important factor affecting anthocyanins synthesis.
It can regulate anthocyanin levels by controlling the sta-
bility of transcriptional factors in the process of anthocya-
nin synthesis (Maier et al. 2013). Cominelli et al. (2008)
reported that, in Arabidopsis, expression of CHS, DFR, and
F3H are significantly up-regulated under white light induc-
tion. In contrast, mutants lacking the capacity for anthocya-
nin synthesis exhibit sensitivity to light (Yang et al. 2017).
These data suggest the positive role of light in anthocyanin
metabolism. Similarly, temperature as another abiotic stress
also plays a key role in anthocyanin synthesis. Low tempera-
ture can induce up-regulatory expression of anthocyanins
synthesis genes and transcriptional factors, such as DFR,
CHS, PAL, MYB and so on (Islam et al. 2005; Zhang et al.
2012). Overexpressing the MYB gene leads to high accu-
mulation of anthocyanin and enhanced resistance to chilling
and oxidative stress. This was also confirmed by Christie
et al. (1994), who reported that anthocyanin pigmentation
was higher under cold stress than under normal conditions.
Furthermore, there was a difference in anthocyanins lev-
els at different growth stages. Along with plant growth, the
expression of key genes involved in anthocyanin biosynthe-
sis, including CHS, CHI, and F3H, vary (Honda et al. 2002).

Pepper (Capsicum annuum L.) is an important vegeta-
ble crop grown and consumed worldwide (Visser 2014).
Pepper from anthocyanin-rich cultivars can become spe-
cialty peppers with high anti-oxidant activity (Sharma
et al. 2016) and have the enormous potential to develop
some anthocyanin-rich new pepper cultivars (Kim et al.
2017a). Taylor (2014) has extracted, separated and char-
acterized anthocyanins in purple leaves of colored pepper
cultivars. Therefore, color-leaved peppers have been popu-
lar with consumers recently due to much higher economic,
viewing and desirable values. A previous study showed
that anthocyanin content in pepper is closely related to
the regulation of transcription factors (Borovsky et al.
2004), and the characteristics of some transcription fac-
tors including MYB and WD40 were identified in pep-
per. Silencing of these transcription factors intensively

inhibited anthocyanin synthesis (Aguilar-Barragan and
Ochoa-Alejo 2014). A recent study on pepper has reported
that anthocyanin structural gene transcription requires the
expression of at least one member of each of three tran-
scription factor families, MYC, MYB, and WD40. These
transcription factors form a complex that binds to struc-
tural gene promoters, thereby modulating gene expression
(Stommel et al. 2009). However, these studies were lim-
ited to the MBW complex and the role of these transcrip-
tional factors in pepper metabolism remains ambiguous.
In a previous study, we found a new transcription factor,
MYC, from the bHLH family in pepper plants, but little is
known about its central role in anthocyanin synthesis and
its response to stress. In this article, we investigate the role
of MYC in anthocyanin synthesis, and analyze its response
to light and cold stresses in pepper. Our study may give
insight on the regulatory mechanism of CaMYC by which
we may understand anthocyanin synthesis in the future.

Materials and Methods
Plant Materials and Growth Conditions

Z1 (Capsicum annuum), a purple-leaved cultivar, was pro-
vided by the College of Horticulture, Northwest A&F Uni-
versity, Yang Ling (34°16'N, 108°4'W). Flowers and fruits
of the pepper cultivar were purple throughout the growth
period (EMS_2). However, during seedling growth, color at
the first to sixth leaf positions is green, whereas leaf color is
purple at other positions. Pre-germinated seeds were sown in
pots under dark conditions at 28 °C for 2 days. The seedlings
were grown in a growth cabinet with a 12-h day/night (d/n)
cycle at 60/80% (d/n) relative humidity, 23/18 °C (d/n) tem-
peratures and 300 umol m~2 s~! light intensity. The experi-
ments were conducted in the growth cabinet and commenced
when the plants reached the 6-leaf to 8-leaf stage (seedling
stage). The youngest fully expanded leaves of the seedlings,
which developed during stress treatment, were randomly
selected for measurement of contributed parameters.

Stress Treatments

Z1 seedlings at the 6-leaf stage were exposed to cold stress
(4 °C) for 2 days, and young leaves were sampled at 0, 3,
6, 12, 24 and 48 h. For the treatment of light stress, pepper
seedlings were grown under low light (<300 umol m=2s™"),
moderate light (300 umol m~ s™!) and high light (500
umol m~2 s™!) for 48 h. The samples were collected 48 h
later. The design was completely randomized within the
growth chamber with three replicates per treatment.
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RNA Extraction, and Quantitative Real-Time PCR

Total RNA was extracted using a Plant RNA Kit (OMEGA)
according to the manufacturer’s instructions, and then
reverse transcription was performed using the Prime-
script™ first strand cDNA Synthesis Kit (TaKaRa, Dalian,
China). Quantitative real-time PCR (qQRT-PCR) was imple-
mented according to the method of Ali et al. (2018) and
Guo et al. (2014). The ubiquitin-conjugating gene CaUbi3
(AY486137) was used as the reference gene for pepper (Wan
et al. 2011). The gene-specific primers used for expression
analysis are listed in EMS_2. The relative expression levels
were calculated following the 2 24T method (Livak and
Schmittgen 2001).

Extraction and Content Determination
of Anthocyanin

The samples were collected at the first to sixth leaf posi-
tion. Purple- and green-colored leaves were separated into
two groups; the green-leaf group and the purple-leaf group,
respectively. Anthocyanin content was measured according
to the method described by Xiang et al. (2015) with a little
modification. For measurement of anthocyanin in pepper
leaves, frozen leaves were ground to a powder, extracted
with the extracting solution (3 M HCI-H,O-methanol solu-
tion with the volume ratio of 1:3:16) overnight at 4 °C in the
dark. After centrifugation for 10 min, the supernatant was
measured at the absorbance of 530 and 657 nm. The rela-
tive anthocyanin content in pepper leaves was calculated on
a per g fresh weight basis by the formula [(A530—A657)/
mg FW tissue] x 1000.

Virus-Induced Gene Silencing (VIGS) of CaMYC
in Pepper Plants

The optimal tobacco rattle virus (TRV)-based VIGS sys-
tem was employed to silence CaMYC expression in pep-
per purple-leaved line Z1 according to the method of Wang
et al. (2013). CaPDS has been used as a visual marker for
the effectiveness of VIGS in pepper plants. A fragment of
the coding region of CaPDS was amplified using the gene-
specific primers VCaPDSF with an EcoRI restriction site
and Reverse VCaPDSR with a BamHI restriction site. The
resulting product was inserted into a TRV?2 vector to gener-
ate TRV2:CaPDS.

A fragment of the coding region of CaMYC was ampli-
fied using the gene-specific primers with restriction sites. The
obtained product was inserted into a TRV2 vector to gener-
ate TRV2:CaMYC. The TRV1, TRV2, TRV2:CaPDS, and
TRV2:CaMYC vectors were individually transformed into
the Agrobacterium tumefaciens strain GV3101. The Agrobac-
terium strain GV3101 carrying TRV1 was separately mixed
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with TRV2, TRV2:CaPDS, the empty vector TRV2:00, and
TRV2:CaMYC at a 1:1 ratio. The suspensions of the agrobac-
terium inoculation containing TRV1, TRV2, TRV2:CaPDS,
and TRV2:CaMYC (ODg,=1.0) were infiltrated into the fully
expanded cotyledons of pepper plants (Z1 cultivar) using a 1.0-
mL sterilized syringe without a needle. The agrobacterium-
inoculated pepper plants were grown in a growth chamber at
18 °C in the dark for 2 days with 45% relative humidity, and
then transferred into a growth chamber at 22 °C under a 16-h
light/8-h dark photoperiod cycle with 60% relative humidity.
The primers for VIGS and real-time quantitative PCR are
listed in EMS_3.

Expression Analysis for Anthocyanins-Related Genes
in Pepper

When the photobleaching symptom appeared on the leaves
of the pepper seedlings inoculated with TRV2:CaPDS after
1 month, the young leaves of TRV2:CaMYC and TRV2:00
were sampled for the testing of silencing efficiency and gene
expression. Total RNA was isolated using the method of Guo
et al. (2012), and cDNA was synthesized using the PrimeScript
Kit (Takara) according to the manufacturer’s instructions.
Primers were designed to generate 150- to 250-bp fragments
using PRIMERS software. Primers for real-time quantitative
PCR (qRT-PCR) are listed in EMS_2. The ubiquitin-conjugat-
ing gene CaUbi3 (AY486137) was used as the reference gene
for pepper (Wan et al. 2011). PCR and detection were per-
formed as described previously (Feng et al. 2012). The 244¢T
method was used to analyze the relative transcript levels in
gene expression with the means from three replications. The
gRT-PCR process was performed in a qRT-PCR instrument
(iQ5; BIO-RAD, USA). A completely random design was
used in this experiment, and the treatment for each organ was
conducted with three biological replicates with each replicate
containing five pepper seedlings.

Data Analysis

The treatments were arranged in a randomized complete
block design with three biological replicates. The data were
analyzed using a one-way analysis of variance (ANOVA) as
implemented in SPSS 11.0 software. Statistical significance
was inferred at p <0.05. All figures were edited by Sigma plot
11.0. The analyzed data are presented as means + SE of three
replicates for all measured parameters.
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Results

Anthocyanin Content in Pepper Leaves
under Normal Condition

Figure 1A show the performance of Z1 pepper cultivars
under normal conditions. Leaf color at the first to sixth
positions of Z1 are purple-green under normal light. At
normal light intensities, the anthocyanin per unit leaf area
of purple-colored leaves was 0.20 mg/g, which was about
twofold higher than that of green-colored leaves (Fig. 1B).

Fig.1 Anthocyanin content
in the leaves of pepper at the
seedling stage. A Plants at the

This result suggested that the presentation of purple color
in the leaves of pepper is related to anthocyanin content.
Transcript levels of genes involved in anthocyanin synthe-
sis in pepper leaves were investigated by real-time quantita-
tive PCR. The results showed that all the investigated struc-
tural genes, especially CaCHS, CaCHI, CaF3H, CaF3'5'H,
CaDFR, CaANS, CaUFGT, CaANP, and CaGST, were
expressed in leaves, and more strongly in the purple-leaved
group as compared to in the green-leaved group (Fig. 2). As
for transcription factor, CaMYC expression in the purple-
leaved group was significantly higher than that in the green-
leaved group, whereas no differences in levels of CaMYB
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Fig.2 Expression of genes involved in anthocyanin synthesis. The
leaves of pepper were collected at the 6-leaf to 8-leaf stage. The
expression of all genes was normalized by that of the ubiquitin-con-
jugating protein gene CaUbi3. The experiment was conducted with

three biological replicates and each replicate contained three pepper
seedlings. Error bars represent the mean=+SD of three independent
biological replicates
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and CaWD40 expression were observed between the purple-
leaved group and green-leaved groups. This result indicated
that the bHLH transcription factor CaMYC may participate
in regulation of these structural genes.

Transcript Levels of Regulatory Genes under Light
Treatment

Under different light treatments, the differences in antho-
cyanin content might be the result of differences in levels
of regulatory gene expression. Along with the increasing of
light intensity, leaf color turned purple gradually, and the
purple color in the high-light treatment was much darker
than in the moderate- and low-light treatments (Fig. 3A).
Correspondingly, under the treatment of high light intensity,
an obvious increase in anthocyanin content was observed
as compared to in low-light and moderate-light treatments
(Fig. 3B). This result indicated that anthocyanin synthesis
was regulated by light intensity and that high light promoted
accumulation of anthocyanins.

B Low light Moderate light High light
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Fig.3 Effect of light intensity on anthocyanin content of pepper
leaves. A Performance of the leaves of peppers at the 6-leaf to 8-leaf
stage under different light intensities. B Anthocyanins content. For
the treatment of light intensity, the whole seedlings at the 6-leaf to
8-leaf stage were treated with low (<300 pmol~m‘2 s™1), middle (300
pmol m~2 s~1) and high light intensities (500 umol m~2 s~!) for 48 h.
Each treatment contains three pepper seedlings. Error bars represent
SD for three biological replicates
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To understand the involvement of regulatory genes in
purple-leaved pepper sensitivity to light, the expression of
all regulatory and structural genes in anthocyanin synthesis
was investigated by qRT-PCR under light stress. The results
showed that all genes showed expression when treated with
light. High light enhanced the levels in the expression of
CaMYB and CaMYC, but more strongly in the latter than
in the former. In contrast, under low light treatment, levels
in the expression of all regulatory genes including CaMYB,
CaMYC and CaWD40 decreased compared to in the moder-
ate light treatment, but the level in the expression of CaMYC
is lower. Further analysis suggested that high transcriptional
levels of CaMYB and CaMYC under high light intensity
lead to improved expression of structural genes (Fig. 4).
Furthermore, no obvious change in expression of all genes
was observed under moderate light treatment. These data
suggested a central role of the regulatory gene CaMYC in
anthocyanin synthesis in leaves of pepper exposed to light.

Accumulation of Anthocyanin in Pepper Leaves
under Cold Stress

To monitor anthocyanin biosynthesis under cold stress,
anthocyanin content and genes related to anthocyanin syn-
thesis were measured. Anthocyanin content significantly
increased progressively during the hours of treatment.
Anthocyanin content of plants exposed to cold stress at
6 h was significantly higher than the control, and the level
reached to the highest at 48 h post-cold stress, which is about
1.5-fold times that of the control. This result suggested the
positive role of cold stress in anthocyanin synthesis. (Fig. 5).

The transcriptional level of the three members (CaMYB,
CaMYC and CaWD40) from the MBW transcription com-
plex was monitored by real-time quantitative PCR. Leaves
with cold stress treatment showed an obvious increase in
the level of all regulatory gene expression at the early stage
(6 h post-cold stress), whereas the transcriptional level of
CaMYC improved continuously at the following late stage
(12 h post-cold stress). Further analysis showed that the rela-
tive expression of the CaMYB gene was reduced 24 h after
cold stress treatment (Fig. 6A). As for CaMYC expression, a
continuous increase was observed throughout the entire pro-
cess of cold stress (Fig. 6B). Similarly, leaves also possessed
a high CaWD40 expression level 6 h after cold stress, but
a low expression then increased expression at the late stage
(Fig. 6C). To understand the involvement of these transcrip-
tional factors in anthocyanin synthesis, we also investigated
the expression of structural genes at the early stage (6 h post-
cold stress). Levels in the expression of most of all investi-
gated structural genes were increased at 6 h post-treatment
as compared to the control (0 h) (EMS_4). The result sug-
gests that the MBW complex might respond to cold stress at
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Fig.4 Response of genes involved in anthoycanin synthesis in the
leaves of pepper in different light intensity treatments. Seedlings at
6-leaf to 8-leaf stage were subjected to light intensities of low light
(<300 umol m~2 s71), moderate light (300 pumol m~2 s~') or high
light (500 umol m~2 s™1) for 48 h. Each treatment contains three pep-

per seedlings. Vertical bars represent standard deviations (SD, n=3).
Different letters denote significant differences between low light,
moderate light and high light intensities in purple-leaved pepper seed-

lings (p<0.05)
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Anthocyanin content (mg/g)

0 3 6 12 24 48
Time (h)

Fig.5 Effect of cold stress on anthocyanin content in the leaves of
pepper. The samples at the 6-leaf to 8-leaf stage were collected at dif-
ferent time points (0, 3, 6, 12, 24, 48 h). Mean values and SDs for
three replicates are shown. Error bars represent SD for three biologi-
cal replicates, and the letters show the significance level at a=0.05
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Fig.6 Expression profiles of regulatory genes related to anthocyanin
synthesis in response to cold stress. A—C Seedlings at the 6-leaf to
8-leaf stage were exposed to 4 °C, and levels in the expression of A
CaMYB, B CaMYC and C CaWD40 were investigated by qRT-PCR.
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the early stage of cold stress treatment, whereas the CaMYC
gene can respond to a low-temperature signal chronically.

Anthocyanins-Related Gene Expression
in CaMYC-Silencing Peppers

To understand its involvement in pepper anthocyanin syn-
thesis, CaMYC expression was silenced through the virus-
induced gene silencing (VIGS) technique, in which the
Agrobacterium stain harboring TRV2:00, TRV2:CaMYC
and TRV2:CaPDS were injected into cotyledons of pep-
per purple-leaved line Z1, respectively (Fig. 7A). After
1 month of injection, photobleaching was presented on the
leaves of the positive control with TRV2:CaPDS, and obvi-
ous green leaves were observed in the silenced peppers with
the TRV2:CaMYC vector. However, no obvious symptoms
were observed on pepper seedlings with TRV2:00 (Fig. 7B).
These data suggest the reliability of the VIGS technique in
silencing pepper gene expression, which is further confirmed
by a high silencing efficiency of CaMYC gene expression
after 1 month of injection (Fig. 7C).
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The samples were collected at different time points (3, 6, 12, 24,
48 h) with three replicates. Error bars represent SDs for three bio-
logical replicates
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Fig.7 TRV-mediated silencing A TRV2:CaPDS
of CaMYC in purple-leaved
pepper plants. A Phenotypes of
pepper plants infiltrated with
TRV2: CaPDS construct (the
positive control). B Leaves

in CaMYC-silencing plants
exhibiting varying phenotypes
in comparison to the negative
control with TRV2:00 vector.

C Silencing efficiency in the
seedlings with TRV2:CaMYC
vector. The silencing efficiency
was analyzed by qRT-PCR. The
experiment was conducted after
photobleaching was presented
on the leaves of positive control
with TRV2:CaPDS. Values

are the means +SD from three
separate experiments 0.40
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Real-time quantitative PCR was conducted to measure
transcription levels of genes involved in anthocyanin synthe-
sis. The result showed that CaMYC silencing did not impact
CaWD40 expression. Compared to the control of TRV2:00,
the CaPAL, CaC4H, and Ca4CL showed higher expression.
In contrast, CaCHS, CaCHI, CaF3H, CaF3'5'H, CaDFR,
CaANS, CaANP, CaGST, and CaUFGT were repressed after
CaMYC-silencing was conducted due to low expression
observed in silenced peppers compared with the negative
control (Fig. 8).

Discussion

Optimal environment stress can improve plant adaption
to the environment, whereas excess stress results in poor
plant growth. However, the importance of anthocyanins for
plant development is supported by their utility in the plant
kingdom, primarily reflected in resistance to environmental
stress and attraction of pollinators (Gould et al. 2000; Shang
et al. 2011). As an important pigment, the participation of
anthocyanins in the plant response to light and low tempera-
ture has been intensively studied in recent years (Lima et al.
2005; Dong et al. 2018). A similar pattern is observed in our
study: anthocyanin content is significantly enhanced under

TRV2:CaMYC

high light intensity and cold stress. This may be explained
by the result of Xu et al. (2017), who thought that optimal
reactive oxygen caused by stress can activate anthocyanin
biosynthesis by regulating related genes.

In previous research work, all genes involved in the
anthocyanin pathway were identified, and the important role
of transcription factors in regulation of anthocyanin biosyn-
thesis in pepper plants was determined (Lightbourn et al.
2007; Stommel et al. 2009). In the pathway of anthocyanin
metabolism, the expression profiles of these structural genes
were intensively dependent on transcriptional factors. Thus,
the interaction between structural genes and transcriptional
factors jointly determines anthocyanin synthesis (Ambawat
et al. 2013). By further analysis of the expression of these
genes in this study, we found that reduction in transcrip-
tional factor gene expression, especially CaMYC, in green
leaves may be the main factors to result in down-regulated
expression of structural genes. Interestingly, no difference
was observed in the levels of the other two transcription
factor expressions (CaWD40 and CaMYB) between purple
leaves and green leaves. There is a positive relationship
between MYC and structural genes in the expression pro-
files. Therefore, we speculated that regulation of the inves-
tigated structural genes may be related to the CaMYC gene,
which is similar to a study in wheat (Zong et al. 2017). As
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an important family, some members from bHLH can bind to
the promoters of the anthocyanin biosynthesis genes, such
as DFR and UFGT, and the regulatory gene MYBI1 to acti-
vate their expression (Xie et al. 2017). In Arabidopsis, the
ratio of MYC and MYB transcription factors also regulates
anthocyanin production at some degree (Ma et al. 2008).
These transcriptional factors control anthocyanin synthesis
by the regulation of structural genes. These data suggest the
positive regulatory function of CaMYC in the regulation of
anthocyanin synthesis.

Similar to the results of research in Arabidopsis, light
treatment induced high expression of genes related to
anthocyanin synthesis (Cominelli et al. 2008). This is also
confirmed by Albert et al. (2009), who reported that CHS,
F3H, DFR, and UFGT showed down-regulation under low
light intensity; even dark treatment resulted in no expres-
sion of DFR and ANS genes. In the current study, high
light improved CaMYC and CaMYB gene expression, and
the highest expression was observed in the CaMYC gene.
Correspondingly, structural gene expression was strong
in the high-light treatment. A previous study has reported
that MYC overexpression reliably lead to high anthocyanin
concentrations (Majnik et al. 2000). Light can interact with
R2R3-MYBs or bHLHs to organize or disrupt the formation
of the MBW complex, leading to enhanced or compromised
flavonoid production (Li 2014). Enhanced expression of
bHLHs members can result in the accumulation of antho-
cyanins by interaction with MYBs (Feng et al. 2015). Based
on these data, considering the higher expression of CaMYC
than CaMYB in peppers, it can be speculated that CaMYC
may be responsible for anthocyanin synthesis under light
treatment.

To confirm anthocyanin response to low temperature,
anthocyanin content and related gene expression were meas-
ured in pepper leaves under cold stress. As expected, in our
study, anthocyanin content improved under cold stress.
When suffering cold stress, anthocyanin genes were induced
by cold stress and resulted in the accumulation of anthocya-
nins (Li et al. 2015). This may be the result of anthocyanins
attenuating reactive oxygen caused by cold stress (Kim et al.
2017a, b; Sun et al. 2016). Interestingly, these transcription
factors may play a key role in pepper response to cold stress
in its early stage (Fig. 6). It is well known that the MBW
complex can control anthocyanin products by activating the
early biosynthetic steps in plants (Hartl et al. 2017). A pre-
vious study also reported that overexpression of the MBW
complex induced a high accumulation of anthocyanins
both earlier and stronger (Liu et al. 2013b). Therefore, it is
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possible that these transcription factors are expressed at 6 h
after cold stress treatment to improve anthocyanin synthesis.

VIGS is an effective tool for gene function analysis in
plants. Over the last decade, VIGS has been used as both a
forward and a reverse genetics technique for gene function
analysis in various model plants (Ramegowda et al. 2014).
To further confirm the contribution of transcription factors
on pepper growth, CaMYC silencing was conducted in pep-
per seedlings. After CaMYC silencing was conducted, the
expression of structural genes was decreased in silenced pep-
per, suggesting a positive role of CaMYC in the anthocyanin
synthesis pathway. Although MYC is a protein encoding a
bHLH motif and affects anthocyanin accumulation, it is not
essential for anthocyanin synthesis (Pattanaik et al. 2008;
Zong et al. 2017). A silenced plant can express structural
genes related to anthocyanin at a low level. Furthermore,
CaMYC controlling anthocyanin synthesis may be correlated
with the MBW complex, because CaMYC silencing also
resulted in a reduction in levels of CaMYB and CaWD40
expression (EMS_3). Similarly, CaMYB silencing in pepper
leaves also showed a similar change (Zhang et al. 2015).
Therefore, we speculate that the CaMYC gene may be with
a MBW complex, especially CaMYB, to jointly regulate
anthocyanins. Although CaMYC is considered to have a
key role controlling anthocyanin synthesis, the combined
effects and mechanisms of multiple factors on anthocyanin
biosynthesis is not clear. Further studies should be focused
on the impact of multiple factors on anthocyanin regulatory
mechanisms.

Conclusions

Briefly, in this study, we found the importance of antho-
cyanin-related gene expression in anthocyanin synthesis,
thereby demonstrating the close relationship between leaf
color and anthocyanins. Regulatory gene expression is posi-
tively related to expression of structural genes. Furthermore,
anthocyanin content can be induced strongly under high
light and cold stress, which is reflected primarily in high
levels of genes related to anthocyanin synthesis. CaMYC is
a primary regulatory factor in pepper anthocyanin synthe-
sis, and its silencing in pepper resulted in poor anthocyanin
accumulation by reducing other structural gene expression.
This study provides a better understanding for the role of
CaMYC in anthocyanin metabolism. Further study will be
focused on the mechanism of interaction between CaMYC
and CaMYB/WDA40.
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«Fig. 8 Expression of genes involved in anthocyanin synthesis in
CaMYC-silencing peppers. The samples were collected when pho-
tobleaching was observed on the leaves of the positive control with
TRV2:CaPDS. TRV2:00: negative control plants; TRV2:CaMYC:
CaMYC-silencing plants. The expression of all genes was normalized
by that of ubiquitin-con-jugating protein gene CaUbi3. The experi-
ment was conducted with three biological replicates and each repli-
cate contained three pepper seedlings. Error bars represent SD for
three biological replicates
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