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Abstract

Background: Blueberry is one of the most important fruit crops worldwide. Anthocyanin is an important secondary
metabolites that affects the appearance and nutritive quality of blueberries. However, few studies have focused on
the molecular mechanism underlying anthocyanin accumulation induced by light intensity in blueberries.

Results: The metabolic analysis revealed that there were 134 significantly changed metabolites in the natural light
compared to the control, and flavone, flavonol, and anthocyanins were the most significantly increased. Transcrip-
tome analysis found 6 candidate genes for the anthocyanin synthesis pathway. Quantitative reverse transcription
PCR (gRT-PCR) results confirmed changes in the expression levels of genes encoding metabolites involved in the
flavonoid synthesis pathways. The flavonoid metabolic flux in the light intensity-treatment increased the accumula-
tion of delphinidin-3-O-arabinoside compared to under the shading-treatment. Furthermore, we performed gRT-PCR
analysis of anthocyanin biosynthesis genes and predicted that the gene of VcF3’5’H4 may be a candidate gene for
anthocyanin accumulation and is highly expressed in light intensity-treated fruit. Through the co-expression analysis
of transcription factors and anthocyanin synthesis pathway genes, we found that the VcbHLH004 gene may regulate
VcF3'5'H4, and then we transformed VcbHLH004 heterologously into tomato to verify its function.

Conclusion: These results provide novel insights into light intensity regulation of blueberry anthocyanin accumula-
tion and represent a valuable data set to guide future functional studies and blueberry breeding.
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Background

Color constituents are important economic traits in some
fruit and vegetables that are present due to high antho-
cyanin accumulation. Anthocyanin is a flavonoid that is
vital for the production of fruit quality and color [1, 2].
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The concentration of anthocyanin during fruit ripening is
related to the soil, growing area, and climate [3, 4]. Light
is a crucial environmental factor that affects anthocyanin
synthesis in many plants [5]. Among them, light intensity
and light quality are the most significant. The expression
of structural genes and transcription factors related to
anthocyanin biosynthesis can be regulated through signal
transduction pathways that affect anthocyanin synthesis
and its accumulation [6]. Therefore, the effects of light
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and other environmental factors on anthocyanin synthe-
sis are essential to study and we need to find the mecha-
nism of regulation for improving fruit quality.

Higher light intensity can increase anthocyanin accu-
mulation in many plants [4, 7]. Azuma et al. (2012)
showed that strong light may significantly induce antho-
cyanin accumulation in grape peel and simultaneously
induce the high abundance expression of DFR, CHS, CHI,
F3H, MT, F3’5’H, and GT [8]. The anthocyanin concen-
trations under blue and red light treatments were higher
as compared to dark conditions [9, 10]. During the color
transition period, UV-light alters concentrations of
anthocyanin in blueberries [11]. In the pericarp, continu-
ous illumination of blue and red light increased the con-
centration of anthocyanin. However, blue light enhanced
the accumulation of anthocyanin more than red light
[12]. The concentration of anthocyanin in grapes treated
with strong light-intensity was significantly different
as compared to control treatments [13]. These studies
showed that light increases the accumulation of anthocy-
anin. In plants, the anthocyanin biosynthesis pathway is
regulated by several structural genes and regulatory tran-
scriptional factors (TFs) and plays a significant role in the
production of diverse anthocyanin components [14].

Anthocyanin contents were changed under light
exclusion due to a decrease in the transcriptional level
of anthocyanin regulation and structural genes [15].
In grapes, Marselan (V. vinifera L.), shade treatment
can reduce the content of anthocyanin by changing the
expression of anthocyanin synthase genes (CHS, CHI,
DFR, F3H, LDOX, F3’5’H) and regulatory gene expres-
sion (VWMYB30, VvbHLH?79, VvbHLHI121) [16]. Further-
more, research showed that the expression of structural
genes (LDOX, CHS, F3H, DFR, CHI, UFGT), and regu-
latory genes (MybA1I) that were exposed to strong light
caused down-regulation, resulting in decreased antho-
cyanin content in wine grapes (Vitis vinifera) [17]. The
molecular mechanisms of light intensity regulating fruit
anthocyanin biosynthesis have been reported in pear
[18], peach [19], and grape [20]. Therefore, studying the
influence mechanism of light intensity on the synthesis
of plant anthocyanin is an important basis for improving
plant anthocyanin.

Blueberry production was estimated at 347,200 tons
with a cultivated area of 66,400 hm? in China [21].
Within Guizhou Province, blueberries are planted with a
cultivated area of 15,000 hm? and a production of 85,000
tons [21]. Anthocyanin accumulation in blueberries is
closely related to the light signal. Many studies have
reported the effect of light quality on blueberry anthocy-
anin synthesis, such as, UV-B treatment can increase the
expression of anthocyanin regulatory factors VcMYBAI,
VeMYBPA1, and VeMYBC2, enhancing the accumulation
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of anthocyanin in blueberries [14]. Nguyen’s research
showed that UV-B promoted the expression of VcBBX,
VeMYB21, and VeR2R3 MYB transcription factor, lead-
ing to the accumulation of anthocyanin. Recently, the
accumulation mechanism of blueberry anthocyanin has
been studied using light quality. However, the molecu-
lar mechanism of light intensity regulating blueberry
anthocyanin synthesis has not been reported yet. In the
present study, we reported the anthocyanin accumula-
tion by metabolome and transcriptome analyses in rab-
biteye blueberry ‘Pink Blue’ fruit samples treated with
different light intensities in order to study the molecular
mechanism of anthocyanin synthesis. This study greatly
expands our understanding of the molecular mechanism
of light intensity in regulating blueberry anthocyanin
accumulation.

Materials and methods

Plant materials

Five-year-old rabbiteye blueberries (Vaccinium ashei:
Reade) were grown at Guiyang, Guizhou, China. The
planting distance was 30 x 30cm. The growing region
located at 106°27’-106°52’ East longitude and 26°11’-
26°34’ North latitude. The light treatment and fruit
harvesting time were March 2020 and June 2020, respec-
tively. Multiple shading nets and illuminance metre
(Shandong Rongcheng Shading Online Shop) were used
to measure different levels of shading and intensity of
light, respectively. Thirty blueberry plants were selected
under different light treatments, including: natural light
(intensity 100%: CK), light shading (intensity 75%: H),
moderate shading (intensity 50%: F) and severe shad-
ing (intensity 25%; Q). The samples were frozen in liquid
nitrogen and stored at —80°C for further pigment com-
position, metabolite, qPCR analyses, and RNA sequenc-
ing (RNA-Seq).

Measurement of chlorophyll, carotenoid, total
anthocyanin, and total flavonoids

The chlorophyll and carotenoid contents were deter-
mined using 80% acetone mentioned previous method
[22]. For this, 1.0g of fruit (fully ground) was taken and
added 10ml of 80% acetone for shading and extraction
until the leaves completely whitened. Absorbance val-
ues were measured at wavelengths of 663nm, 645nm
and 470nm in a UV spectrophotometer. The formulae
for calculating chlorophyll concentrations were such as:
chlorophyll a=(12.72A663-2.59A645)V/(1000m); and
chlorophyll b=(22.88A645-4.67A663)V/(1000m). The
formulae for calculating carotenoid concentrations were
as follow: carotenoids=(1000A470-3.27C, — 104C,)
V/(229 x 1000m), and the results were expressed as mg
g~ 1. The formulae for total chlorophyll were as following:
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(8.05A663 +20.29A645)V/(1000m). In the formula, Ca
represents the concentration of chlorophyll a; Cb repre-
sents the concentration of chlorophyll b; V is the volume
of the extract; m is the fresh weight of the sample. The
content of total flavonoids was determined by double-
antibody one-step sandwich method-enzyme-linked
immunosorbent assay (ELISA).

Metabolomic analysis

Metabolite profiling was performed using a widely tar-
geted metabolome method using Wuhan Metware Bio-
technology Co., Ltd. (Wuhan, China) (http://www.metwa
re.cn/). Freezing-dried fruit skin was crushed into pow-
der using a mixer mill (MM 400, Retsch). The fruit (1cm
wide and 0.2cm thick along the fruit lengthwise) were
sampled with different light intensities, and three rep-
licates for each of Lv and Bai. A total of 100mg powder
was extracted overnight at 4°C with 1.0ml 70% aqueous
methanol, then centrifuged at 10, 000g for 10 min. After
that, these extracts were absorbed, filtrated, and analyzed
by an LC-MS/MS system. Analytical conditions were
based on the procedures as described in Zhang et al.
[23]. Quantification of metabolites was carried out using
a MRM method [24]. Metabolites with significant dif-
ferences in content were set with thresholds of variable
importance in projection (VIP) >1land fold change >2
or <0.5 [25].

Transcriptome sequencing and enrichment analysis

Highbush blueberry (V. corymbosum hybrids) reference
genome was used this link (http://gigadb.org/dataset/
100537) [26]. Alignments were made using HISAT?2 soft-
ware to map the filtered reads for the reference genome
[27]. The filter conditions and false discovery rate (FDR)
were: |log2 (fold change)| > 1, and < 0.05, respectively. The
Kyoto Encyclopedia of Genes and Genomes (KEGG) and
Gene Ontology (GO) enrichment analyses of the DEGs
were implemented using the Cluster profiler R software
packages (p-value <0.05) [28]. The online database Plant
TFDB was used to identify transcription factors [29]. The
transcription factor and co-expression of anthocyanin
synthesis pathway genes were visualized using Cytoscape
[30]. The blueberry anthocyanin synthesis pathway was
identified using blast and the E-value was e ° [31].

Correlation analysis of the metabolome and transcriptome
Pearson correlation coefficients were calculated for the
integration of the metabolome and transcriptome infor-
mation. The mean metabolite content and mean expres-
sion of each transcript were calculated according to the
metabolomic and transcriptomic data respectively, using
coefficient calculation. The fold changes in each group
(Shading and Lighting groups, CK/Q, CK/F, and CK/H)
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were calculated for both the metabolome and transcrip-
tome data. The coefficients were calculated from log2
(fold change) of each transcript and log2 (fold change)
of each metabolite using EXCEL program. Metabolome
and transcriptome relationships were visualized using
Cytoscape (version 3.7.2). Correlations coefficient of
R2>0.8 and p-values<0.05 were selected.

Ectopic expression of VcbHLH004 in Micro-Tom tomato

The CDS of VebHLHO004 was recombined into the
pBWA(V)HS-ccdb-GLosgfp vector for gene transforma-
tion with the 35S promoter and then transformed into
Agrobacterium tumefaciens GV3101 using the floral-dip
method. For half-strength Murashige and Skoog (MS)
solid medium with kanamycin, T1 transgenic plants were
selected. Kanamycin resistant seedlings were grown in a
light incubator under a 16-h light/ 8-h dark photoperiod
at 24°C. Ripe fruit were used for anthocyanin identifica-
tion, quantification, and RNA-seq analysis.

RNA extraction > library construction and qRT- PCR
validation

Twelve libraries were constructed for transcriptome
sequencing that represented four peel samples and three
replicates. RNA extraction, transcriptome sequenc-
ing, and quantification were performed [21]. For library
sequencing on the Illumina Hiseq platform, 150bp
paired-end reads were generated for the library. For
RNA-Seq., total RNA was extracted and transcribed
into cDNA using the PrimeScript’ RT Reagent Kit
(TaKaRa) in accordance with the manufacturer’s instruc-
tions. qRT-PCR was performed in a Real-time PCR Sys-
tem (ABI QuantStudio 3, ABI) using SYBR Real Master
Mix (Transgen, Beijing, China) under the following PCR
thermal cycling conditions: predenaturation at 95°C for
30s; followed by 40cycles of 95°C for 155, 60°C for 30s,
and 95°C for 15s. The sequences of the primers used are
listed in Supplementary Table S1. ACT7 and GAPDH
(AY123769) bilberry genes were used as the housekeep-
ing gene. Tree biological replicates were performed for
each gene, and the standard curve method was applied in
statistical analysis.

Results

Effect of light intensity on contents of pigment

in blueberry fruit

Strong light significantly enhanced blueberry fruit
growth and development that led towards fruit matura-
tion and ripening (Fig. 1A). Anthocyanin content was
increased due to strong and reduced the content of carot-
enoids, chlorophyll and total flavonoids (Fig. 1B).
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Metabolite analysis

Fruit samples were collected from the different light
intensities used to measure changes in metabolite con-
centration associated with the peel coloration process
in blueberries (Fig. 1A). We evaluated the metabo-
lomes of the twelve samples using the widely-targeted
metabolomics approach. We detected 134 compounds
grouped into 11 classes (Table S1). Metabolite con-
centration data was used to perform hierarchical heat-
map cluster analysis. All the biological replicates were
grouped together representing the high-reliability of the
generated metabolome data (Fig. S1). Interestingly, we
observed a separation between natural light (CK) and
25% light transmittance (Q) which indicated that the
metabolite spectra of the two samples were significantly
different (Fig. S1).

Differentially accumulated metabolites (DAM) (CK vs
-Q, CK vs -F, CK vs -H) between pair of samples were
determined based on the variable importance in projec-
tion (VIP)>1 and fold change <0.5 or fold change >2
[32]. Our studies showed significantly high metabolites

were differentially accumulated between the compared
samples, including 40, 41, 40 DAMs in CK-vs-Q, CK-
vs-F, CK-vs-H, respectively (Table S2). The KEGG top
enriched among the DAMs were detected from all the
compared samples for biosynthesis of secondary metabo-
lites, anthocyanin biosynthesis, metabolic pathways, and
flavonoid biosynthesis (Fig. 2A-C). Comparative analysis
of the three groups of DAMs such as CK-vs-H » CK-vs-F
and CK-vs-Q samples resolved to 37 common metabo-
lites (Fig. 2D). The 37 metabolites including’s 4 down-
accumulated and 33 up-accumulated compounds were
constantly conserved the same patterns of differential
accumulation (up- or down-) and may contain potential
metabolites associated with peel coloration in blueberry
(Table S3). We concluded that the DAMs from the fla-
vonoid biosynthesis pathway were likely to be the key
metabolites underlying the change in peel coloration of
blueberry during natural light.

A total of 43 anthocyanins were detected in blueber-
ries, 30 and 13 in CK and Q, respectively (Table S1).
Analysis of the ratio of anthocyanin monomer content
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to total anthocyanin content in fruit: Delphinidin-3-O-
arabinoside, Peonidin-3-O-arabino-side, and Petuni-
din-3-O-arabinoside accounted for total anthocyanin at
46, 22, and 18%, respectively, in CK, while it was 0 in Q
(Fig. 3A). Procyanidin B1 and Procyanidin B2 accounted
for 60 and 27%, respectively, in Q, and 0 in CK (Fig. 3B).
This indicates that Delphinidin-3-O-arabinoside, Peo-
nidin-3-O-arabino-side, Petunidin-3-O-arabinoside are
light-inducible anthocyanins, and Delphinidin-3-O-ara-
binoside are light-inducible anthocyanins typical repre-
sentatives of glycosides.

Transcriptome analysis

We obtained 81.57G clean bases and 212 million clean
reads from RNA sequence. As per sample, 53 million
mean number of clean reads were calculated. From the
clean reads, total mapped reads were 87.80, and 55.83%
were mapped uniquely against the improved blueberry
reference genome sequence (Table S4). We identified
29,539 DEGs in the three comparison groups. There were
23,308 DEGs in CK vs Q, 20702 in CK vs F, and 18,838

in CK vs H (Table S5). In the comparison groups, 9711,
8433, and 7824 genes were unregulated, and 13,598,
12,259, 11,015 genes were down-regulated (Fig. 4A).
Generally, 5599 DEGs were up regulated from all three
comparison groups (Fig. 4B).

The 5599 DEGs were subjected to GO and KEGG
functional pathway analyses (Table S6). DEGs were
categorized into DNA binding, plant hormone signal
transduction, Biosynthesis of secondary metabolites,
metabolic pathways, phenylalanine, tyrosine and trypto-
phan biosynthesis, and flavonoid biosynthesis (Fig. 4C,
D). We obtained 5599 DEGs from anthocyanin synthesis
pathway and screened 55 genes (Fig. 4E). Among these 55
genes, 6 genes are expressed in high levels in CK, but low
in H, F. however, Q treatment was not expressed. These 6
DEGs encoded a Dihydroflavonol 4-reductase (K13082),
two Glutathione transferases (K00799), a F3H(K00475),
two Flavonoid-3’,5'-hydroxylases (K13083). Among
them, VcF3'5’H-2 (VcF3'5°H4) was the most up-regu-
lated gene in the all treatment (Fig. 4F).
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Correlation analysis between selected transcripts

and metabolites

The DEGs encoded by key enzymes in the anthocya-
nin synthesis pathway, such as EC: 1.14.14.81 (flavo-
noid 3’5’ hydroxylase, F3'5’H), EC: 1.14.11.9 (flavonoid
3-hydroxylase, F3H), and EC: 1.1.1.219 (dihydroflavonol
4-reductase, DFR) that are related to the production of
metabolites and catalyze benzene the synthesis of fla-
vonoids and anthocyanin glycosides in the propionic
acid synthetic pathway (Fig. 5). The DEGs encoded by
flavonoid 3’5’ hydroxylase catalyzed the production of
dihydromyricetin. However, the DEGs encoded by dihy-
droflavonol 4-reductase DFR catalyzed the production
of myricetin and dihydromyricetin. These DEGs were

up-regulated under natural light, which was consistent
with the accumulation pattern of blueberry fruit metabo-
lites under natural light. These results indicated that the
key enzyme genes and metabolites of the anthocyanin
synthesis pathway were jointly involved in the formation
of blueberry fruit taste, color and nutritional quality.

Co-expression network analysis of genes related

to anthocyanin synthesis

This study used online data from PlantTFDB to identify
all the transcription factors in the blueberry genome. We
determined a total of 6004 transcription factors in blue-
berries, belonging to 58 transcription factor (TF) fami-
lies in which the first 5 families such as MYB (10), bHLH
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Fig.5 The results of the combined metabolome analysis of blueberry fruit transcription. Expression changes (right) and annotation (left) of the
unigenes involved in flavonoid biosynthesis and phenyl-propanoid metabolism pathways in blueberry fruit. The gene ID and annotation indicates

the gene product is related to the flavonoid biosynthetic pathway

(456 entries), ERF (446 entries), NAC (395 entries) and
C2H2 (269 entries) (Fig. 6A). In the anthocyanin synthe-
sis pathway, co-expression network analysis with tran-
scription factors. We found the transcription factors such
as VebHLHO004, VcERF061, VeNACO072 and the key gene
VcF3’5’H4 of the anthocyanin synthesis pathway were
co-expressed, and the correlation coefficient was high
(R>0.9) (Fig. 6B, C).

Correlation results showed that the expression levels of
the three genes(VcbHLH004, VcERF061 and VeNAC072)
were all positively correlated with the expression levels of
the structural gene VcF3’5’H4, which were 0.966, 0.996,
and 0.997, respectively. The above research results indi-
cate that these three regulatory factors may be involved
in the synthesis and regulation of blueberry fruit antho-
cyanin under light induction.

qPCR analysis of DEGs related to anthocyanin
accumulation

qPCR were conducted to analyze the 6 anthocyanin can-
didate genes such as VebHLH004, VcERF061, VeNACO072,
VeF3H, VeDFR, and VcF3’5°’H4 (for gene IDs and prim-
ers, see Table S8). The transcript profiles of all selected

genes were highly similar to those detected from the
RNA-sequence data (Fig. 7). The results showed that
VeF3’5’H4 was most up-regulated in different light inten-
sity. This result was highly consistent with the results of
RNA-sequence, and provided further evidence for the
crucial role of VcF3°5’H4 in anthocyanin accumulation in
blueberry.

VcbHLH004-mediated anthocyanin in blueberry
Co-expression network analysis showed that Vcb-
HLH004, VcF3’5’H4, and VcbHLH004 had the high-
est correlation with anthocyanin content (R2=0.897)
(Table S9). Our combined metabolite and transcriptomic
analyses revealed a core set of genes closely correlated
with blueberry anthocyanin, which strongly suggested
that they play key roles in anthocyanin accumulation in
blueberries.

Functional analysis of VcbHLH004

The leaf and fruit colors of the VecbHLH004 transgenic
tomato plants were significantly darker than the WT con-
trol plant (Fig. 8A). The anthocyanin contents were also
significantly increased (Fig. 8B). The results of the relative
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diagram, R> 0.9, C Co-expression network diagram, R > 0.99

Fig. 6 Transcription factor types and transcription factor co-expression network diagram. A Types of transcription factors, B Co-expression network

expression of the target gene showed that the relative
expression of VecbHLHO004 in the fruits of the transgenic
tomato plants increased significantly compared with the
control plants (Fig. 8C). Our results indicated that Vcb-
HLHO004 was a positive regulator of blueberry anthocya-
nin synthesis and accumulation by light.

Discussion

Effects of light intensity on flavonoids in blueberry
Flavonoids are a large group of plant-derived compounds
that have tricyclic phenyl benzopyridine structure. It can
be divided into anthocyanin glycosides, flavonoids, fla-
vanols, flavonols, and isoflavones [33]. Flavonoids have
the functions of resisting ultraviolet radiation, attracting
insects to pollinate, and improving fruit quality. In our

experiments, we identified 134 species of flavonoids using
ultra-high performance liquid chromatography and tan-
dem mass spectrometry technology. Flavonoids, of which
37 metabolites are common (Fig. 2). Anthocyanin, fla-
vonols and their derivatives have been reported in recent
years. In our study, these DAMs also found that were sig-
nificantly accumulated in different light intensities. These
DAMs are phenolic compounds that have antioxidant
properties and are abundant in the pulp, juice, seed and
peel of blueberry fruit [14]. The relative content of these
DAM detected with the increase of light intensity in dif-
ferent light environments, especially reaching the highest
level under natural light. The expression levels of genes
related to DAM biosynthesis determined by RNA-seq
and qRT-PCR had a similar tendency to the metabolome
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profile. These results indicate that the DAMs and related
genes identification were important factors affecting
blueberry fruit color during different light intensity.
Anthocyanins are the most important substances
affect the fruit color of plants. Various studies have
shown that the accumulation of anthocyanins are

affected by environmental factors, especially light inten-
sity [34]. In grape barriers, anthocyanin accumulation
increases due to strong light, while shading inhibits
[35]. Strong light inhibits the accumulation of anthocya-
nin in petunia atkinsiana [36]. Our results showed that
with the increase of light intensity, the accumulation of
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anthocyanin increased and the color of the fruit become
dark (Fig. 1), which is consistent with the results of Li
et al. on Nangaocong ‘O’Neal’ [14]. Strong light pro-
motes blueberry anthocyanin accumulation. This type
of proportion, distribution and interaction of chloro-
phyll, flavonoids (anthocyanins, flavonoids), carotene
and other pigments determine the color of the peel [37].
Our research showed that as the light intensity increases,
the content of total flavonoids, chlorophyll and carot-
enoids decreases which is consistent with the result of
Nguyen et al. [37]. These results showed that the color-
ing of blueberry fruit is mainly due to the accumulation
of anthocyanins.

Light-induced anthocyanin components can be divided
into two categories

We identified 40, 41, and 40 differentially accumulated
metabolites in CK-vs-Q, CK-vs-F and CK-vs-H, respec-
tively. Comparative analysis of the three groups of DAMs
such as CK-vs-H > CK-vs-F and CK-vs-Q samples
resolved to 37 common metabolites. The KEGG pathway
analysis results for the differentially accumulated metab-
olites showed similar results. The flavonoid biosynthesis
for intermediate product accumulation were significantly
enriched in CK-vs-Q, CK-vs-F, CK-vs-H. Our findings
are similar to those of Ma et al. (2019) and this indicates
that the metabolites in the flavonoid synthesis pathway
may be the key metabolites for blueberry fruit accumula-
tion under light.

The GO analysis results showed that most of the
DEGs were classified into functional categories such
as, Cellular Component (CC), and Molecular Function
(MF)” category. These GO terms indicate light-induced
metabolic processes that occur during fruit ripening
formation. We have previously shown that the gene
expression patterns of VcCOP1, VcUFGT, VcF3’5’H and
VCHYS are responsive to light after shading net removal
in a light-sensitive blueberry variety. Additionally, the
expression of the anthocyanin-related biosynthesis
genes PyDFR, PyANS, and PyUFGT and the transcrip-
tion factor genes PyMYBI0, PybHLH33, and PyWD40
showed a positive correlation with light-induced antho-
cyanin accumulation [38].

The composition of anthocyanins in the fruit affects
the coloration of the fruit. At the same time, the results
of this study showed that the composition of antho-
cyanins gradually decreased with the decrease of light
transmittance. 30 and 13 anthocyanins were detected in
CK and Q, respectively. Delphinidin-3-O-arabinoside,
Peonidin-3-O-arabinoside, and Petunidin-3-O-arab-
inoside were only detected in CK. Delphinidin-3-O-
arabinoside O-arabinoside accumulated a lot, while
Procyanidin B1 and Procyanidin B2 were only detected
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in Q, indicating that Delphinidin-3-O-arabinoside is a
typical representative of light-inducible anthocyanins.
The effect of light on fruit has been reported in previ-
ous studies, such as shading reduced the accumulation
of total anthocyanins and 3’-hydroxylated anthocyanins
in ‘Nebbiolo’ grape fruit, but increased the 3’, 5'- The
concentration of hydroxylated anthocyanins [39]. Like-
wise, the content of 3, 4/, 5'-hydroxylated anthocyanins
was reduced in ‘Yan-73’ under dark conditions [40].

A photosensitive VcbHLH004 gene plays an impor-
tant role during light-induced anthocyanin biosynthe-
sis. Anthocyanin and flavonoid synthesis are regulated
by several structural genes and TFs such as MYB, bHLH
and WDR proteins. Karppinen et al. (2021) showed that
VimMYBPA1.1 can activate F3’ 5’H, DFR, ANS and UFGT
promoter activities, thereby promoting blueberry antho-
cyanin accumulation [41]. The bHLH proteins can inter-
act with R2R3-MYBs from various subgroups, and form
ternary complexes with WDR. The MBW (MYB-bHLH-
WDR) complexes participated in flavonols, anthocya-
nin biosynthesis pathway [42, 43]. The bHLH played an
important role in anthocyanin synthesis by forming a
complex with MYBs. The first bHLH transcription factor
was discovered in maize, where its function is involved
in the synthesis of anthocyanin [44]. In apples, the Mdb-
HLH3 transcription factor has been shown to promote
anthocyanin accumulation in fruits [45]. Overexpres-
sion of SIPRE2, an atypical bHLH, accelerated seedling
morphogenesis and produced yellowing ripen fruits with
reduced chlorophyll and carotenoid in tomato fruit [46].
Overexpression of SIPRE2, an atypical bHLH accelerated
seedling morphogenesis and produced yellowing ripen
fruits with reduced chlorophyll and carotenoid in tomato
fruit [47]. Wang et al. showed that 11 bHLHs were up-
regulated in Lv fruit skin, while seven bHLHs were sig-
nificantly down regulated compared with Bai suggested
that bHLHSs function as different roles in biosynthesis of
anthocyanin [48]. Li et al. believed that the light-induced
bHLH transcription factor FvbHLHY is a positive regu-
lator of anthocyanin synthesis, and FvHY5 specifically
binds to the promoter regions of some key enzyme genes
including FvDEFR, and the expression of FYvDFR [49]. It
is activated by the formation of a heterodimer between
FvHYS5 and FvbHLHY, thereby promoting the accumu-
lation of strawberry anthocyanin [49]. Ma et al. used
Marselan’ grape as material to conduct transient expres-
sion experiments and found that after overexpression
of VwMYB30, VvbHLH?79 and VvbHLHI121, the content
of anthocyanin at the injection site and the expression
of the target gene were significantly increased com-
pared with the control [16]. Therefore, it is believed that
WMYB30, VvbHLH79 and VvbHLHI121 positively regu-
late the synthesis and accumulation of glucosinolates. In
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this study, overexpression of VcbHLHO004 in tomato can
accelerate fruit morphogenesis, darken leaves, reddish
fruits, increased anthocyanin content, and up-regulation
of target genes. This indicates that VcbHLHO004 posi-
tively regulates light-induced anthocyanin synthesis in
blueberry.

Multiomics analysis reveals new links between tran-
scription and metabolism. Correlation analysis between
the transcriptome and metabolome reveals differen-
tially accumulated metabolites that are related to phe-
notypic change and the DEGs that cause the changes in
metabolites.

This integrative analysis approach makes it easier to
identify key regulatory metabolic pathways and reliable
key regulatory genes [50, 51]. Combining omics analysis
of diverse genetic resources provides crucial information
in understanding molecular basis of plant fruit coloring,
such wild peach species in flesh coloration [52], Ziziphus
jujuba Mill fruit color [53], and cucumber fruit skin
color [48]. Herein, we used RNA-seq and metabolomics
to characterized four different blueberry on fruit skin
color (CK, H, F, Q) using RNA-seq and metabolome. CK
is dark purple with high anthocyanin content. We also
analyzed the different metabolites, flavones, flavanones,
flavonols, and anthocyanins, were mostly responsible
for skin color differences (Fig. 2). In addition, combin-
ing transcript level by RNA-seq, we found that several
DEGs related to anthocyanins synthesis and TFs were
possibly involved in the color development. The metabo-
lome data combining with transcriptome profiling were
discovered genes involved in anthocyanins synthesis,
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thus searching for useful information to illustrate phe-
nomenon of different color in blueberry fruit. Anthocya-
nins are the final products of the flavonoid biosynthetic
pathways. Our study showed many DEGs are differ-
ently expressed between Q » F » H and CK in this path-
way, such as upstream VcDFR, VcF3H and VcF3'5’H4.
Previous studies have shown that F3’5’H gene plays an
important role in light-induced anthocyanin biosynthe-
sis [20]. Ma et al. (2019) found that the content of F3’5’H
(VIT_06s50009g02840) and Malvidin-3-O-coumaroylglu-
coside (cis) was significant positively correlated under
different light intensities in grapes (V. vinifera L.), and
speculated it may be a positive regulator of anthocyanin
synthesis [16]. The F3’5’H expression was associated with
anthocyanin accumulation in different plant. Our results
showed that VcF3’5’H4 expressions are suppressed in
Q treatment, it maybe explain three types of antho-
cyanin down-regulation in Q treatment as compared to
CK. This indicated that VcF3’5’H4 may be the key gene
for fruit anthocyanin accumulation under natural light.
Other researcher found that the Delphinidin-3-O-ara-
binoside played an important role in skin of ‘O’Neill'in
Blueberry [14]. Using this method, we also identified a
light-responsive transcription factor, VcbHLH004, which
may promote anthocyanin accumulation by binding to
the VcF3’5’H4 promoter. Based on this and previous
studies, we propose a regulatory network for anthocya-
nin biosynthesis in blueberry (Fig. 9). Our results show
the significance of integrated multiomics approaches for
understanding plant physiological processes and provide

VeCOPI& VcHYS

Fig. 9 Light-induced anthocyanin biosynthesis regulation model in blueberry
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a case study of the analysis of molecular mechanisms
based on multiomics.

Conclusion

In this study, we analyzed the metabolome and tran-
scriptome of blueberry fruits under different light
intensities. Using an integrated analysis of the dif-
ferential metabolites and genes expression levels, we
identified the metabolites involved in responses to
different light intensities. We further analyzed the dif-
ferential expression of genes involved in anthocyanin
biosynthesis using qRT-PCR. Through the analysis of
transcriptome data and metabolome data, it is found
that the VcF3’5’H4 gene may play an important role
in the light-induced blueberry anthocyanin synthesis
pathway. Through the co-expression analysis of tran-
scription factors and anthocyanin synthesis pathway
genes, we found that VcbHLH004 gene may regulate
VcF3’5’H4, transformed VcbHLHO004 heterologous
into tomato to verify its function. The candidate genes
for blueberry anthocyanin accumulation presented
here represent a valuable data set to guide future
functional studies.
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