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Abstract
Grape is a globally signi�cant fruit in the world. Flower bud differentiation of grape is closely related to
light quality. In order to understand the regulation mechanism of grape �ower bud differentiation under
red-blue combined light, the transcriptome and hormone content were determined in four stages of �ower
bud differentiation. The contents of IAA and ABA in grape buds at all stages of �ower bud differentiation
under red-blue combined light were higher than those in control. However, the contents of CKs and GAs
�uctuated continuously during the process. Moreover, it was found that many differential expression
genes (DEGs) were involved in auxin, cytokinin, gibberellin, and the abscisic acid signal transduction
pathway. There were signi�cant differences in the genes of AUX/IAA, SAUR, A-RR, and ABF between the
red-blue combination light treatment and the control buds, especially the ABF genes were utterly different.
The expression of GBF4 and AI5L2 in control were always low, while the expression under the red-blue
combined light increased. AI5L7 and AI5L5 showed an upward trend in control and gradually decreased
under the red-blue combined light. Through weighted gene co-expression network analysis (WGCNA),
transcription factors WRKY family WRK48, ERF family EF110, ABR1, CAMTA family CAMTA3, HSF family
HSFA3 may be involved in the regulation of the GBF4 gene. This study will lay a foundation for further
analysis of grape �ower bud differentiation regulation under red-blue combined light.

Introduction
Grape (Vitis vinifera L.) is a globally signi�cant fruit that is cultivated on all continents. Whether it is fresh
food or wine, it has signi�cant economic signi�cance and is one of the most economically pro�table fruit
crops [1]. The quality and quantity of grapes are the most critical standards for grape cultivation, directly
affected by �ower bud differentiation [2]. Compared with one-year-old plants, �ower bud differentiation of
grape is an unusual process [3]. The shoot meristem generates both nutritional and reproductive
structures, and the uncommitted primordia (also called anlagen) generated by stem meristem
differentiates into tendrils or in�orescences, which completes �owering in the second year [4].

Grape �ower bud differentiation is a very complex biological process, which is produced by the
integration of the external environment and internal factors [5]. In the model plant Arabidopsis thaliana,
�ower development involves six pathways the photoperiod, gibberellin, vernalization, autonomous, aging
pathways, and glycometabolism pathways regulate �oral-speci�c genes, resulting in the physiological
transformation of the vegetative meristem into �oral meristem [6]. These pathways converge to regulate
the expression of �owering-related genes, such as FLOWER LOCUS T (FT), CONSTANS (CO), SUPPRESSOR
OF OVEREXPRESSION OF CO1 (SOC1), LEAFY (LFY), APETALA1 (AP1), APETALA2 (AP2), and APETALA3
(AP3), and irreversibly induce the transformation from vegetative meristem to �oral meristem [7]. Flower
development pathway genes or genes involved in photoperiod or vernalization were also identi�ed in the
grape genome, most of which were �owering signal integrators, �oral meristem recognition genes, and
�oral organ recognition genes, such as MADS-box family genes and VvFT/TFL1 family genes promoting
�owering early [8]. The ortholog of VvFT, Arabidopsis thaliana FLOWERING LOCUST, is related to the
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seasonal �owering induction in latent buds and in�orescence and �ower development [9]. The expression
of VvLFY is related to in�orescence and �ower development [10]. The homologs of VvFUL and
VvAP1 appear in the early stages of lateral meristem development and are maintained in both
in�orescence and tendril primordia [11, 12].

As an essential environmental factor, light drives photosynthesis and participates in most processes of
regulating the plant life cycle, which is an essential factor affecting plant �ower bud differentiation [13].
Light quality is an important signal affecting plant morphogenesis and a key factor for morphogenesis
and �ower bud formation [14]. Plants perceive the quality of light through photoreceptors. Photoreceptors
are classi�ed as photosensitive pigments (Phys) (absorption of red/far-red light), cryptochromes (Crys)
(absorption of blue/ultraviolet A (UV-A) light), phototaxis, Zeitlupe (ZTL/FKF1/LKP2) family members,
and UV-B absorption of UVR8 family members [15-17]. Photosensitizers and cryptochromes are
responsible for plant morphological and developmental changes [18, 19]. Therefore, the research on the
effect of light quality on plant growth and development mainly focuses on red and blue light. In addition,
The combination of red and blue light forms a spectral absorption peak suitable for plant photosynthesis
and morphogenesis, forming fully developed �ower buds and increasing the number of buds [20, 21].
Therefore, two wavelengths (blue and red) are necessary for plants.

Although some progress has been made in studying the grape �ower bud differentiation process [22, 23],
the regulatory mechanism of grape �ower bud differentiation under red-blue combined light is still
unclear. In this study, based on previous screening of red-blue combined light, red light: blue light = 4: 1
(S) light supplement treatment was conducted on ‘Red Globe’ grape, and the hormone content at different
stages of �ower bud differentiation was determined by high-performance liquid chromatography (HPLC)
with no light supplement as the control. The differentially expressed genes signi�cantly involved in �ower
bud differentiation were analyzed by comparative transcriptomics. The transcription factors involved in
the regulation of critical genes in �ower bud differentiation were analyzed by WGCNA. This study will
preliminarily clarify the regulatory mechanism of grape �ower bud differentiation under red-blue
combined light and lay the foundation for further research.

Results
Flower bud differentiation of ‘Red Globe’ grape under red-blue light combination. Before the transcriptome
study, we analyzed the �oral bud development process in morphological analysis (Fig. 1). In the �rst
stage (April 30), the budding body was �at green; the growth point was conical, the bud scale was not
ligni�cation, the T1 branch diameter was less than S1, two groups of �ower buds were information of
Anlagen or uncommitted primordia stage (Supplementary Figure S1). In the second stage (June 30), the
buds expanded, green, and increased. The branches of S2 began to turn from green to brown. Some buds
of T2 and S2 were at the stage of differentiation of Anlagen to form in�orescence primordia. In the third
stage (July 30), the buds became plump and brown. 70% of the �ower buds in T3 were at the stage of
differentiation of Anlagen to form in�orescence primordia, while the buds in S3 reached 90%. S4 stage
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(September 15), bud hard, dark brown, scales semi-ligni�ed, T4 and S4 bud all in the differentiation of
Anlagen to form in�orescence primordia stage.

Changes of hormone content during �ower bud development. Flower bud differentiation is closely related
to hormones. Therefore, the contents of IAA, CKs, GAs, and ABA in �ower buds of red-blue light
combination and control at four stages were determined by HPLC. HPLC analysis showed that the
contents of these hormones changed signi�cantly in different �ower bud differentiation stages. The IAA
content in the control was the highest in the second stage (Fig. 2A) and then decreased with
development. Interestingly, the IAA content in the red-blue combination light treatment was always higher
than control, reaching the highest in the third and lowest in the fourth stages. As shown in Fig. 2B, the
trend of CKs content in the two treatments was utterly different. The CKs content in the �ower bud
increased gradually under the control, and the highest in the second stage and the lowest in the fourth
stage under the red-blue combination light treatment. GAs content �uctuated in the �ower bud
differentiation stage. The control was higher than the red-blue combination light in the �rst and the third
stage of �ower bud differentiation (Fig. 2C). The ABA content in �ower bud differentiation under control
was consistently lower than that under red-blue combination light treatment. In the third stage, the ABA
content of control was the lowest, and that of red-blue combination light treatment was the highest,
24.6% higher than that of control (Fig. 2D).

Analysis of differentially expressed genes. We constructed a transcriptome sequencing library for the four
stages of �ower buds under two treatments, and 183.27 Gb clean reads were obtained. Clean reads of
each sample were above 6.19 Gb, and the Q30 base percentage was above 93.28% (Supplementary Table
S2). Sample PCA analysis shows that the samples collected in this study have a high identity
(Supplementary Figure S2). The differentially expressed genes were identi�ed by DESeq2 software, and
the differentially expressed genes were found to have different expression trends in red-blue combination
light treatment and control (Fig. 3A-C). Compared with T1, 2314 common DEGs and 611, 1367, and 3072
speci�c expression genes were found in grape buds identi�ed in T2, T3, and T4. There were 2262, 3328,
and 3342 upregulated genes and 1896, 3290, and 4310 down-regulated genes among T1 vs. T2, T1 vs.
T3, and T1 vs. T4, respectively (Fig. 3D, G). Compared with S1, there were 1889 common DEGs and
591,1550,1613 unique expression genes in S2, S3, and S4. S1 vs. S2, S1 vs. S3, and S1 vs. S4, there were
1691, 2546, and 2116 up-regulated genes and 1736, 3131, and 3161 down-regulated genes (Fig. 3E, H).
Analysis between T1 vs. S1, T2 vs. S2, T3 vs. S3, and T4 vs. S4 showed that 1214, 1292, 1744, and 1912
genes were up-regulated, and 819, 1263, 1983, and 674 genes were down-regulated at four different
maturation stages (Fig. 3F, I). In the third stage, the up- and down-regulated genes increased signi�cantly,
indicating that these genes played a crucial regulatory role in the process of grape �ower bud
differentiation.

Annotation of DEGs. We performed GO functional annotation and KEGG pathway analysis of DEGs.
Through GO functional annotation, 6129 genes were annotated as 50 functional branches of cell
components, biological processes, and molecular functions. For all up- and down-regulated DEGs. The
�rst ten annotated GO terms are binding (GO: 0005488), cell part (GO: 0044464), catalytic activity (GO:
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0003824), cell process (GO: 0009987), metabolic process (GO: 0008152), membrane part (GO: 0044425),
membrane (GO: 0016020), organelle (GO: 0043226), biological regulation (GO: 0065007) and response to
stimulus (GO: 0050896). Among all the up-regulated DEGs, 1995, 1902, 1853, 1673, 1668, 1394, 1173,
1102, 773, and 441 annotated these 10 GO terms. In the down-regulated DEGs, the numbers were 1783,
1684, 1521, 1445, 1412, 1374, 1204, 953, 747 and 418, respectively (Supplementary Figure S3,
Supplementary Table S3).

KEGG pathway analysis showed that the plant hormone signal transduction path-way (map04075)
played an essential role in grape �ower bud differentiation. The plant hormone signal transduction
pathway was enriched in the four stages under red-blue combination light treatment and control in the
down-regulated DEGs. In addition, other enrichment pathways include �avonoid biosynthesis
(map00941), �avonoid and �avonol biosynthesis (map00944), circadian rhythm-plant (map04712), and
glycine, serine, and threonine metabolism (map00260). The plant hormone signal transduction pathway
was also signi�cantly enriched in the four stages under red-blue combination light treatment and control
in the up-regulated genes. In addition, the most enriched pathways are plant-pathogen interaction
(map04626), and other enrichment pathways include MAPK signaling pathway-plant (map04016),
glycerophospholipid metabolism (map00564), phenylpropanoid biosynthesis (map00940), and
monoterpenoid biosynthesis (map00902) (Fig. 4, Supplementary Table S4). The results showed that
grape �ower bud differentiation was a very complex biological process. In addition to plant hormone
signal transduction, MAPK signal transduction, phenylpropanoid biosynthesis, �avonoid biosynthesis,
and circadian rhythm-plant are also involved in this process.

DEGs related to plant hormone signal transduction. Previous studies have shown that grape �ower bud
differentiation is closely related to plant hormone signaling. In this study, we found that DEGs in plant
hormone signal transduction are mainly concentrated in auxin, cytokinin, gibberellin, and abscisic acid
pathways (Fig. 5), 36 EDGs involved in these pathways include auxin pathway TIR1 (VIT_14s0030g0124),
AUX/IAA (VIT_05s0020g01070, VIT_09s0002g05160, VIT_05s0020g04690, VIT_05s0049g01970), ARF
(VIT_11s0016g00640), GH3 (VIT_07s0104g00800, VIT_03s0091g0031) and SAUR (VIT_19s0085g00010,
VIT_09s0002g00670, VIT_15s0048g00530, VIT_01s0146g00180, VIT_03s0038g01150); cy-tokinin
pathway CRE1 (VIT_12s0057g00690), B-ARR (VIT_17s0000g10100), A-ARR (VIT_08s0007g05390,
VIT_17s0000g07580, VIT_01s0026g00940, VIT_13s0067g03510, VIT_18s0001g02540); gibberellin
pathway GID2 (VIT_07s0129g01000), TF (VIT_07s0005g02510, VIT_14s0060g00260); abscisic acid
pathway PYR/PYL (VIT_15s0046g01050), PP2C (VIT_16s0022g02210, VIT_06s0004g05460,
VIT_16s0050g02680), SnRK2 (VIT_07s0197g00080, VIT_12s0035g00310) and ABF
(VIT_18s0072g00470, VIT_03s0063g00310, VIT_18s0001g10450, VIT_04s0069g01150,
VIT_12s0034g00110). Further analysis showed that the expression of TIR1, AUX/IAA, and ARF genes was
relatively high in the early stage of �ower bud differentiation, while the expression was down-regulated in
the later stage of differentiation. The expression of GH3 was gradually increased in �ower bud
differentiation. In addition, the expression trend of the SAUR gene was utterly different between the red-
blue combination light and control. The expression of the A-ARR gene was high at the early stage of
�ower bud differentiation and then decreased, while the expression trend was opposite under the red-blue
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combina-tion light. The expression trend of the TF gene in the control and red-blue combination light
treatments was utterly different. The former was highly expressed at the early stage of �ower bud
differentiation and was low at the late stage, while the latter remained at a low throughout the �ower bud
differentiation stage. In the control, the expression of the PP2C gene increased with the process of �ower
bud differentiation, while in the red-blue combination light treatment, the expression decreased with the
process of �ower bud dif-ferentiation. The expression trends of the ABF gene in the two groups were
different. The control's expression of GBF4 (VIT_18s0072g00470) and AI5L2 (VIT_04s0069g01150) re-
mained at a low level, while the expression in the red-blue combination light treatment increased with the
process of �ower bud differentiation, reaching the highest in the third stage. AI5L7 (VIT_03s0063g00310)
and AI5L5 (VIT_18s0001g10450) showed an upward trend in the control and gradually decreased under
the red-blue combination light. The results showed that these signaling genes played an important role in
grape �ower bud differentiation.

qRT-PCR validates gene expression pro�les. To validate our sequencing results, DEGs involved in plant
hormone signal transduction, �avonoid biosynthesis and MAPK signal transduction pathways were
randomly selected for qPCR analysis, including ARR4 (VIT_01s0026g00940), PIF3 (VIT_14s0060g00260),
GBF4 (VIT_18s0072g00470), HST (VIT_09s0018g01190), C75A1 (VIT_06s0009g02840), CAMT
(VIT_03s0063g00140), CML46 (VIT_14s0108g01000), YODA (VIT_02s0025g03850), M2K5
(VIT_09s0018g01820). qRT-PCR results showed that the expression patterns of these genes were
consistent with those in RNA-seq data, with the correlation coe�cient R = 0.82. These results showed that
the gene expression pattern revealed by RNA-seq data was reliable and could be used for further analysis
(Fig. 6).

Screening through WGCNA for the transcription factors regulating grape �ower bud differentiation. In this
study, a total of 24 samples from four stages of grape �ower bud differentiation under red-blue
combination light treatment and control were used for weighted WGCNA analysis (Supplementary
Fig. 4S). Through dynamic genes changes in different developmental stages and correlation analysis
between samples, possible transcription factors regulating �ower bud differentiation were discussed.
Firstly, the expression patterns of 25844 DEGs extracted from transcriptome sequencing were analyzed
by WGCNA, and they were divided into 19 modules (Fig. 7A, Supplementary Table S5) according to the
similarity of expression patterns. These modules can be divided into two main branches (one for two
modules, the other for 17 modules) (Fig. 7B). The correlation between the expression patterns of each
module and different stages of grape �ower bud differentiation was analyzed. The results showed that
the modules ‘red’, ‘green’ and ‘magenta’ were highly correlated with the third stage of the fastest �ower
bud differentiation under red-blue combined light treatment, indicating that these modules were closely
related to the �ower bud differentiation of grapes (Fig. 7C). A total of 2373 genes were found in these
modules, and the gene association networks of 2373 genes were constructed. According to the degree of
connection, the �rst 50 genes are considered Hub genes. Among these 50 Hub genes, seven transcription
factors were found, including ERF family EF110 (VIT_18s0072g00260), ABR1 (VIT_07s0031g01980),
bHLH family BH025 (VIT_00s0824g00020), BH025 (VIT_00s0927g00010), WRKY family WRK48
(VIT_05s0077g00730), and CAMTA3 (VIT_07s0141g00250). NF-X1family NFXL2 (VIT_13s0067g00920)
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and bZIP family GBF4 (VIT_18s0072g00470) (Supplementary Figure S5, Supplementary Table S6). As
highly connected Hub genes, these transcription factors may regulate �ower bud differentiation of grape.

The bZIP family genes are related to the ABA signal. In order to further analyze the transcription factors
regulated by the GBF4 gene in the gibberellin pathway, the genes related to GBF4 in the ‘green’ module
with edge weight (≥ 0.4) are selected for analysis (Fig. 8, Supplementary Table S7). It was found that 42
genes were regulated by GBF4 (VIT_18s0072g00470), including hub transcription factor WRKY family
WRK48 (VIT_05s0077g00730), ERF family EF110 (VIT_18s0072g00260), ABR1 (VIT_07s0031g01980),
CAMTA family CAMTA3 (VIT_07s0141g00250), HSF family HSFA3 (VIT_08s0007g0390) and other non-
Hub transcription factor genes have a certain regulatory relationship with the GBF4 gene.

Disscussion
The grape yield depends on the number of �ower bud differentiation. Plant hormones are the key factors
in controlling the induction of �owering and interacting with each other during plant development [24, 25].
The types and contents of hormones in grape bud varied considerably at different developmental stages.
In this study, ‘Red Globe’ was used as the experimental material, and the supplemental treatment of red-
blue combined light was carried out. With no supplemental light as the control, four main hormones in
four stages of �ower bud differentiation were identi�ed. IAA is the earliest plant hormone discovered by
people, necessary for plants' average growth and development [26]. The IAA content in �ower buds under
red-blue combined light treatment is higher than that in the control, and it shows a trend of increasing �rst
and then decreasing in the process of �ower bud differentiation, reaching the highest at the third stage.
Higher IAA content guarantees good �ower bud formation, consistent with previous studies [27]. CKs can
promote the in�orescence development of lateral meristem in grapes [28]. The content of CKs in �ower
bud increased during �ower bud differentiation under the control, while the red-blue combined light
treatment had utterly different trends. GAs is related to the initiation of �owering transformation and
�oral primordium [29, 30], which is also a hot topic in current research [31]. Unlike CKs, GAs promoted the
differentiation of lateral meristem and inhibited the development of in�orescence, which was bene�cial to
the development of the grape tendril. The grape plants after GAs gene mutation were short, and grape
tendril differentiated into in�orescence [32]. Interestingly, similar results were also observed in this study.
The third stage of �ower bud differentiation was the fastest, and the red-blue combined light treatment
was lower than the control. In addition, there was a signi�cant difference in ABA between normal and
malformed �owers [33]. In this study, the red-blue combined light treatment was higher than the control at
the early stage of �ower bud differentiation and even 24.6% higher at the third stage, proving that ABA
plays a vital role in �ower bud differentiation. However, the regulation mechanism of hormone balance is
complex. Like other perennial woody plants, grape �ower bud differentiation requires a balance between
hormones [34].

In this study, 36 DEGs were annotated to auxin, cytokinin, gibberellin, and abscisic acid signal
transduction pathways. In the auxin signal transduction pathway, the expression of TIR1, AUX/IAA, and



Page 8/17

ARF genes were relatively high at the early stage of �ower bud differentiation, while they were down-
regulated at the late stage of differentiation, which was consistent with previous studies [35]. Studies have
shown that ARF, combined with auxin response element AUX/IAA, plays a central role in transforming
local auxin concentration into speci�c gene expression output and �owering initiation [36] and regulates
the development of �oral organs[37]. In this study, four AUX/IAA genes and one ARF gene regulate the
auxin pathway. The expression of IAA17 and ARFS genes in red-blue combined light was utterly
inconsistent with that in the control treatment, indicating that these genes played an essential role in
responding to �ower bud differentiation under red-blue combined light. In the cytokinin signal
transduction pathway, the ARR gene participates in the circadian rhythm mechanism under a light
environment, activates the function of �owering-induced gene SOC1 to mediate the �owering of
Arabidopsis[38], and is highly expressed in the branches with a high �owering rate of apple trees [39]. The
six ARR genes obtained in this study �rst increase and then decrease during �ower bud differentiation
and show signi�cant indigenous differences in the two treatments, con�rming the positive effect of ARR
family genes on �ower bud differentiation. GID and TF are genes that positively regulate the expression
of LFY, SOC1, FT, SPL, and other genes to promote �ower bud differentiation, which DELLA inhibits. The
essential genes involved in �ower bud differentiation in these gibberellin signal transduction pathways
are also identi�ed in this study. Unlike previous studies, the red and blue light treatment with a high �ower
rate in this study is lower than the control group, which may be due to the down-regulation of gibberellin
response genes without the effect of the DELLA gene [40]. The three signal components of PYR/PYL,
PP2C, and SnRK2 constitute the core abscisic acid signaling pathway [41], and positively regulate the
�owering of long-day plants [42]. In addition, �ve ABF genes were also found to be involved in grape �ower
bud differentiation, indicating that ABF can be phosphorylated by SnRK2, affecting �ower bud
differentiation [43].

WGCNA has been used in numerous species to elucidate the interaction between physiological
characteristics and gene expression [44, 45]. WGCNA was used to evaluate transcript expression and trait
changes at different stages of germination and differentiation under red and blue light, and three
modules, ‘red,’ ‘green,’ and ‘magenta,’ were highly related to �ower bud differentiation, were screened. In
these modules, eight transcription factors were identi�ed as Hub genes, including ERF family, bHLH
family, WRKY family, CAMTA family, NF-X1 family, and bZIP family, suggesting that these transcription
factors may be involved in grape �ower bud differentiation under red-blue combined light. Previous
transcriptome sequencing studies found that transcription factors such as MYB, MADS-box, WRKY, ERF,
and bHLH played an essential role in �ower bud differentiation[46]. MYB gene can regulate �oral organ
development and even mediate gibberellin signal transduction in �owering response [47]. MADS-box gene
is involved in the regulation of �oral meristem initiation and development [48]. In addition, bZIP and ERF
are related to �oral bud differentiation hormone signal response [49]. The bZIP family gene GBF4 is a
unique gene in the ABA signal transduction pathway. So far, there are few reports on this gene's
regulation of �ower bud differentiation. This study found that WRKY, ERF, CAMTA, and HSF family genes
were involved in the transcriptional regulation of GBF4 through weight co-expression analysis. WRKY



Page 9/17

family members were the key factors in the abscisic acid response pathway, which could accelerate
�owering by regulating AP1 [50], and HSF was involved in environmental stress response to regulate
�owering and development of plants [51]. The above transcription factors involved in plant hormone
signal transduction regulation lacked clear evidence, but our study provided a theoretical basis for further
con�rming the regulatory mechanism of grape �ower bud differentiation under red-blue combined light.

Overall, the comparative transcriptome analysis of the differential genes involved in the plant hormone
signal transduction pathway showed signi�cant differences in AUX/IAA, SAUR, A-RR, and ABF in red-blue
combined light treatment and control buds, especially the ABF genes were utterly different. The GBF4
(VIT_18s0072g00470) and AI5L2 (VIT_04s0069g01150) expression in control remained low, while the
expression under the red-blue combined light increased with the process of �ower bud differentiation.
AI5L7 (VIT_03s0063g00310) and AI5L5 (VIT_18s0001g10450) showed an upward trend in control and
gradually decreased under red-blue combined light. It is speculated that the difference of ABF family gene
regulation plays a vital role in grape �ower bud differentiation response to red-blue combined light.
Weighted gene co-expression network analysis showed that Hub transcription factor WRK48
(VIT_05s0077g00730), ERF family EF110 (VIT_18s0072g00260), ABR1 (VIT_07s0031g01980), CAMTA
family CAMTA3 (VIT_07s0141g00250), HSF family HSFA3 (VIT_08s0007g0390) may be involved in the
regulation of GBF4 gene.

Materials And Methods
Plant materials. The test material was 10-year-old Viti's vinifera cv. ‘Red Globe’ grapes. The experiment
was carried out in the shade of 2021 in the sunlight greenhouse of Helan County Gardening Industrial
Park, Yinchuan City. Our previous studies have shown that red light: blue light = 4: 1 (S) can signi�cantly
increase the �owering rate of ‘Red Globe’ grapes (unpublished). Therefore, in this study, red light: blue
light = 4: 1 (S) LED plant lights were selected, and no light supplement was used as a control (T). Light
tubes were placed at 30 cm above the test line trees, and the leaf light intensity was maintained at 300
µmol m− 2 s− 1 for 14 hours per day from 8: 00–22: 00. In the �rst stage (T1 and S1, 30 April), the second
stage (T2 and S2, 15 June), the third stage (T3 and S3, 30 July), and the fourth stage (T2 and S2, 15
September) of �ower bud differentiation, 26 healthy branches were selected and removed with a sharp
scalpel. Twenty buds were �xed in FAA (formalde-hyde-acetic acid-ethanol) for para�n sections, and the
other buds were immediately frozen in liquid nitrogen and stored at -80℃ until further analysis.

Physiological analysis of �ower bud at different stages. Flower buds of four developmental stages were
used for para�n section making and hormone determination. Flower buds �xed in FAA are dehydrated in
ethanol series and then transparent, wax-immersed, embedded, and patched in a dehydrator. Para�n
blocks containing �ower buds were sliced with a semi-automatic slicer (Leica RM2245), stained with
saffron-solid green, and sealed with neutral gum. Observation under an optical microscope (Olympus
BX53) using SC180 image analysis system to obtain images[52], and the �ower bud differentiation stage
was divided [53]. Auxin (IAA), cytokinin (CKs), gibberellin (GAs), and abscisic acid (ABA) were quanti�ed by
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ultra-performance liquid chromatography spectrometry (ACQUITY H-Class, QDA) [54], with three biological
replicates.

RNA sequencing and expression analysis. The RNA of samples was extracted using the OminiPlant RNA
Kit (DNase I) kit (Beijing ComWin Biotech Co., Ltd. Beijing, China). Nanodrop2000 was used to detect the
concentration and purity of RNA, agarose gel electrophoresis was used to detect RNA integrity, and
Agilent2100 was used to determine the RIN value for further quantitative real-time reverse transcription-
PCR (qRT-PCR) and RNA-seq determination. The Illumina HiSeq 2500 sequencing platform is used to
perform RNA-seq. After sequencing raw reads, they are processed to get clean reads of high quality. The
clean reads after quality control were aligned with the reference genome
(http://plants.ensembl.org/Vitis_vinifera/Info/Index) using HISAT2 software [55] to obtain the mapped
reads for subsequent analysis.

GO and KEGG pathway enrichment analysis. Differential expression analysis of samples was carried out
using the expression difference analysis software DESeq2 [56]. Differential expression genes between
different samples were screened out using FPKM (Fragments Per Kilobases per Million reads) value and
|log2fold changes| ≥ 1, and the corrected Padjust < 0.05 as the screening standard study the function of
differential genes. The differentially expressed genes in gene concentration were compared with gene
ontology (GO) and kyoto encyclopedia of genes and genomes (KEGG) databases to obtain genes'
functional annotation and related metabolic pathway information in different samples.

RNA-seq data con�rmation through qRT-PCR. In this study, qRT-PCR was used to validate RNA-Seq
results. Real-time �uorescence quantitative PCR veri�ed candidate DEG genes related to hormone signal
transduction and other metabolic pathways. The reference gene was Actin1 (GenBank:
XP_008654957.1). The primers (Supplementary Table S1) were designed by Primer 6.0 software and
synthesized by Sangon (Shanghai, China). RNA and transcriptome sequencing samples for the same
batch, qRT-PCR using ChamQ Universal SYBR qPCR Master Mix kit (Vazyme Biotech Co., Ltd. Nanjing,
China). The reaction procedure was as follows: reverse transcription at 50 for 5 min, predenaturation at
95℃ for 10 min, denaturation at 95℃ for 10 s, annealing at 60℃ for 30 s, 40 cycles, and three biological
repeats. The gene expression level was calculated by the 2−ΔΔCt method.

Gene network construction and visualization. To further study the hormone regulation mechanism and
possible transcription factors in grape �ower buds, we used the WGCNA (v1.63) package in R to construct
the co-expression network [57]. The soft threshold of co-expression network clustering is selected
according to the FPKM value of all genes in the sample, R2 > 0.8 is the norm, and the soft threshold is 9.
All FPKM values were transformed into a topological overlap matrix (TOM), and each gene was clustered
by hierarchical clustering [58]. The dynamic tree cutting method divides genes into different co-expression
modules. The minimum number of genes in each co-expression module is set to 30, and the co-
expression modules with similar clustering are merged with 0.3 as the boundary. The correlation between
different modules and the degree of genes in the module (module membership, MM) are calculated. Find
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key modules related to �ower bud differentiation for subsequent analysis. Using Cytoscape_V.3.8.0 to
visualize the regulatory network mapping.

Declarations
Acknowledgements

The work was supported by National Natural Science Foundation of China (31360493), Key R & D
Projects in Ningxia (2021BEF02016) and Graduate Innovation Project of Ningxia University (GIP2020-09).

Author Contributions

Y.Z., X.L. and M.Y. conceived and designed the experiments. Y.Z., X.L., M.Y., J.Z. and S.D. performed the
research and analyzed the data. Y.Z. and X.L. wrote the paper. All authors inter-preted the data and
contributed to drafting the manuscript. All authors have read and agreed to the published version of the
manuscript.

Competing interests

Te authors declare no competing interests.

Declarations

The collection of ‘Red Globe’ grapes in this work has been permited by Helan County Gardening Industrial
Park, Yinchuan City.

Ethical standards

The conducted experiments comply with the laws of China.

Data availability

Data supporting the results and conclusions are included in both the article and additional �les. All the
transcriptome data have been deposited in the NCBI Sequence Read Archive (SRA) under accession
number: PRJNA843849 (http://www.ncbi.nlm.nih.gov/sra).

References
1. Zhang, P., Lu, S., Liu, Z., Zheng, T., Dong, T., Jin, H., Jia, H. & Fang, J.Transcriptomic and Metabolomic

Pro�ling Reveals the Effect of LED Light Quality on Fruit Ripening and Anthocyanin Accumulation in
Cabernet Sauvignon Grape.Frontiers in Nutrition 8, 790697(2021).

2. Sawicki, M., Jacquens, L., Baillieul, F., Clement, C., Vaillant-Gaveau, N. & Jacquard, C.Distinct
regulation in in�orescence carbohydrate metabolism according to grapevine cultivars during �oral
development.Physiol Plant 154, 447-467(2015).



Page 12/17

3. Gourieroux, A.M., Holzapfel, B.P., Mccully, M.E., Scollary, G.R. & Rogiers, S.Y.Vascular development of
the grapevine (Vitis vinifera L.) in�orescence rachis in response to �ower number, plant growth
regulators and defoliation.Journal of plant research 130, 873-883(2017).

4. Guo, R., Wang, B., Lin, L., Cheng, G., Zhou, S., Xie, S., Shi, X., Cao, M., Zhang, Y. & Bai, X.Evolutionary,
interaction and expression analysis of �oral meristem identity genes in in�orescence induction of the
second crop in two-crop-a-year grape culture system.Journal of genetics 97, 439-451(2018).

5. Crane, O., Halaly, T., Pang, X., Lavee, S., Perl, A., Vankova, R. & Or, E.Cytokinin-induced VvTFL1A
expression may be involved in the control of grapevine fruitfulness.Planta 235, 181-192(2012).

�. Blumel, M., Dally, N. & Jung, C.Flowering time regulation in crops-what did we learn from
Arabidopsis?Current Opinion in Biotechnology 32, 121-129(2015).

7. Hu, J., Liu, Y., Tang, X., Rao, H., Ren, C., Chen, J., Wu, Q., Jiang, Y., Geng, F. & Pei, J.Transcriptome
pro�ling of the �owering transition in saffron (Crocus sativus L.).Scienti�c Reports 10, 9680(2020).

�. Calonje, M., Cubas, P., Martinez-Zapater, J.M. & Carmona, M.J.Floral meristem identity genes are
expressed during tendril development in grapevine.Plant Physiol 135, 1491-501(2004).

9. Boss, P.K., Sreekantan, L. & Thomas, M.R.A grapevine TFL1 homologue can delay �owering and alter
�oral development when overexpressed in heterologous species.Funct Plant Biol 33, 31-41(2006).

10. Vasconcelos, M.C., Greven, M., Wine�eld, C.S., Trought, M.C.T. & Raw, V.The Flowering Process of
Vitis vinifera: A Review.American Journal of Enology and Viticulture 60, 411-434(2009).

11. Joly, D., Perrin, M., Gertz, C., Kronenberger, J., Demangeat, G. & Masson, J.E.Expression analysis of
�owering genes from seedling-stage to vineyard life of grapevine cv. Riesling.Plant Science 166,
1427-1436(2004).

12. Carmona, M.J., Cubas, P., Calonje, M. & Martínez-Zapater, J.M.Flowering transition in grapevine (Vitis
viniferaL.)This review is one of a selection of papers presented at the symposium onVitisat the XVII
International Botanical Congress held in Vienna, Austria, 2005.Canadian Journal of Botany 85, 701-
711(2007).

13. Song, J., Zhang, Y., Song, S., Su, W., Chen, R., Sun, G., Hao, Y. & Liu, H.Comparative RNA-Seq analysis
on the regulation of cucumber sex differentiation under different ratios of blue and red light.Bot Stud
59, 21(2018).

14. Modarelli, G.C., Arena, C., Pesce, G., Dell'aversana, E., Fusco, G.M., Carillo, P., De Pascale, S. &
Paradiso, R.The role of light quality of photoperiodic lighting on photosynthesis, �owering and
metabolic pro�ling in Ranunculus asiaticus L.Physiol Plant 170, 187-201(2020).

15. Hiltbrunner, A.Shedding light on the evolution of light signalling.New Phytol 224, 1412-1414(2019).

1�. Wang, Q., Zuo, Z., Wang, X., Gu, L., Yoshizumi, T., Yang, Z., Yang, L., Liu, Q., Liu, W., Han, Y.J., Kim, J.I.,
Liu, B., Wohlschlegel, J.A., Matsui, M., Oka, Y. & Lin, C.Photoactivation and inactivation of
Arabidopsis cryptochrome 2.Science 354, 343-347(2016).

17. Lu, X.D., Zhou, C.M., Xu, P.B., Luo, Q., Lian, H.L. & Yang, H.Q.Red-light-dependent interaction of phyB
with SPA1 promotes COP1-SPA1 dissociation and photomorphogenic development in
Arabidopsis.Mol Plant 8, 467-78(2015).



Page 13/17

1�. Hasan, M.M., Bashir, T., Ghosh, R., Lee, S.K. & Bae, H.An Overview of LEDs' Effects on the Production
of Bioactive Compounds and Crop Quality.Molecules 22, 2017).

19. Park, Y. & Runkle, E.S.Blue radiation attenuates the effects of the red to far-red ratio on extension
growth but not on �owering.Environmental and Experimental Botany 168, 2019).

20. Jeong, W.H., Chun, W.L. & Kee, Y.P.In�uence of Mixed LED Radiation on the Growth of
AnnualPlants.Journal of Plant Biology 49, 286-290(2006).

21. Jeong, S.W., Hogewoning, S.W. & Van Ieperen, W.Responses of supplemental blue light on �owering
and stem extension growth of cut chrysanthemum.Scientia Horticulturae 165, 69-74(2014).

22. Carmona, M.J., Calonje, M. & Martinez-Zapater, J.M.The FT/TFL1 gene family in grapevine.Plant Mol
Biol 63, 637-50(2007).

23. Lebon, G., Wojnarowiez, G., Holzapfel, B., Fontaine, F., Vaillant-Gaveau, N. & Clement, C.Sugars and
�owering in the grapevine (Vitis vinifera L.).Journal of Experimental Botany 59, 2565-2578(2008).

24. Magar, Y.G., Ohyama, K., Noguchi, A., Amaki, W. & Furufuji, S.Effects of light quality during
supplemental lighting on the �owering in an everbearing strawberry.Xiii International Symposium on
Plant Bioregulators in Fruit Production 1206, 279-284(2018).

25. Mieke De Wit, Vinicius Costa Galv˜Ao & Fankhauser, C.Light-Mediated Hormonal Regulation of Plant
Growth and Development.Annual Review of Plant Biology 67, 513-37(2016).

2�. Alabadi, D., Blazquez, M.A., Carbonell, J., Ferrandiz, C. & Perez-Amador, M.A.Instructive roles for
hormones in plant development.International Journal of Developmental Biology 53, 1597-
1608(2009).

27. Wang, H., Zhao, J., Wang, X., Shi, X., Wang, B., Zheng, X. & Liu, F.The In�uence of Changes of
Endogenous Hormones in Shoot on the Grapes Flower Bud Differentiation in Greenhouse.Scientia
Agricultura Sinica 47, 4695-4705(2014).

2�. Zhang, S., Yao, A., Bai, H., Ren, J., Jia, W., Zhang, L. & Hu, J.The VAP1 gene expression in relation to
GAs effect on tendrils, buds and �owers development in “Xiangfei” grapevine.Scientia Horticulturae
117, 225-230(2008).

29. Jing, D., Chen, W., Hu, R., Zhang, Y., Xia, Y., Wang, S., He, Q., Guo, Q. & Liang, G.An Integrative Analysis
of Transcriptome, Proteome and Hormones Reveals Key Differentially Expressed Genes and
Metabolic Pathways Involved in Flower Development in Loquat.International Journal of Molecular
Sciences 21, 5107(2020).

30. Penso, G.A., Citadin, I., Scariotto, S., Dos Santos, C.E.M., Junior, A.W., Bruckner, C.H. & Rodrigo,
J.Development of Peach Flower Buds under Low Winter Chilling Conditions.Agronomy-Basel 10, 428-
447(2020).

31. Fan, S., Zhang, D., Gao, C., Wan, S., Lei, C., Wang, J., Zuo, X., Dong, F., Li, Y., Shah, K. & Han,
M.Mediation of Flower Induction by Gibberellin and its Inhibitor Paclobutrazol: mRNA and miRNA
Integration Comprises Complex Regulatory Cross-Talk in Apple.Plant Cell Physiol 59, 2288-
2307(2018).



Page 14/17

32. Diaz-Riquelme, J., Martinez-Zapater, J.M. & Carmona, M.J.Transcriptional analysis of tendril and
in�orescence development in grapevine (Vitis vinifera L.).PLoS One 9, e92339(2014).

33. Liu, K., Li, H., Li, W., Zhong, J., Chen, Y., Shen, C. & Yuan, C.Comparative transcriptomic analyses of
normal and malformed �owers in sugar apple (Annona squamosa L.) to identify the differential
expressed genes between normal and malformed �owers.BMC Plant Biol 17, 170(2017).

34. Li-Mallet, A., Rabot, A. & Geny, L.Factors controlling in�orescence primordia formation of grapevine:
their role in latent bud fruitfulness? A review.Botany 94, 147-163(2016).

35. Villar, L., Lienqueo, I., Llanes, A., Rojas, P., Perez, J., Correa, F., Sagredo, B., Masciarelli, O., Luna, V. &
Almada, R.Comparative transcriptomic analysis reveals novel roles of transcription factors and
hormones during the �owering induction and �oral bud differentiation in sweet cherry trees (Prunus
avium L. cv. Bing).PLoS One 15, e0230110(2020).

3�. Liu, Z., Miao, L., Huo, R., Song, X., Johnson, C., Kong, L., Sundaresan, V. & Yu, X.ARF2-ARF4 and ARF5
are Essential for Female and Male Gametophyte Development in Arabidopsis.Plant Cell Physiol 59,
179-189(2018).

37. Richter, R., Behringer, C., Zourelidou, M. & Schwechheimer, C.Convergence of auxin and gibberellin
signaling on the regulation of the GATA transcription factors GNC and GNL in Arabidopsis
thaliana.Proceedings of the National Academy of Sciences of the United States of America 110,
13192-7(2013).

3�. D'aloia, M., Bonhomme, D., Bouche, F., Tamseddak, K., Ormenese, S., Torti, S., Coupland, G. & Perilleux,
C.Cytokinin promotes �owering of Arabidopsis via transcriptional activation of the FT paralogue
TSF.Plant Journal 65, 972-979(2011).

39. Okada, K., Wada, M., Takebayashi, Y., Kojima, M., Sakakibara, H., Nakayasu, M., Mizutani, M.,
Nakajima, M., Moriya, S., Shimizu, T. & Abe, K.Columnar growth phenotype in apple results from
gibberellin de�ciency by ectopic expression of a dioxygenase gene.Tree Physiol 40, 1205-
1216(2020).

40. Fleet, C.M. & Sun, T.P.A DELLAcate balance: the role of gibberellin in plant morphogenesis.Curr Opin
Plant Biol 8, 77-85(2005).

41. Cutler, S.R., Rodriguez, P.L., Finkelstein, R.R. & Abrams, S.R.Abscisic acid: emergence of a core
signaling network.Annu Rev Plant Biol 61, 651-79(2010).

42. Riboni, M., Robustelli Test, A., Galbiati, M., Tonelli, C. & Conti, L.ABA-dependent control of GIGANTEA
signalling enables drought escape via up-regulation of FLOWERING LOCUS T in Arabidopsis
thaliana.J Exp Bot 67, 6309-6322(2016).

43. Qin, L., Zhang, X., Yan, J., Fan, L., Rong, C., Mo, C. & Zhang, M.Effect of exogenous spermidine on
�oral induction, endogenous polyamine and hormone production, and expression of related genes in
'Fuji' apple (Malus domestica Borkh.).Sci Rep 9, 12777(2019).

44. Han, Z., Ahsan, M., Adil, M.F., Chen, X., Nazir, M.M., Shamsi, I.H., Zeng, F. & Zhang, G.Identi�cation of
the gene network modules highly associated with the synthesis of phenolics compounds in barley by
transcriptome and metabolome analysis.Food Chemistry 323, 126862(2020).



Page 15/17

45. Mo, S., A, B., Wang, Z., Lin, S., Yang, T., Pan, L., Wang, Y. & Zeng, S.Spatio transcriptome uncover novel
insight into the Lycium ruthenicum seedling tolerant to salt stress.Industrial Crops and Products 177,
2022).

4�. Xia, Y., Xue, B., Shi, M., Zhan, F., Wu, D., Jing, D., Wang, S., Guo, Q., Liang, G. & He, Q.Comparative
transcriptome analysis of �ower bud transition and functional characterization of EjAGL17 involved
in regulating �oral initiation in loquat.PLoS One 15, e0239382(2020).

47. He, W., Chen, Y., Gao, M., Zhao, Y., Xu, Z., Cao, P., Zhang, Q., Jiao, Y., Li, H., Wu, L. & Wang,
Y.Transcriptome Analysis of Litsea cubeba Floral Buds Reveals the Role of Hormones and
Transcription Factors in the Differentiation Process.G3 (Bethesda) 8, 1103-1114(2018).

4�. Parenicova, L., De Folter, S., Kieffer, M., Horner, D.S., Favalli, C., Busscher, J., Cook, H.E., Ingram, R.M.,
Kater, M.M., Davies, B., Angenent, G.C. & Colombo, L.Molecular and phylogenetic analyses of the
complete MADS-box transcription factor family in Arabidopsis: new openings to the MADS
world.Plant Cell 15, 1538-51(2003).

49. Chen, X., Qi, S., Zhang, D., Li, Y., An, N., Zhao, C., Zhao, J., Shah, K., Han, M. & Xing, L.Comparative
RNA-sequencing-based transcriptome pro�ling of buds from profusely �owering 'Qinguan' and
weakly �owering 'Nagafu no. 2' apple varieties reveals novel insights into the regulatory mechanisms
underlying �oral induction.BMC Plant Biology 18, 370(2018).

50. Rushton, D.L., Tripathi, P., Rabara, R.C., Lin, J., Ringler, P., Boken, A.K., Langum, T.J., Smidt, L.,
Boomsma, D.D., Emme, N.J., Chen, X., Finer, J.J., Shen, Q.J. & Rushton, P.J.WRKY transcription
factors: key components in abscisic acid signalling.Plant Biotechnol J 10, 2-11(2012).

51. Liang, Y., Wang, J., Zheng, J., Gong, Z., Li, Z., Ai, X., Li, X. & Chen, Q.Genome-Wide Comparative
Analysis of Heat Shock Transcription Factors Provides Novel Insights for Evolutionary History and
Expression Characterization in Cotton Diploid and Tetraploid Genomes.Front Genet 12,
658847(2021).

52. Wang, H.B., Wang, X.D., Zhao, J.Q., Shi, X.B., Wang, B.L., Zheng, X.C. & Liu, F.X.Studies on the �ower
bud differentiation of grape cultivars with different tolerant ability of low light in greenhouse.Acta
Horticulturae Sinica 43, 633-642(2016).

53. Srinivasan, C. & Mullins, M.G.Physiology of Flowering in the Grapevine — a Review.American Journal
of Enology and Viticulture 32, 47-63(1981).

54. Zhang, Z., Zhuo, X., Zhao, K., Zheng, T., Han, Y., Yuan, C. & Zhang, Q.Transcriptome Pro�les Reveal the
Crucial Roles of Hormone and Sugar in the Bud Dormancy of Prunus mume.Sci Rep 8, 5090(2018).

55. Kim, D., Paggi, J.M., Park, C., Bennett, C. & Salzberg, S.L.Graph-based genome alignment and
genotyping with HISAT2 and HISAT-genotype.Nature Biotechnology 37, 907-915(2019).

5�. Maza, E.In Papyro Comparison of TMM (edgeR), RLE (DESeq2), and MRN Normalization Methods for
a Simple Two-Conditions-Without-Replicates RNA-Seq Experimental Design.Front Genet 7,
164(2016).

57. Langfelder, P. & Horvath, S.WGCNA: an R package for weighted correlation network analysis.BMC
Bioinformatics 9, 559(2008).



Page 16/17

5�. Zhan, J., Thakare, D., Ma, C., Lloyd, A., Nixon, N.M., Arakaki, A.M., Burnett, W.J., Logan, K.O., Wang, D.,
Wang, X., Drews, G.N. & Yadegari, R.RNA sequencing of laser-capture microdissected compartments
of the maize kernel identi�es regulatory modules associated with endosperm cell
differentiation.Plant Cell 27, 513-31(2015).

Figures

Figure 1

Flower buds of grapes at different developmental stages. T, control. S, red-blue combination light.

Figure 2

Changes of hormone content during �ower bud development. T, control. S, red-blue combination light.

Figure 3

Expression analysis of DEGs in different developmental stages. (A) Clustering of DEGs. (B-C) Expression
trends of DEGs in red-blue combination light treatment and control. (D) DEGs with red-blue combination
light treatment development. (E) DEGs with control development. (F) DEGs between �ower bud in
different development stages. (G-I) Number of up- and down-DEGs.

Figure 4

The pathways with the most signi�cant Padjust. up-DEGs, Pathway enrichment analysis based on the
differentially up-regulated genes between T and S. Down-DEGs, Pathway enrichment analysis based on
the differentially down-regulated genes between T and S.

Figure 5

Expression of the plant hormone signal transduction pathway.
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Figure 6

Validation of RNA-Seq data for 9 unigenes by qRT-PCR.

Figure 7

WGCNA of genes in grape �ower bud differentiation. (A) Hierarchical cluster tree showing co-expression
modules identi�ed by WGCNA. (B) Module clustering dendrogram. (C) Module-tissue association.

Figure 8

The correlation networks of genes in the ‘green’ module, in which only connected with GBF4 gene
(VIT_18s0072g00470) and edges weight ≥ 0.4 are displayed. Transcription factors and GBF4 genes are
shown in red, larger circles represent higher connectivity.
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