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Abstract: Flower color variations have increasingly been recognized as playing an important role
in the adaptation to UV-B radiation; however, the underlying mechanism is poorly understood in
perennial fruit trees. Litchi is an important fruit tree, and extremely early maturing (EEM) and
middle-to-late-maturing (MLM) cultivars that originated from regions with high and low UV-B
radiation have dark brown and light yellow flower buds, respectively, while their hybrid early-
maturing (EM) cultivars have an intermediate brown flower bud. This study comprehensively
analyzed the metabolome and transcriptome of flower buds of litchi EEM, EM and MLM cultivars to
explore the mechanism underlying flower color variation during the adaptation to UV-B radiation for
the first time. Metabolomic analysis identified 72 flavonoids in litchi flower buds, among which a
higher accumulation of flavonol glycosides was responsible for darker flower buds of EEM cultivars.
And transcriptome analysis revealed key structural genes, including LcCHI, LcFLS and seven UGTs,
together with two transcription factors (LcMYB12 and LcMYB111), which could be directly up-
regulated by UV-B radiation, playing critical roles in regulating the differential accumulation of
flavonol glycosides. These results provide new insights into the molecular mechanism underlying
adaptation to UV-B radiation and provide a genetic basis for future breeding of stress-tolerant
cultivars of litchi.

Keywords: Litchi chinensis Sonn.; flavonoid biosynthesis; transcriptome; metabolome; UV-B; flower
color variation

1. Introduction

Environmental adaptation is crucial to species survival in the face of rapid climate
change [1], among which flower color diversity is one of the most extraordinary examples
of adaptive variation in the plant world [2,3]. Increasing evidence has demonstrated
that darker floral pigmentation is under especially strong selection by UV-B radiation [4].
For instance, the extents of petal UV pigmentation were found to increase significantly
across taxa by about 2% per year in response to elevated UV incidence by analyzing 1238
herbarium specimens sampled from 1941 to 2017 [2]. Among 177 species in the Potentilleae
tribe (Rosaceae), species that grow at higher altitudes where UV-B irradiance is higher, have
larger portions of petal areas with UV-absorbing pigmentation [3]. Floral pigmentation
was also found to increase with higher UV-B incidence, and UV was confirmed as an agent
of selection of floral pigmentation in a widespread plant, Argentina anserina (Rosaceae) [5].
However, studies of flower color variations in adaptation to UV-B radiation in domesticated
perennial fruit trees are scarce.

Litchi (Litchi chinensis Sonn., Sapindaceae) is an important fruit tree in tropical and
subtropical regions of the world [6]. Litchi originated in southern areas of China and
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have been cultivated for ~2300 years [7]. Wild litchi populations are distributed in geo-
graphically diverse regions in China, and can be found in hilly areas with high altitude
in Yunnan Province where UV-B radiation is high [8,9], as well as rainforests with low
altitude in Hainan Province where UV-B radiation is low [10,11]. Litchi cultivars could be
divided into three clusters based on the fruit maturation period: extremely early matur-
ing (EEM) cultivars; early-maturing (EM) cultivars and middle-to-late-maturing (MLM)
cultivars [12,13]. Two independent domestication events of litchi cultivars have been re-
vealed by our previous resequencing study of cultivated and wild litchi accessions, which
found that EEM cultivars were domesticated from the wild Yunnan population, while the
MLM cultivars were domesticated in the wild Hainan Province, with EM cultivars that
probably originated through hybridization between EEM and MLM cultivars [14]. Interest-
ingly, there are conspicuous color variations of flower buds between litchi accessions that
originated from different environments [7–11]. The wild Yunnan population as well as their
descendant EEM cultivars that originated from regions with high UV-B radiation have dark
brown flower buds [8,9], the wild Hainan population as well as their descendant MLM
cultivars that originated from regions with low UV-B radiation have light yellow flower
buds [10,11], and their possible hybrid EM cultivars have an intermediate brown flower
bud [7]. Therefore, litchi provides an excellent material for investigating the mechanism
underlying flower color variation during the adaptation to UV-B in domesticated perennial
fruit trees. However, there are no reports exploring the underlying mechanism in litchi
to date.

Flavonoids have been demonstrated as the major UV-absorbing compound that pro-
tects plants from the detrimental effects of UV-B radiation [15–17]. A previous study
revealed that the concentration of flavone aglycones was elevated because of increasing
UV-B radiation in an Antarctic moss, Bryum argenteum [18]. Arabidopsis mutants that cannot
accumulate flavonoids are hypersensitive to UV-B radiation [19], while Arabidopsis growing
at low latitudes or high altitudes with an overaccumulation of phenylacylated flavonols [20]
and rice grown at low latitudes or high altitudes with higher flavone O-glycosides con-
tents [21] obtained enhanced UV-B tolerance. A metabolite-based genome-wide association
study of qingke, which was exposed to long-term and strong UV-B radiation on the Tibetan
Plateau, demonstrated that various flavonoids such as flavone O-glycosides and flavone
glucuronoids showed overaccumulation in varieties with higher tolerance to UV-B radia-
tion [22]. It can be seen that different metabolites are utilized in different species in UV-B
protection.

Flavonoid synthesis is relatively conserved in higher plants and is well-understood in
plants [23]. Various structural genes involved in flavonoid synthesis have been identified, in-
cluding chalcone synthase (CHS), chalcone isomerase (CHI), favanone-3-hydroxyl enzyme
(F3H), flavonoid 3′-hydroxylase (F3′H), flavonoid 3′5′-hydroxylase (F3′5′H), flavonol syn-
thase (FLS), dihydrofavonol 4-reductase (DFR), anthocyanin synthase (ANS) et al. [24–27].
Glycosyltransferases (UGTs), which catalyze the glycosylation of flavonoids, have also
been identified [28–30]. In addition, transcription factors also play a critical role in the
modulation of flavonoid biosynthesis, and the R2R3-MYB family has been proven to be
an important transcriptional regulator of flavonoid biosynthesis [31–33]. Although genes
involved in flavonoid biosynthesis have been clearly characterized in many plants, research
on the genes regulating flavonoid biosynthesis in litchi flower buds is still lacking.

In this study, dark brown and light yellow flower buds of EEM and MLM cultivars that
originated from regions with high and low UV-B radiation, together with brown flower buds
from their possible hybrid EM cultivars, were studied using metabolome and transcriptome
analysis. This study aims to (1) identify the key differential flavonoid metabolites among
flower buds of EEM, EM and MLM cultivars; (2) identify the key differential expressed
genes involved in the differential accumulation of flavonoids in flower buds of EEM, EM
and MLM cultivars. These results provide important insights into the molecular network of
flavonoid biosynthesis in litchi flower buds and explain the mechanism underlying flower
color variation of different litchi cultivars during the adaptation to UV-B radiation. These
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results provide new insights into the molecular mechanism underlying adaptation to UV-B
radiation and provide a genetic basis for future breeding of stress-tolerant cultivars of litchi.

2. Materials and Methods
2.1. Plant Materials

Two representative EEM cultivars: ‘Hemaoli’ (‘HML’) and ‘Sanyuehong’ (‘SYH’);
two representative EEM cultivars: ‘Shuidong’ (‘SD’) and ‘Feizixiao’ (‘FZX’); and four
representative MLM cultivars: ‘Baitangying’ (‘BTY’), ‘Xianjinfeng’ (‘XJF’), ‘Guiwei’ (‘GW’)
and ‘Nuomici’ (‘NMC’) grown in the experimental orchard in the Institute of Fruit Tree
Research, Guangdong Academy of Agricultural Sciences (Guangzhou, China) were used
in this study. Three biological replicates were selected for each cultivar. The dark brown
flower buds of EEM cultivars, the brown flower buds of EM cultivars and the light yellow
flower buds of MLM cultivars were harvested in November 2022, January 2023 and March
2023, respectively. Then, the flower buds of each tree were harvested and stored at −80 ◦C
for subsequent LC-MS/MS and RNA-seq analyses.

Furthermore, in order to explore the regulation of candidate genes in response to
UV-B radiation, UV-B treatment was also conducted for flower buds for the above cultivars.
Specifically, flower buds of each tree were collected and immediately transferred to plant
growth chamber (Blupard, Shanghai, China) under 25 ◦C and daily light, with humidity
maintained at 90% to prevent water loss. The UV-B radiation (30 µmol m−2s−1) was applied
to flower bud sample for 6 h using Philips NARROWBAND TL 20 W/01 RS tube with a
characteristic peak at 311 nm (Philips Electronics, Eindhoven, The Netherlands), which
was wrapped by cellulose diacetate filter (Courtaulds Chemicals, Derby, UK). Then, the
flower buds were collected and stored at −80 ◦C for subsequent experiments.

2.2. Metabolite Extraction, LC-MS/MS Conditions and Metabolite Analyses

Extraction of metabolites was performed based on the chemical characters of multi-
targeted metabolites. Briefly, 600 µL ice-cold MeOH-water (2:1, v/v, containing IS) was
added into 200 mg freeze-dried litchi flower buds. The samples were extracted by ultra-
sound for 30 min with ice-water bath, and centrifuged at 4 ◦C (14,000× g) for 15 min. The
supernatant was transferred to sample vials and then 400µL ice-cold MeOH-water (2:1,
v/v, containing IS) was added to the residue samples. The samples were extracted once
again by ultrasound and centrifuged as above. The two supernatants were combined and
mixed well. Then, the supernatant (200 µL) was dried under a nitrogen stream, re-dissolved
in 200 µL of MeOH-water (7:18, v/v, containing IS) and then filtered through a 0.22 µm
organic phase pinhole filter for subsequent UPLC-MS/MS analysis.

Liquid chromatography was performed on a Nexera UHPLC LC-30A (SHIMADZU,
Kyoto, Japan). A Waters ACQUITY UPLC HSS T3 column (2.1 × 100 mm, 1.8 µm) was
used for analysis with 5 µL injection volume. The mobile phase A was water containing
0.1% formic acid, and the mobile phase B was ACN. The flow rate is 0.3 mL/min. The
gradient conditions were as follows: 0–2 min, 0 B; 2–30 min, 0–50% B; 30–32 min, 50–95% B;
32–34 min, 95% B; 34–34.1 min, 100–0% B; 34.1–35.5min, 0 B. The column temperature was
set at 40 ◦C, while the samples were kept at 4 ◦C during the detection process. Flavonoid
metabolites were analyzed in schedule multiple reaction monitoring (SRM) mode.

The differentially accumulated metabolites (DAMs) were classified by thresholds
with|Log2FC| ≥ 1 (p < 0.05) and variable importance in projection (VIP) ≥1 by comparing
each cultivar with MLM cultivar ‘NMC’. Kyoto Encyclopedia of Genes and Genomes
(KEGG) metabolite enrichment analysis of DAMs was conducted with the OmicShare tools
platform (https://www.omicshare.com/tools) (accessed on 1 November 2023) to determine
the important pathways in the enriched term.

2.3. RNA Extraction and Transcriptome Sequencing

The total RNA of 24 samples was extracted using the TRIzol reagent (Invitrogen,
Carlsbad, CA, USA) based on the manufacturer’s protocol. The purity, concentration
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and integrity of RNA were evaluated using NanoDrop 2000 spectrophotometer (Thermo
Scientific, Waltham, MA, USA) and Agilent 2100 Bioanalyzer (Agilent Technologies, Santa
Clara, CA, USA). The RNA-sequencing libraries were constructed using VAHTS Universal
V6 RNA-seq Library Prep Kit according to the manufacturer’s instructions. The 24 flower
buds’ cDNA libraries were sequenced on a llumina Novaseq 6000 platform at OE Biotech
Co., Ltd. (Shanghai, China).

2.4. Transcriptome Analysis

A total of 166.27 G clean data were obtained for the 24 flower bud samples sequenced.
In order to obtain the clean reads, the low-quality reads and polluted reads were re-
moved from the raw reads. The clean reads were assembled and mapped to the reference
genome (http://www.sapindaceae.com/Download.html) (accessed on 1 October 2023)
using HISAT2 v2.0.5 [34]. The FPKM (fragments per kilobase of transcript per million
mapped reads) for all genes was used to calculate gene expression by HTSeq-count [35].
The biological duplication of 24 flower bud samples was evaluated by principal component
analysis (PCA).

Differentially expressed genes (DEGs) with a relative change threshold of foldchange
>2 and FDR < 0.05 were identified from the transcriptome of comparable groups using
the DESeq2 [36]. The comparisons of DEGs among different comparisons were depicted
by Venn graph. The Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrich-
ment and Gene Ontology (GO) analysis of DEGs [37] was performed using the OmicShare
tools platform (http://www.omicshare.com/tools) (accessed on 1 November 2023). The
heat maps of gene expression profiles were generated by TBtools-ll (Toolbox for Biolo-
gists v2.019).

2.5. Weighted Gene Co-Expression Network Analysis (WGCNA)

The weighted gene co-expression network analysis (WGCNA) of DEGs was per-
formed using the OmicShare tools platform (http://www.omicshare.com/tools) (accessed
on 1 November 2023) [38,39]. FPKM of the genes from all samples was used for WGCNA
analysis. The original data contained 59,630 genes from 24 samples. Genes with low fluctu-
ation of expression (standard deviation ≤ 0.5) were filtered out, and finally, 8627 genes from
24 samples were left. Genes with identical expression patterns were grouped into the same
module. The correlation of different WGCNA modules with different flower bud colors of
EEM, EM and MLM cultivars was analyzed. The genes that highly correlated with the dark
brown flower buds of EEM cultivars were visually exported using Cytoscape v3.9.0.

2.6. Real-Time Quantitative PCR Analysis (RT-qPCR)

Nine randomly selected candidate genes were used to evaluate the RNA-seq results
by qRT-PCR analysis. In addition, expression pattern of LcMYB12 and LcMYB111 in flower
buds after treatment of UV-B radiation was also analyzed by qRT-PCR, and LcACTIN was
the internal reference. The primers used for qRT-PCR are listed in Table S1.

The total RNA was isolated from the flower buds using the RNAprep Pure Plant Plus
Kit (TIANGEN, Beijing, China). cDNA synthesis was performed using the Primescript
RT reagent Kit with gDNA Eraser (Perfect Real Time) (TaKaRa, Beijing, China). RT-qPCR
analysis was performed using TB Green Ex Taq II (TaKaRa, Beijing, China). RT-qPCR was
conducted with three biological repeats based on the manufacturer’s protocols. PCR was
carried out in an QuantStudio 5 (Thermofisher, Waltham, MA, USA). The 2−∆∆CT method
was used for calculating the relative gene expression level [40].

3. Results
3.1. Analysis of Metabolomic Differences among Dark Brown, Brown and Light Yellow Flower
Buds of EEM, EM and MLM Litchi Cultivars

In order to investigate the difference in metabolites underlying the flower buds’ color
variation in the adaptation to UV-B radiation, the flower bud samples of two representative

http://www.sapindaceae.com/Download.html
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EEM cultivars (‘HML’ and ‘SYH’), two representative EM cultivars (‘SD’ and ‘FZX’) and
four MLM representative cultivars (‘BTY’, ‘XJF’, ‘GW’ and ‘NMC’) that show dark brown,
brown and light yellow colors (Figure 1), respectively, were analyzed by LC-MS/MS. A total
of seventy-two flavonoid metabolites were detected, including twenty-two flavonols, nine
dihydroflavones, seven flavones, seven benzoic acid derivatives, six phenylpropanoids, six
coumarins, three alcohols and polyols, three catechols, two chalcones, two stilbenes, two
anthocyanins, two proanthocyanidins, and one dihydroisoflavone (Table S2).
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Figure 1. Phenotype of flower buds in EEM, EM and MLM cultivars. (A) The inflorescence of
representative EEM cultivar ‘SYH’ and MLM cultivar ‘NMC’. (B) The flower buds of the EEM (‘HML’
and ‘SYH’), EM (‘SD’ and ‘FZX’) and MLM cultivars (‘BTY’, ‘XJF’, ‘GW’ and ‘NMC’) are dark brown,
brown and light yellow, respectively.

PCA showed that the three biological replicates of each cultivar cluster together
(Figure 2A), indicating that the data processing for each sample was reliable. And cultivars
with the same flower bud color all clustered together while remaining distant from other
groups with different colors (Figure 2A), indicating that the metabolic profiles of flower
buds were significantly different among EEM, EM and MLM cultivars. The first PC with
86.97% of the metabolic variance separated the EEM and EM cultivars from the MLM
cultivars, while the second PC separated the EEM cultivars from the EM cultivars, which
accounted for 17.11% of the metabolic variance between the samples (Figure 2A).



Agronomy 2024, 14, 221 6 of 17

Agronomy 2024, 14, x FOR PEER REVIEW 6 of 18 
 

 

PCA showed that the three biological replicates of each cultivar cluster together (Fig-
ure 2A), indicating that the data processing for each sample was reliable. And cultivars 
with the same flower bud color all clustered together while remaining distant from other 
groups with different colors (Figure 2A), indicating that the metabolic profiles of flower 
buds were significantly different among EEM, EM and MLM cultivars. The first PC with 
86.97% of the metabolic variance separated the EEM and EM cultivars from the MLM cul-
tivars, while the second PC separated the EEM cultivars from the EM cultivars, which 
accounted for 17.11% of the metabolic variance between the samples (Figure 2A). 

 
Figure 2. Metabolomic analysis of flower buds of EEM (‘HML’ and ’SYH’), EM (‘SD’, ‘FZX’ and 
‘BTY’) and MLM (‘XJF’, ‘GW’ and ’NMC’) cultivars. (A) PCA score plot. (B) Percentage of up-regu-
lated and down-regulated metabolites of each cultivar compared to MLM cultivar ‘NMC’. (C) KEGG 
pathway enrichment analysis of DAMs in ‘HML’ vs. ‘NMC’ comparison. 

The DAMs were classified by comparing each cultivar with MLM cultivar ‘NMC’ 
(Figure S1). The percentage of both up-regulated and down-regulated flavonoid metabo-
lites was highest in EEM cultivars (‘HML’ and ‘SYH’) vs. ‘NMC’ comparisons, medium in 
EM cultivars (‘SD’ and ‘FZX’) vs. ‘NMC’ comparisons, and lowest in MLM cultivars 
(‘BTY’, ‘XJF’ and ‘GW’) vs. NMC comparisons (Figure 2B). These results suggest that the 
metabolic profiles of flower buds were most distinct between EEM and MLM cultivars 
that originated from different regions with high and low UV-B radiation, respectively. 

The DAMs from each pairwise combination were further analyzed using the KEGG 
enrichment analysis. The results indicated that differential metabolites were significantly 
enriched in flavonoid biosynthesis for all comparisons (Figures 2C and S2). A cluster heat 
map was further plotted for the identified DAMs, and all the DAMs were divided into 

Figure 2. Metabolomic analysis of flower buds of EEM (‘HML’ and ‘SYH’), EM (‘SD’, ‘FZX’ and ‘BTY’)
and MLM (‘XJF’, ‘GW’ and ‘NMC’) cultivars. (A) PCA score plot. (B) Percentage of up-regulated and
down-regulated metabolites of each cultivar compared to MLM cultivar ‘NMC’. (C) KEGG pathway
enrichment analysis of DAMs in ‘HML’ vs. ‘NMC’ comparison.

The DAMs were classified by comparing each cultivar with MLM cultivar ‘NMC’
(Figure S1). The percentage of both up-regulated and down-regulated flavonoid metabolites
was highest in EEM cultivars (‘HML’ and ‘SYH’) vs. ‘NMC’ comparisons, medium in EM
cultivars (‘SD’ and ‘FZX’) vs. ‘NMC’ comparisons, and lowest in MLM cultivars (‘BTY’,
‘XJF’ and ‘GW’) vs. NMC comparisons (Figure 2B). These results suggest that the metabolic
profiles of flower buds were most distinct between EEM and MLM cultivars that originated
from different regions with high and low UV-B radiation, respectively.

The DAMs from each pairwise combination were further analyzed using the KEGG
enrichment analysis. The results indicated that differential metabolites were significantly
enriched in flavonoid biosynthesis for all comparisons (Figures 2C and S2). A cluster heat
map was further plotted for the identified DAMs, and all the DAMs were divided into
three groups (Figure 3). Group 1 contained 27 metabolites whose contents were highest in
EEM cultivars, medium in EM cultivars and lowest in MLM cultivars; Group 2 contained
14 metabolites whose accumulation pattern was opposite that of Group 1; and Group 3
contained 31 metabolites without a consistent pattern among different groups. Interestingly,
flavonol glycosides, including Quercetin 3-rhamnoside, Quercetin 3-galactoside, Quercetin
O-glycoside, Kaempferol 3-O-β-rutinoside, Kaempferol 3-rhamnoside and Myricetin 3-
galactoside, were all found in Group 1, which showed an extremely high accumulation in
the flower buds of EEM cultivars. Therefore, these results suggest that flavonol glycosides
are major contributors to the darker color of flower buds of EEM cultivars that originated
from regions with high UV-B radiation.
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3.2. Summary of Transcriptome Sequencing of Flower Buds of Different Litchi Cultivars

The flower buds of the abovementioned EEM, EM and MLM cultivars were also
subjected to RNA-seq to elucidate the molecular mechanism underlying flower bud color
variation in adaptation to UV-B radiation. A total of 166.27 GB of clean data from 24 flower
bud samples were obtained. The clean data of each flower bud sample ranged from 6.62 to
7.06 Gb in size, the Q30 base distribution percentage was between 93.8 and 94.62% and the
average GC content was 45.99% (Table S3). Over 44.41 million clean reads were obtained
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and aligned to the designated litchi reference genome, with a mapping rate of 90.24–93.35%
(Table S3). More than 84.84% of the valid reads were uniquely mapped in the reference
genome (Table S3).

PCA analysis classified all samples into three distinct groups, which were EEM (‘HML’
and ‘SYH’), EM (‘SD’ and ‘FZX’) and MLM (‘BTY’, ‘XJF’, ‘GW’ and ‘NMC’) (Figure 4A). This
result indicates that the gene expression profiles of flower buds were significantly different
among EEM, EM and MLM cultivars. The MLM cultivars were separated from EEM and
EM cultivars in the PC1 dimension, and the PC2 dimension segregated EEM and EM
cultivars (Figure 4A). The high Pearson coefficient between all replicates (r > 0.88) suggests
robust reproducibility (Figure 4B). The box histogram shows that the gene expression
distribution in eight cultivars was basically consistent (Figure 4C).
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Figure 4. Global analysis of the transcriptome data of the flower buds of EEM (‘HML’ and ‘SYH’),
EM (‘SD’, ‘FZX’ and ‘BTY’) and MLM (‘XJF’, ‘GW’ and ‘NMC’) cultivars. (A) PCA analysis of gene
expression in 24 samples of flower buds. (B) Pearson’s correlation among 24 samples of flower buds.
The range of Pearson correlation from 0 to 1 was indicated by color set. (C) Box plot of all transcripts’
expression levels of the eight cultivars. Different colors represented different cultivars of EEM (‘HML’
and ‘SYH’), EM (‘SD’, ‘FZX’ and ‘BTY’) and MLM (‘XJF’, ‘GW’ and ‘NMC’) cultivars.

3.3. Analysis of DEGs among Dark Brown, Brown and Light Yellow Flower Buds of EEM, EM and
MLM Litchi Cultivars

To further compare the expression profiles of genes among dark brown, brown and
light yellow flower buds of EEM, EM and MLM cultivars, DEGs were identified from pair-
wise comparisons of the MLM cultivar ‘NMC’ with the others. The numbles of up-regulated
and down-regulated DEGs of EEM cultivars (‘HML’ and ‘SYH’) vs. ‘NMC’ comparisons,
EM cultivars (‘SD’ and ‘FZX’) vs. ‘NMC’ comparisons and MLM cultivars (‘BTY’, ‘GW’ and
‘XJF’) vs. ‘NMC’ comparisons declined gradually from 3786 to 787 and from 3777 to 848,
respectively (Figure 5A). The Venn diagram identified 1320 down-regulated and 723 up-
regulated DEGs that were common among the four comparisons of ‘HML’ vs. ‘NMC’, ‘SYH
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vs. ‘NMC’, ‘SD’ vs. ‘NMC’ and ‘FZX’ vs. ‘NMC’, while 670, 585, 266 and 172 DEGs were
only up-regulated and 602, 586, 410 and 334 DEGs were only down-regulated in each of
the four comparisons, respectively (Figure 5B).
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Figure 5. Analysis of DEGs in flower buds among EEM (‘HML’ and ‘SYH’), EM (‘SD’, ‘FZX’ and ‘BTY’)
and MLM (‘XJF’, ‘GW’ and ‘NMC’) cultivars. (A) The statistics of up-regulated and down-regulated
DEGs numbers from EEM, EM and MLM cultivars compared with ‘NMC’. (B) Venn diagrams of DEGs
between HML vs. NMC, SYH vs. NMC, SD vs. NMC and FZX vs. NMC. (C) GO enrichment analysis
of DEGs in HML vs. NMC comparison. (D) Bubble chart of KEGG pathway enrichment analysis.

GO enrichment and KEGG pathway enrichment analyses were further performed
to explore the functions of DEGs. All DEGs were classified into three parts: biological
processes, molecular function and cellular components (Figures 5C and S3). We found that
the flavonoid biosynthetic process was enriched in EEM cultivars (‘HML’ and ‘SYH’) vs.
‘NMC’ comparisons and EM cultivars (‘SD’ and ‘FZX’) vs. ‘NMC’ comparisons (Figure 5C).
Meanwhile, UDP-glycosyltransferase activity, which categorized molecular function, was
enriched in the same comparisons (Figure 5C). KEGG analysis further confirmed the
enrichment of the flavonoid biosynthesis pathway in the same comparisons. However, no
such enrichment was found in the comparisons of other MLM cultivars (‘BTY’, ‘GW’ and
‘XJF’) vs. ‘NMC’ (Figure S4). These results show that the flavonoid biosynthetic process
and UDP-glycosyltransferase activity were directly related to flower bud color variation
among EEM, EM and MLM cultivars.
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3.4. Candidate Hub Genes Responsible for Flower Bud Color Variation in Adaptation to UV-B
Radiation of Litchi

In order to clarify the molecular regulatory network of flavonoid biosynthesis in
flower buds of EEM, EM and MLM cultivars, WGCNA was conducted using filtered DEGs.
There were 59,630 genes for 24 samples in the original data, the genes with low expression
fluctuation (standard deviation ≤ 0.5) were filtered, and, finally, 8627 genes for 24 samples
remained for WGCNA analysis (Table S4). A total of 29 modules were clarified, each of
which was correlated with flavonoid biosynthesis in the flower buds of EEM, EM and MLM
cultivars (Figure 6A,B and Table S5).
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Figure 6. WGCNA analysis based on DEGs. (A) Cluster dendrogram and gene module. (B) Module–
sample association. The correlation coefficient and p value marked the upper and lower lines in each
cell, respectively. (C) Cluster heat map of Z_Score expression of genes in MEdarkorange module,
whose expression was highest in flower buds of EEM cultivars, medium in EM cultivars and lowest
in MLM cultivars. (D) GO enrichment analysis in the MEdarkorange module. (E) Co-expression
network of DEGs enriched in flavonoid biosynthesis pathway and UDP-glycosyltransferase in the
MEdarkorange module.
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The MEdarkorange module was highly positively correlated with the dark brown
flower buds of EEM cultivars (Figure 6B). The MEdarkorange module included 2260 genes
with a correlation coefficient (r2) of 0.99 (Figure 6B). It could be concluded that genes
in the MEdarkorange module played a significant role in flavonoid biosynthesis in dark
brown flower buds of EEM cultivars, so the MEdarkorange module was chosen for further
research. According to the Z_Score expression of MEdarkorange module genes, the cluster
diagram showed that expression of 50 DEGs was highest in the dark brown flower buds of
EEM cultivars, medium in brown flower buds of EM cultivars and lowest in light yellow
flower buds of MLM cultivars (Figure 6C and Table S6), which might contribute to darker
flower buds of EEM cultivars that originated from regions with high UV-B radiation.

Furthermore, GO enrichment analysis showed that 17 and 27 genes were enriched in
the flavonoid biosynthetic process and UDP-glycosyltransferase, respectively (Figure 6D
and Table S7). A correlation network was further constructed and visualized using Cy-
toscape v3.9.0. In the network diagram, two R2R3-MYB transcription factors (TFs) LcMYB12
(LITCHI014405.m1) and LcMYB111 (LITCHI026531.m1), two structural genes LcCHI
(LITCHI027959.m1) and LcFLS (LITCHI007338.m1) and seven UGTs UGT78D1
(LITCHI019675.m1 and LITCHI016011.m1), LITCHI018790.m1, LITCHI 000325.m1,
LITCHI028085.m1, LITCHI018709.m1 and LITCHI018707.m1 showed the highest con-
nectivity in the gene network (Figure 6E and Table S7), indicating that they are hub genes
responsible for flower bud color variation of EEM, EM and MLM cultivars.

3.5. Key R2R3-MYB Transcription Factors Up-Regulated by UV-B Radiation

As MYB12 and MYB111 have been proven to play a crucial role in the production of
flavonol glycoside in response to UV-B radiation [41,42], we further explore the sequence
and expression pattern of LcMYB12 and LcMYB111 identified by the above WGCNA analy-
sis. Firstly, a phylogenetic tree was constructed for LcMYB111 and LcMYB12 with other
MYB111s, which could be up-regulated by UV-B radiation, including AtMYB111, AtMYB12,
HaMYB111 [43], CsMYB12 [44], VcMYB114 [45], PpMYB-FL [46] and VviMYBF1 [47].
Phylogenetic analysis revealed that LcMYB111 clustered together with AtMYB111, while
LcMYB12 clustered together with AtMYB12 (Figure 7A), indicating that they are homologs
of AtMYB111 and AtMYB12 in litchi. After exposure to UV-B radiation for 6 h, the tran-
scription levels of LcMYB12 and LcMYB111 were all upregulated in flower buds of EEM,
EM and MLM cultivars, while the expression level was highest in EEM cultivars, medium
in EM cultivars and lowest in MLM cultivars (Figure 7B), indicating their critical roles
involved in flower bud color variation in the adaptation to UV-B radiation of litchi.

3.6. Comprehensive Analysis of Genes and Metabolites Involved in Flavonoid Biosynthesis in
Flower Buds of EEM, EM and MLM Litchi Cultivars

In order to explore the correlation between metabolites and genes in the flavonoid
biosynthesis in flower buds of EEM, EM and MLM litchi cultivars, a pathway map con-
taining flavonoid-related metabolites and genes based on metabolome and transcriptome
analysis was constructed (Figure 8). It was clear that structural genes like LcPAL, LcC4H,
Lc4CL, LcCHS, LcF3H, LcF3′5′H, LcDFR, LcANR, LcANS, LcLAR and LcUFGT did not show
any consistent expression pattern among EEM, EM and MLM cultivars (Figure 8 and
Table S8). However, the expression level of structural genes, including LcCHI, LcFLS and
UGT78D1, together with two transcription factors LcMYB12 and LcMYB111, were all high-
est in the flower buds of EEM cultivars (Figure 8) that originated from regions with high
UV-B radiation. Correspondingly, the contents of flavonol glycosides, such as Quercetin 3-
rhamnoside, Quercetin 3-galactoside, Quercetin O-glycoside, Kaempferol 3-O-β-rutinoside
and Kaempferol 3-rhamnoside, were highest in flower buds of EEM cultivars. Based on the
above results, it was speculated that the up-regulation of transcription factors (LcMYB12
and LcMYB111) and structural genes (LcCHI, LcFLS and UGTs) in flower buds of EEM
cultivars lead to increased accumulation of flavonol glycosides, thus resulting in their
darker flower buds in adaptation to the high UV-B radiation in their original habitats.
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Figure 8. The pathway of flavonoid biosynthesis in flower buds of EEM, EM and MLM litchi cultivars.
The expression levels of genes in the flavonoid synthesis pathway were exhibited with heat maps. Red
represents up-regulation and blue denotes down-regulation. PAL, phenylalanine aminotransferase;
C4H, cinnamate hydroxylase; 4CL, p-Coumarate CoA Ligase; CHS, chalcone synthase; CHI, chalcone
isomerase; F3H, flavonoid 3-hydroxylase; FLS, flavonol synthase; DFR, dihydroflavonol 4-reductase;
ANS, anthocyanidin synthase; UGT, UDP glycosyl-transferase. Column diagrams are shown for
content difference of flavonol glycosides in flower buds of EEM, EM and MLM litchi cultivars. Units
of metabolite content are all ng/g. Data are means ± SD obtained from six biological replicates
(* p < 0.05, ** p < 0.01, *** p < 0.001 and **** p < 0.0001 according to Tukey’s test).
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3.7. qRT-PCR Validation

To further verify the reliability of the RNA-seq data, nine candidate genes were
randomly selected to substantiate the RNA-seq results by qRT-PCR analysis. As shown in
Figure S5, the expression patterns of the nine genes were consistent with the transcriptome
data, supporting the accuracy of the RNA-seq data.

4. Discussion
4.1. Flavonol Glycosides Are Responsible for Flower Bud Color Variation in Adaptation to UV-B
Radiation of Litchi

Global climate change is expected to increase UV-B radiation [48], and damaging
UV-B radiation is becoming a major stress facing land plants [49]. Therefore, understand-
ing the genetic bases of adaptation to UV-B radiation is essential for the survival of land
plants [49,50]. Flower pigmentation has increasingly been recognized as playing an im-
portant role in response to UV-B radiation [2,3,43,51], and flavonoids have been proven
to be the main protectant for UV-B radiation [43,46]. In litchi, flower bud colors of EEM
and MLM cultivars that originated from regions with high and low UV-B radiation are
dark brown and light yellow, respectively, with their hybrid EM cultivars showing an
intermediate brown flower bud. In this study, metabolome was conducted to investigate
the metabolic difference among flower buds of EEM, EM and MLM cultivars. A total of
72 flavonoid metabolites were detected in flower buds, and PCA analysis could clearly
separate EEM, EM and MLM cultivars from each other, indicating that the metabolic pro-
files of flower buds with different colors were significantly different. KEGG analysis of
DAMs showed that flavonoid biosynthesis was significantly enriched in flower buds. The
heat map analysis of DAMs further showed that the contents of significantly differentiated
flavonol glycosides, such as Quercetin O-glycoside, Quercetin 3-galactoside, Quercetin
3-rhamnoside, Kaempferol 3-rhamnoside and Kaempferol-3-O-rutinoside, were highest in
the EEM cultivars, medium in the EM cultivars and lowest in the MLM cultivars. Therefore,
the results suggested that the greater accumulation of flavonol glycosides was responsible
for the darker color of the flower buds of EEM cultivars.

Flavonol glycosides are the most prevalent flavonoids in plants, which have been
proven to play vital roles in protecting against abiotic and biotic stresses [24,52]. Signifi-
cantly, flavonol glycosides absorb strongly in the near UV range (300–400 nm) and were
found to be the major UV-absorbing compounds in many plant species [43,46]. For instance,
quercetin glycosides were found to accumulate at high levels in many sunflower tissues
and flavonol glycosides were found to be the major UV-absorbing pigments in sunflower
petals [43]. The number of quercetin and kaempferol glycosides were increased after UV
radiation in different Brassicaceae vegetable sprouts [53]. Therefore, it was speculated that
higher accumulation of flavonol glycosides in dark brown flower buds of EEM cultivars
might contribute to their adaptation to UV-B radiation.

4.2. Key Structural Genes Responsible for Differential Flavonol Glycoside Accumulation in Flower
Buds in Adaptation to UV-B Radiation of Litchi

It has been widely reported that a series of structural genes co-regulated flavonoid
biosynthesis in plant species [24,54]. In this present study, LcFLS and UGTs were signifi-
cantly upregulated in the flower buds of EEM cultivars compared to MLM cultivars. FLS
is an important enzyme responsible for the production of flavonols and has been proven
to play vital roles in flower coloration [55,56] and response to UV-B radiation [17,57]. FLS
competes with DFR for the common substrate dihydroflavonols, leading to the production
of flavonols and anthocyanins, respectively [58]. The higher expression level of LcFLS in
flower buds of EEM cultivars enhanced the flux in flavonol biosynthesis pathways.

Flavonols are further modified by a series of glycosylation steps under the action of
UGTs, which leads to the production of flavonol glycosides [59]. Numbers of flavonoid
UGTs have been characterized in plenty of plants [59]. In A. thaliana, UGT78D1, UGT78D2
and UGT78D3 are 3-O-glycosyltransferases using quercetin and kaempferol as substrates,
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among which UGT78D1 catalyzed the 3-OH transfer of UDP-rhamnose to quercetin and
kaempferol, while UGT78D2 transferred UDP-glucose to kaempferol and quercetin [60].
In rice, OsUGT706D1 (flavone 7-O-glucosyltransferase) and OsUGT707A2 (flavone 5-O-
glucosyltransferase) were responsible for adaptation to UV-B irradiance of rice accessions
derived from different irradiation areas [21]. In this study, seven UGTs were up-regulated
in flower buds of EEM cultivars, which were in accordance with the higher accumulation
of flavonol glycosides. These results suggested that the above seven UGTs as well as
LcFLS are potential key structural genes regulating flavonol glycosides biosynthesis in litchi
flower buds.

4.3. Key R2R3-MYB Transcription Factors Involved in Flower Buds Color Variation in Adaptation
to UV-B Radiation of Litchi

It is well recognized that the R2R3-MYB transcription factors are crucial transcrip-
tional regulators of flavonol biosynthesis and have been characterized in many plant
species [24,31,33]. In this study, two R2R3-MYB transcription factors, LcMYB12 and LcMYB111,
were significantly up-regulated in dark brown flower buds of EEM cultivars that origi-
nated from regions with higher levels of UV-B radiation. Phylogenetic analysis confirmed
that LcMYB12 and LcMYB111 are homologs of AtMYB12 and AtMYB111 in litchi. And
the expression of LcMYB12 and LcMYB111 in litchi flower buds was up-regulated after
exposure to UV-B radiation, which showed the highest and lowest levels in EEM and MLM
cultivars, respectively.

In A. thaliana, AtMYB12 and AtMYB111 have been found to play the strongest effect
on flavonol glycoside accumulation [31]. Further evidence has demonstrated that MYB12
and MYB111 played critical roles in the production of UV-absorbing flavonols [43,46]. For
instance, MYB-FL of Petunia species, which is homologous to AtMYB111, is responsible for
the evolutionary gain and subsequent loss of flavonol accumulation and two transitions
in UV absorbance in flowers [46]. HaMYB111, a homolog of AtMYB111 in sunflower,
regulates the biosynthesis of UV-absorbing flavonol glycosides in sunflower petals and
sequence diversity in the HaMYB111 promoter accounting for different floral pigmentation
of different sunflower populations [43]. A homolog of AtMYB12 in Brassica rapa has also
been proven to be associated with variations in floral UV patterns [61]. Therefore, we
speculated that LcMYB12 and LcMYB111 are key transcriptional regulators involved in
flower bud color variation in adaptation to UV-B radiation of litchi.

5. Conclusions

In summary, this is the first study to investigate molecular mechanisms underlying
flower bud color variation (dark brown, brown and light yellow) of different litchi cultivars
(EEM, EM and MLM cultivars) in the adaptation to UV-B radiation. Based on metabolome
analysis, a total of 72 flavonoids were identified in litchi flower buds, among which, a
higher accumulation of flavonol glycosides was responsible for darker flower buds of EEM
cultivars that originated from regions with high UV-B radiation. And transcriptome analysis
revealed that key structural genes, including LcCHI, LcFLS and seven UGTs, together with
two transcription factors (LcMYB12 and LcMYB111), which could be directly up-regulated
by UV-B radiation, played critical roles in regulating the differential accumulation of
flavonol glycosides among different litchi cultivars. These results shed new insights into
the molecular mechanism underlying adaptation to UV-B radiation of litchi and provide a
genetic basis for future breeding of stress-tolerant cultivars of litchi.
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accumulated metabolites (DAMs) in comparison of each cultivar vs. ‘NMC’; Figure S2: KEGG
pathway enrichment analysis of DAMs in comparison of each cultivar vs. ‘NMC’; Figure S3: GO
enrichment analysis of DEGs in the comparation of each cultivar vs. ‘NMC’; Figure S4: KEGG
analysis of DEGs identified in the comparation of ‘BTY’ vs. ‘NMC’, ‘XJF’ vs. ‘NMC’ and ‘GW’ vs.
‘NMC’; Figure S5: Expression pattern of nine randomly selected genes by qRT-PCR; Table S1: List of
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primers used for the qRT-PCR analysis; Table S2: Flavonoid metabolites detected in the flower buds
of EEM, EM and MLM cultivars; Table S3: All the clean reads match the genome of litchi; Table S4:
All DEGs are used for WGCNA analysis; Table S5: The scores of EEM, EM and MLM cultivars
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