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Abstract: Rambutan is a tropical tree and its fruit has several favorable characteristics. To understand
how the color of the rambutan fruit peel develops, the transcriptome, flavonoid metabolome, and
carotenoid metabolome data of two rambutan cultivars, ‘BY2’ and ‘BY7’, which show yellow and red
peels at maturity, respectively, were comprehensively analyzed at three developmental stages. We
identified 26 carotenoid components and 53 flavonoid components in these cultivars. Anthocyanins
were the main component contributing to the red color of ‘BY7’ after reaching ripeness. The carotenoid
content decreased sharply as the fruit matured. Hence, we speculated that flavonols were the main
contributors to the yellow color of the ‘BY2’ peel. In total, 6805 differentially expressed genes were
screened by transcriptome analysis; the majority of them were enriched in metabolic pathways and
the biosynthesis of secondary metabolites. Weighted gene co-expression network analysis results
revealed that in addition to MYB and bHLH, ERF, WRKY, MYB-related, and C3H were the main
potential transcription factors regulating the color of the rambutan peel. In addition, we also identified
12 structural genes associated with flavonoid biosynthesis. The research findings shed light on the
molecular mechanisms of color acquisition in rambutan fruit peels, laying the foundation for the
quality control of rambutan and the cultivation of differently colored cultivars of rambutan.
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1. Introduction

Peel color is an important attribute of fruit appearance. Plants rely on brightly colored
fruits to attract birds and animals, which eat these fruits and then spread their seeds, sup-
porting plant reproduction [1]. For human consumers, fruit peel color is a key determinant
of the quality of fruit products and consumers typically prefer bright and colorful fruits [2].
Peel color largely depends on the composition of various natural pigments in the peel.
These natural plant pigments mainly include chlorophyll, carotenoids, flavonoids, and
alkaloid pigments, among others. In most fruits, during the process of ripening, chlorophyll
is broken down and other pigments are synthesized. These dynamic changes in pigment
levels affect the peel color of fruits [3].

Cultivars in which the fruit becomes red upon reaching ripeness, such as the red
cultivars of mangoes, typically have a high level of the flavonoid anthocyanin [4]. On the
contrary, fruits that appear yellow—such as most citrus fruits—show a high content of
carotenoids in the fruit peel [5]. Studies on pears have shown that the pigments that give a
yellow color to the cultivar ‘Hongzaosu’ are mainly flavonoids, rather than carotenoids [6].
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Dragon fruits primarily show a bright red-colored peel at maturity due to the accumulation
of other pigments, such as beet red pigment [7]. Based on these studies and other evidence,
we can conclude that flavonoids and carotenoids are the key pigments that determine peel
coloration during fruit ripening.

Flavonoids belong to a group of plant compounds called polyphenols. According to
the structure of their chemical skeleton, flavonoid compounds can be divided into various
groups, such as flavanols, flavones, flavonols, anthocyanins, isoflavonoids, aurones, and
phlobaphenes. Among these compounds, aurones have a C6-C2-C6 skeleton, while the
other flavonoid components all have a C6-C3-C6 skeleton [8]. Meanwhile, carotenoids are
polyene compounds composed of isoprenoids [9]. Carotenoids are broadly classified into
two groups according to the presence of oxygen atoms in their structural formulas. The
first group consists of aerobic carotenoids, such as xanthophylls, including zeaxanthin and
β-cryptoxanthin. In contrast, the other group consists of anaerobic carotenoids, including
lycopene and other carotene-derived compounds [10].

Flavonoids not only serve as important contributors to the colors of plants and fruits
but also protect them from the oxidative damage caused by ultraviolet (UV) stress in
plant tissues [11]. In addition, given the antioxidant activity of flavonoid compounds, the
consumption of fruits with high flavonoid levels can inhibit the proliferation of cancer cells,
reduce the risk of cerebrovascular diseases, delay aging, and improve insulin secretion
capacity in humans [12,13]. Like flavonoids, carotenoids have also been recognized to
effectively clear peroxide radicals and prevent oxidative damage [14]. Flavonoids are
mainly synthesized in plants through phenylalanine deamination in the phenylpropane
metabolic pathway [15]. The cytoplasmic mevalonate pathway and the plastid-localized
2-C-methyl-D-erythritol 4-phosphate (MEP) pathway generate the precursors required for
carotenoid synthesis, such as isopentenyl pyrophosphate, dimethylallyl pyrophosphate,
and geranylgeranyl pyrophosphate. These precursors are used to generate carotenoids
via a complex series of reactions [16]. The biosynthesis of flavonoids and carotenoids
depends on the presence of structural genes and is controlled via the action of several
transcription factors (TFs). The MYB-bHLH-WD40 (MBW) complex—which contains R2R3-
MYB, bHLH, and WD40 TFs—is a crucial regulator of flavonoid metabolism and synthesis
pathways in plants [17]. Additionally, TFs such as MYB, CNR, TAGL1, and RIN regulate
the accumulation of carotenoids in plant tissues [18].

Rambutan (Nephelium lappaceum L.) is a famous tropical tree belonging to the Sapin-
daceae family, which also includes litchi (Litchi chinensis) and longan (Dimocarpus longan),
and is a type of non-respiratory climacteric fruit tree [19]. Rambutan is native to south-
east Asia, including countries such as Indonesia and Malaysia [20]. Rambutan was first
introduced and planted successfully in China in the early 1960s and, since then, several
rambutan cultivars suitable for local planting have been selected and bred. Today, these
cultivars are mainly grown in the Baoting, Qiongzhong, and Sanya cities and counties in
Hainan Province. In fact, rambutan cultivation has emerged as one of the key local pillar
industries in Baoting.

The flesh of rambutan is sweet and sour and rich in flavor. Although the taste of
rambutan is similar to that of litchi, it is still unique. The skin of rambutan fruits is covered
with unique hair-like spinterns—a characteristic that is common across different cultivars
of this fruit [21]. Most cultivars of rambutan, such as ‘BY7’, develop bright red skin and
soft spiky hairs at maturity, making the fruit very appealing. However, in recent years, the
demand for a new rambutan cultivar called ‘BY2’ has gradually increased, both in China’s
cultivation area and the consumer market. Unlike most other rambutan cultivars, such as
‘BY3’, ‘BY4’, and ‘BY7’, ‘BY2’, the new rambutan cultivar develops golden skin and hair at
maturity and its flavor is also different from that of the red cultivars. Hence, ‘BY2’ provides
a novel visual and taste experience to consumers.

Previous studies on rambutan have mainly focused on the internal quality and devel-
opment characteristics of the fruit and its flesh. For example, some studies have shown that
rambutan fruit is rich in sugars such as glucose and fructose [22]. Meanwhile, other studies
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have found that the main organic acids in the flesh of rambutan fruit are tartaric, malic,
succinic, and lactic acid [23]. Recent studies have employed metabolomics and related
methods to investigate the metabolic profiles and potential taste biomarkers of different
rambutan cultivars [24]. However, there has been no report on how color formation oc-
curs in rambutan and how color differences arise between the yellow and red cultivars
of rambutan.

In this study, the peels of the yellow rambutan cultivar ‘BY2’ and the red rambutan
cultivar ‘BY7’ were chosen as experimental materials. Flavonoid metabolomic analysis,
carotenoid metabolomic analysis, and RNA sequencing (RNA-seq) analysis were carried
out in the early (S1), middle (S2), and late developmental stages (S3; maturity) of the
‘BY7’ and ‘BY2’ cultivars. In addition, by analyzing the amounts of related pigments and
examining the expression patterns of major pigment genes, the key pigments and key genes
that determine color development in the two types of rambutan cultivars were screened.
This paper offers a new understanding of the color formation mechanisms of rambutan
but also enriches the theory of flavonoid biosynthesis of rambutan peel, which has a huge
significance from the perspective of breeding new color cultivars of rambutan.

2. Materials and Methods
2.1. Plants and Sampling

Samples of the ‘BY2’ and ‘BY7’ rambutan cultivars required for the study were col-
lected from the Baoting Tropical Crop Research Institute (18.6095 N, 109.74039 E) located in
Baoting (Hainan, China) from a tree aged 8 years. Fruits were collected during three differ-
ent periods of fruit development, namely 50 days after full bloom (DAFB) (S1), 90 DAFB
(S2), and 130 DAFB (S3), representing the early, middle, and late (maturity) developmental
stages, respectively. Fruits at different stages of development were randomly collected from
five different individual plants and at least 60 fruits were collected in total. A knife was
used to peel the fruit and separate the skin and flesh tissues, which were quickly frozen in
liquid nitrogen, brought to the laboratory, and stored at −80 ◦C.

2.2. Physiological Index Measurement

The L*, a*, and b* values of rambutan peels were measured by using a portable color
difference meter (Linshang Technology Co., Ltd., Shenzhen, China). The soluble solid
content and acid content of the flesh of rambutan were determined using a brix-acidity
meter (PAL-BX/ACD15, ATAGO, Tokyo, Japan). Chlorophyll and carotenoid levels were
determined via ethanol extraction and colorimetry. Briefly, the plant tissue was ground
in a mortar and 95% ethanol (2–3 mL) was added to prepare a homogenate. Then, 10 mL
ethanol was added and the mixture was homogenized until the tissue completely lost its
color. After 3 min, the extract was filtered and placed in a brown volumetric bottle and the
volume was made up to 25 mL with ethanol. Subsequently, the extract was poured into
a colorimetric dish, with 95% ethanol serving as the blank. The absorbance values A665,
A649, and A470 were measured at 665, 649, and 470 nm, respectively, using a New Century
T6 spectrophotometer (New Century, China). Each sample consisted of three biological
replicates. Chlorophyll and carotenoid levels were calculated as follows [25].

Chlorophyll a (Ca) = 13.95 × A665 − 6.88 × A649

Chlorophyll b (Cb) = 24.96 × A649 − 7.32 × A665

Carotenoids = (1000 × A470 − 2.05 × Ca − 114.8 × Cb)/245

2.3. Metabolomics Analysis

Flavonoid and carotenoid metabolomics of the two rambutan cultivars ‘BY2’ and ‘BY7’
were analyzed at three different developmental stages. This analysis was conducted by
Metware Biotechnology Co., Ltd. (Wuhan, China). In short, freeze-dried samples were
ground into a powder (MM400, Retsch, Haan, Germany) (30 Hz, 1.5 min), which was
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used to prepare three replicates of 0.05 g each. In each replicate, 0.05 g of the powder
was added to a 500 µL extraction mixture containing 50% methanol and 0.1% HCl. The
mixture was vortexed for 5 min (MIX-200, Jingxin, Shanghai, China) and subjected to
ultrasound (KQ5200E, Shumei, Kunshan, China) for 5 min. It was subsequently subjected
to centrifugation (5424R, Eppendorf, Hamburg, Germany) at 12,000 r/min and 4 ◦C for
3 min. The supernatant was obtained and the above protocol was repeated once. The
supernatants obtained during the two rounds were mixed and the sample was filtered
through a microporous filter (0.22 µm pore size) for ultra-high performance liquid chro-
matography and tandem mass spectrometry LC-MS/MS analysis (HPLC-MS/MS). The
samples were then analyzed using an HPLC−MS/MS system (UPLC, ExionLC™ AD,
MS, Applied Biosystems 6500 Triple Quadrupole) and the following analytical conditions:
UPLC—column, WatersACQUITY BEH C18 (1.7 µm, 2.1 × 100 mm); solvent system, water
(0.1% formic acid): methanol (0.1% formic acid); gradient program, 95:5 v/v at 0 min, 50:50
v/v at 6 min, 5:95 v/v at 12 min, hold for 2 min, 95:5 v/v at 14 min; hold for 2 min; flow rate,
0.35 mL/min; temperature, 40 ◦C; and injection volume, 2 µL. Subsequently, the Metware
Database (MWDB) was employed for MS-based flavonoid detection. Chromatographic
peak areas were calculated using the corresponding standard linear equations to measure
flavonoid concentrations. A more detailed process of flavonoid metabolomic analysis has
been provided in previous studies [4].

Carotenoid levels were measured by MetWare (http://www.metware.cn/ accessed
on 5 March 2023) using the AB SCIEX QTRAP 6500 LC-MS/MS platform. First, the plant
tissue was ground to powder (MM400, Germany) (30 Hz, 1 min). Then, 0.05 g of the
powder was added to 500 µL of an extraction solution, which consisted of a mixture of
n-hexane:acetone:ethanol (1:1:1, v/v/v) containing 0.01% BHT (g/mL). The mixture was
vortexed for 20 min (MIX-200, Jingxin, Shanghai, China) and then centrifuged (5424R,
Eppendorf, Germany) for 5 min (12,000 r/min, 4 ◦C). The supernatant was obtained and
the operation was repeated again. The supernatants obtained from both rounds were
combined to obtain the extraction solution. The extraction solution was concentrated and
then dissolved in a 100 µL methanol/MTBE mixture (1:1, v/v) before filtering through a
microporous filter (0.22 µm pore size). It was then added to a brown bottle for subsequent
LC-MS/MS. The sample extracts were analyzed using the same HPLC−MS/MS system in
the following analytical conditions: LC column, YMC C30 (3 µm, 100 × 2.0 mm i.d); solvent
system, methanol:acetonitrile (1:3, v/v) with 0.01% BHT and 0.1% formic acid (A) and
methyl tert-butyl ether with 0.01% BHT (B); gradient program, started at 0% B (0–3 min),
increased to 70% B (3–5 min), increased further to 95% B (5–9 min), and finally ramped
back to 0% B (10–11 min); flow rate, 0.8 mL/min; temperature, 28 ◦C; and injection volume:
2 µL. Subsequently, the mass spectrum data were evaluated based on scheduled multiple
reaction monitoring (MRM).

2.4. RNA Extraction and Sequencing

Total RNA was extracted from rambutan peel samples using a specific kit for plant
polysaccharides polyphenols (Tiangen, DP441, Beijing, China). mRNA enrichment was
carried out using Oligo (dT) magnetic beads and this was followed by fragmentation using
a fragmentation buffer. Singe-stranded cDNA was synthesized with random hexamers
using short fragments as templates. Subsequently, double-stranded cDNA was prepared by
adding buffer, dNTPs, and DNA polymerase I and then purified using AMPure XP beads.
cDNA was purified even further and end-repaired via the addition of A-tails. Additionally,
sequencing adapters were also connected to the cDNA. Purified cDNA was enriched via
PCR for cDNA library construction. Subsequently, the library was subjected to quality
inspection and sequencing was performed after quality criteria were met. Two (paired-end)
ended RNA sequencing was conducted on the Illumina sequencing platform at Metware
Biotechnology Co., Ltd. (Wuhan, China). Subsequently, Fastp was used for quality control
on the raw reads obtained from sequencing, filtering out unqualified data to obtain clean
reads [26], which were then mapped to the rambutan reference genome (National Genomics

http://www.metware.cn/
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Data Center, accession number: GWHBECQ00000000) using HISAT2 [27]. String Tie was
used to assemble transcripts from the reads and gene expression was calculated based
on FPKM values. Differentially expressed genes (DEGs) between the ‘BY7’ and ‘BY2’
cultivars were analyzed using DESeq2 [28] and identified based on the following criteria:
False Discovery Rate (FDR) < 0.05 and |log2FoldChange| > 1. Raw RNA-seq data were
submitted to the NCBI database (ID number: PRJNA1048704).

2.5. cDNA Synthesis and Quantitative Real-Time PCR (Q-PCR)

cDNA was prepared using the HiScript III All-in-one RT SuperMix (Vazyme, R333,
Nanjing, China) kit according to the instructions provided in the kit. Specifically, 1 µg
RNA was reverse transcribed into cDNA. After 20-fold dilution, the cDNA was used as a
reaction template for qPCR. The 15 µL reaction mixture for qPCR included 1 µL forward
and reverse primers (10 µM), 5.5 µL cDNA, and 7.5 µL 2× Q3 SYBR qPCR Master Mix
(Universal) (TOLOBIO, #22204, Shanghai, China). The protocols and instrument settings
used for qPCR were as described previously [4]. All primers were designed using the
online platform primer3 (https://bioinfo.ut.ee/primer3-0.4.0/ accessed on 10 August 2023)
(Supplementary Table S1). The relative gene expression was calculated using the 2-∆∆Ct
method and normalized based on the expression of the rambutan actin gene. All samples
contained three biological replicates.

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

WGCNA was conducted using an online tool (https://cloud.metware.cn/). All genes
identified using RNA-seq were subjected to WGCNA, as were those found to be associated
with the contents of proanthocyanidins (PAs), anthocyanins, and flavonols in the peels
of ‘BY2’ and ‘BY7’ rambutan during the three developmental stages. The system default
gene filtering thresholds of MergeCutHeight and minModuleSize were used (0.2 and 50,
respectively). The automatic network construction function ‘blockwise’ was employed
to build modules. The characteristic gene values of each module were calculated to
test the correlation between each sample and trait. The ‘light green’, ‘dark grey’, ‘dark
green’, ‘midnight blue’, ‘pink’, ‘magenta’, ‘red’, and ‘turquoise’ modules were used to
select candidate genes for subsequent analysis based on a threshold of 0.80. The Kyoto
Encyclopedia of Genes and Genomes (KEGG, http://www.genome.jp/kegg) database was
employed to functionally annotate the identified genes.

2.7. Statistical Analysis

Data were expressed as the mean ± standard deviation. Significant differences be-
tween groups were examined using a Student’s t-test with SPSS 27.0 (SPSS, Chicago, IL,
USA). p < 0.05 (*) and p < 0.01 (**) were considered statistically significant and highly
statistically significant, respectively. All heatmaps were plotted with TBtools [29] and
a z-score normalization function was employed between each row of data. ChiPlot
(https://www.chiplot.online/) was used to draw stacked bar charts.

3. Results and Analysis
3.1. Basic Analysis of Two Differently Colored Rambutan Cultivars

Figure 1A shows the fruits of the ‘BY2’ and ‘BY7’ cultivars at different developmental
stages. In the S1 period, both cultivars were completely green in color. As the fruits
continued to develop and mature, ‘BY2’ gradually turned yellow–green (S2) and eventually
became golden-yellow (S3). However, ‘BY7’ exhibited a completely different change in its
coloring pattern. During the S2 stage, the fruit hair turned red and the skin surface became
slightly red but the base color appeared yellow. However, at the S3 stage, the fruit turned
completely red (Figure 1).

https://bioinfo.ut.ee/primer3-0.4.0/
https://cloud.metware.cn/
http://www.genome.jp/kegg
https://www.chiplot.online/
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total carotenoid, and total anthocyanin levels in the peel of ‘BY2’ and ‘BY7’. Values represent the 
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paring each group, 21 carotenoids were screened out as differential metabolites (Figure 
2B). Meanwhile, nine differential metabolites were identified across S1–S3 in the red cul-
tivar ‘BY7’ and 10 were identified across S1–S3 in the yellow cultivar ‘BY2’ (Figure 2B). 
However, comparisons between the ‘BY7’ and ‘BY2’ cultivars in the S1, S2, and S3 phases 
revealed the presence of only one common metabolite—violaxanthin-myristate-palmitate. 
This indicated that there was relatively little difference in the types and contents of carot-
enoids in the peels of the ‘BY7’ and ‘BY2’ cultivars. However, the levels of carotenoids in 
the same cultivar varied greatly across different developmental stages. Although carote-
noids showed greater accumulation in the yellow peel of ‘BV2’, the absolute carotenoid 
content was low in both the rambutan cultivars. The largest amount of total carotenoids 
in ‘BY7’ was observed at the S1 stage (43.73 µg/g). Meanwhile, the largest amount of total 
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yellow color to the ‘BV2’ yellow cultivar. Hence, the findings strongly suggested that ca-
rotenoids may only have a ‘passer-by role’ in the colorification of the rambutan peel, both 
in the red cultivar and the yellow cultivar. That is, they may not affect the final color of 
these peels at maturity. 

Figure 1. (A) Appearance quality characteristics of the two rambutan cultivars ‘BY2’ and ‘BY7’ at
three developmental stages. Changes in the color index L* (B), a* (C), and b* (D) of the ‘BY2’ and
‘BY7’ rambutan peels at three developmental stages. (E–H) Time-dependent changes in chlorophyll,
total carotenoid, and total anthocyanin levels in the peel of ‘BY2’ and ‘BY7’. Values represent the
mean ± standard deviation (n = 3). * p < 0.05; ** p < 0.01 based on the Student’s t-test.

The L* value, a* value, and b* value are color-based indices that represent the bright-
ness, red–green degree, and yellow–blue degree of the sample color, respectively. At
maturity (S3), ‘BY2’ had a significantly greater L* value than ‘BY7’ (Figure 1B). The a*
value of ‘BY2’ was significantly lower than that of ‘BY7’ at the S2 and S3 stages, while
its b* value was significantly higher (Figure 1C,D). These results indicated that with the
continuous maturation of the fruit, ‘BY2’ gradually acquired a yellow peel, likely due
to the accumulation of yellow substances, while ‘BY7’ gradually formed a red peel by
accumulating red pigments.

In order to further determine the cause of skin coloration of two rambutan cultivars,
metabolome methods were used to detect the components and contents of carotenoids and
anthocyanins in the samples. In order to further determine the reason behind the different
colors of the ‘BY7’ and ‘BY2’ cultivars, we determined the pigment content in the peels of
each cultivar. The chlorophyll a and chlorophyll b amounts in the ‘BY7’ and ‘BY2’ cultivars
were significantly lower at the S2 and S3 stages than at the S1 stage. This suggested that as
the fruits developed and matured, their chlorophyll content rapidly decreased, leading to
the chlorosis of the fruit peel (Figure 1E,F). No significant accumulation of anthocyanins
was observed in ‘BY2’ throughout the developmental period. However, the amount
of anthocyanins in the ‘BY7’ fruit peel increased significantly with fruit development,
indicating that the accumulation of anthocyanins was the main contributor to red coloration
in the ‘BY7’ fruit peel (Figure 1H). Interestingly, similar to chlorophyll, carotenoids showed
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a decreasing trend in both the ‘BY2’ and ‘BY7’ fruit peels during development, showing
significantly lower contents at S2 and S3 than at S1 in both cultivars (Figure 1G). This was
inconsistent with the golden yellow color observed in the ‘BY2’ peel at the ripening stage.
Therefore, these findings indicated that carotenoid content may not be the primary contributor
to the yellow color of the ‘BY2’ peel. In order to explain peel color differences in the two
rambutan cultivars at a molecular level, metabolomic methods were employed and the types
and contents of carotenoids and anthocyanins in the ‘BY7’ and ‘BY2’ cultivars were examined.

3.2. Carotenoid Accumulation in ‘BY7’ and ‘BY2’

Overall, 26 carotenoid molecules were detected, including 5 carotenoids and 21 luteins
(Figure 2A). Luteins were the predominant components, with a content of 36.94 µg/g,
while the other components all showed levels lower than 2.00 µg/g (Figure 3). When com-
paring each group, 21 carotenoids were screened out as differential metabolites (Figure 2B).
Meanwhile, nine differential metabolites were identified across S1–S3 in the red cultivar
‘BY7’ and 10 were identified across S1–S3 in the yellow cultivar ‘BY2’ (Figure 2B). However,
comparisons between the ‘BY7’ and ‘BY2’ cultivars in the S1, S2, and S3 phases revealed
the presence of only one common metabolite—violaxanthin-myristate-palmitate. This
indicated that there was relatively little difference in the types and contents of carotenoids
in the peels of the ‘BY7’ and ‘BY2’ cultivars. However, the levels of carotenoids in the same
cultivar varied greatly across different developmental stages. Although carotenoids showed
greater accumulation in the yellow peel of ‘BV2’, the absolute carotenoid content was low in
both the rambutan cultivars. The largest amount of total carotenoids in ‘BY7’ was observed
at the S1 stage (43.73 µg/g). Meanwhile, the largest amount of total carotenoids in ‘BY2’
was much lower at only 30.11 µg/g (Table S2). Based on past experience, this carotenoid
content appeared insufficient for conferring the golden color to the peel of the ‘BY2’ cultivar.
It was even more puzzling that the carotenoid content of both ‘BY7’ (red) and ‘BY2’ (yellow)
gradually decreased as the fruit matured. At the S3 stage, the carotenoid content in ‘BY7’ and
‘BY2’ was 4.93 µg/g and 5.21 µg/g, respectively (Table S2). Obviously, these low levels of
carotenoids did not seem enough to impart a vivid yellow color to the ‘BV2’ yellow cultivar.
Hence, the findings strongly suggested that carotenoids may only have a ‘passer-by role’ in
the colorification of the rambutan peel, both in the red cultivar and the yellow cultivar. That
is, they may not affect the final color of these peels at maturity.

Horticulturae 2024, 10, x FOR PEER REVIEW 8 of 24 
 

 

 

Figure 2. Cont.



Horticulturae 2024, 10, 263 8 of 22

Horticulturae 2024, 10, x FOR PEER REVIEW 8 of 24 
 

 

 
Figure 2. (A) Hierarchical clustering analysis (HCA) heatmap of carotenoid metabolites detected
in the peels of the ‘BY7’ and ‘BY2’ cultivars of rambutan at different developmental stages. The
green (low) to red (high) colors on the scale represent the content of each metabolite. (B) The Venn
diagram describes the relationship between different groups of differential carotenoid metabolites in
the peels of the ‘BY7’ and ‘BY2’ cultivars of rambutan. (C) Hierarchical clustering analysis (HCA)
heatmap of flavonoid metabolites detected in the peels of the two cultivars of rambutan at different
developmental stages. The green (low) to red (high) colors on the scale represent the content of each
metabolite. (D) The Venn diagram describes the relationship between different groups of differential
flavonoid metabolites in the peels of the ‘BY7’ and ‘BY2’ cultivars of rambutan.

3.3. Flavonoids Accumulation in the ‘BY7’ and ‘BY2’ Rambutan Cultivars

A total of 53 flavonoid species were detected, including 41 anthocyanins (11 Cyanidins,
9 Delphinidins, 6 Malvidin, 4 Pelargonidin, 7 Peonidin, and 4 Petunidin) (Figure 2C). In
addition, there were five types of PAs and seven types of flavonols (Figure 2C). Among
them, a total of 39 types of flavonoid components were found to be differential metabolites.
In total, 30 types of differential flavonoid components were identified in the comparison
of ‘BY7’ at different developmental stages and 23 were identified in the comparison of
‘BY2’ at different developmental stages. Notably, proanthocyanidin B1 was only found
in ‘BY2’ (Figure 2D). There were 38 different metabolites discovered in the comparison of
the ‘BY7’ and ‘BY2’ rambutan cultivars at different developmental stages (S1, S2, and S3).
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Notably, Delphinidin-3-O-rutinosid-5-O-glucoside, Petunidin-3-O-(6-O-malonyl-beta-D-
glucoside), Procyanidin B3, and Rutin were the only differential metabolites identified in the
comparison of the ‘BY7’ and ‘BY2’ cultivars (Figure 2D). Notably, 29 differential flavonoids
were found in the BY7-S3_Vs_BY2-S3 comparison, indicating significant differences in the
color development process between these two cultivars at the S3 stage (Figure 2D). The
main flavonoids present in the peels of the ‘BY7’ and ‘BY2’ cultivars were PAs and relatively
low levels of flavonols and anthocyanins were detected. During fruit development, the
total flavonoid content of the red cultivar ‘BY7’ showed a decreasing trend and the contents
of total flavonoids and total PAs decreased significantly. Meanwhile, the total anthocyanin
content increased significantly and was 56.74 times higher in the S3 period than in the
S1 period (Table S3). On the contrary, the total amount of flavonoids in ‘BY2’ showed a
positive correlation with fruit maturity. Specifically, the contents of total anthocyanins, total
flavonols, and total PAs all tended to increase as the fruit matured. The main reason for
this change was the accumulation of total flavonoids and total procyanidins, whose content
increased by 126.21 and 776.53 µg/g DW, respectively. Meanwhile, the absolute content of
anthocyanins remained relatively low (Table S3). Procyanidin B2 and C1, the main types of
PAs, showed concentrations of 988.53 and 686.20 µg/g DW and 1255.93 and 690.73 µg/g
DW in BY7 and BY2 at maturity, respectively (Figure 3). Quercetin-3-O-glucoside, Rutin,
and Kaempferol-3-O-rutoside were the major types of flavonols and their concentrations
were 120.55 and 183.18 µg/g DW, 130.28 and 98.94 µg/g DW, and 10.90 µg/g and 15.49 DW
in BY7 and BY2 during the S3 period, respectively (Figure 3).

Horticulturae 2024, 10, x FOR PEER REVIEW 9 of 24 
 

 

Figure 2. (A) Hierarchical clustering analysis (HCA) heatmap of carotenoid metabolites detected in 
the peels of the ‘BY7’ and ‘BY2’ cultivars of rambutan at different developmental stages. The green 
(low) to red (high) colors on the scale represent the content of each metabolite. (B) The Venn diagram 
describes the relationship between different groups of differential carotenoid metabolites in the 
peels of the ‘BY7’ and ‘BY2’ cultivars of rambutan. (C) Hierarchical clustering analysis (HCA) 
heatmap of flavonoid metabolites detected in the peels of the two cultivars of rambutan at different 
developmental stages. The green (low) to red (high) colors on the scale represent the content of each 
metabolite. (D) The Venn diagram describes the relationship between different groups of differential 
flavonoid metabolites in the peels of the ‘BY7’ and ‘BY2’ cultivars of rambutan. 

 
Figure 3. The contents of major carotenoid and flavonoid components in the ‘BY7’ and ‘BY2’ ram-
butan cultivars at S1, S2, and S3 were determined using metabolomic analysis. Values represent the 
mean ± standard deviation (n = 3). * p < 0.05; ** p < 0.01 based on the Student’s t-test. 

3.3. Flavonoids Accumulation in the ‘BY7’ and ‘BY2’ Rambutan Cultivars 
A total of 53 flavonoid species were detected, including 41 anthocyanins (11 Cya-

nidins, 9 Delphinidins, 6 Malvidin, 4 Pelargonidin, 7 Peonidin, and 4 Petunidin) (Figure 
2C). In addition, there were five types of PAs and seven types of flavonols (Figure 2C). 
Among them, a total of 39 types of flavonoid components were found to be differential 
metabolites. In total, 30 types of differential flavonoid components were identified in the 
comparison of ‘BY7’ at different developmental stages and 23 were identified in the com-
parison of ‘BY2’ at different developmental stages. Notably, proanthocyanidin B1 was 

Figure 3. The contents of major carotenoid and flavonoid components in the ‘BY7’ and ‘BY2’ rambutan
cultivars at S1, S2, and S3 were determined using metabolomic analysis. Values represent the
mean ± standard deviation (n = 3). * p < 0.05; ** p < 0.01 based on the Student’s t-test.



Horticulturae 2024, 10, 263 10 of 22

3.4. RNA Seq

RNA-seq analysis of 18 rambutan peel samples yielded 45,403,508–74,150,954 raw
reads, from which 44,327,470–71,883,730 clean reads and 6.65–10.78 G clean bases were
obtained by filtering (Table 1). The sequencing error rate across all samples was 0.03% and
the contents of Q20, Q30, and GC were 96.68–97.43%, 91.30–92.73%, and 45.38–45.88%,
respectively (Table 1). Using principal component analysis (PCA), the samples could be
grouped into six categories, corresponding to the three developmental stages of the ‘BY7’
and ‘BY2’ cultivars (Figure 4A).

Table 1. Overview of transcriptome sequencing data and quality inspection.

Sample Raw Reads Clean Reads Clean Base (G) Error Rate (%) Q20 (%) Q30 (%) GC Content (%)

BY2-S1-1 48,214,978 46,952,488 7.04 0.03 97.1 92.16 45.45
BY2-S1-2 45,776,308 44,553,686 6.68 0.03 97.05 92.06 45.38
BY2-S1-3 47,594,682 46,284,140 6.94 0.03 96.89 91.76 45.39
BY2-S2-1 50,542,420 49,255,750 7.39 0.03 96.68 91.3 45.59
BY2-S2-2 53,658,274 52,363,548 7.85 0.03 96.82 91.59 45.6
BY2-S2-3 55,737,910 54,482,616 8.17 0.03 96.84 91.63 45.55
BY2-S3-1 45,602,194 44,623,996 6.69 0.03 96.97 91.82 45.38
BY2-S3-2 45,403,508 44,327,470 6.65 0.03 97.43 92.73 45.4
BY2-S3-3 45,686,916 44,736,964 6.71 0.03 97.24 92.34 45.48
BY7-S1-1 60,699,674 58,961,646 8.84 0.03 96.98 91.94 45.88
BY7-S1-2 74,150,954 71,883,730 10.78 0.03 97.21 92.44 45.83
BY7-S1-3 63,322,594 61,633,524 9.25 0.03 96.99 91.94 45.88
BY7-S2-1 67,488,394 65,868,242 9.88 0.03 97.18 92.35 45.51
BY7-S2-2 58,550,090 57,328,064 8.6 0.03 97.11 92.1 45.6
BY7-S2-3 56,373,226 55,146,590 8.27 0.03 97.25 92.41 45.53
BY7-S3-1 59,593,582 58,351,826 8.75 0.03 97.21 92.33 45.43
BY7-S3-2 47,865,312 46,842,628 7.03 0.03 97.22 92.42 45.42
BY7-S3-3 62,324,624 60,877,868 9.13 0.03 97.14 92.2 45.51

In total, 2926 DEGs were detected in the BY7-S1_vs_BY2-S1 comparison. Among them,
1436 genes were highly expressed in BY7-S1 and 1490 genes were highly expressed in BY7-
S1 (Table S4). In total, 2758 DEGs were detected in the BY7-S2_vs_BY2-S2 comparison, of
which 1340 genes were highly expressed in BY7-S1 and 1418 genes were highly expressed in
BY7-S1 (Table S4). Furthermore, 2369 DEGs were detected in BY7-S3_vs_BY2-S3, including
957 genes with high expression in BY7-S1 and 1412 genes with high expression in BY7-S1
(Table S4).

Gene ontology (GO) revealed that most DEGs could be annotated into the modules
of biological processes (BP) and molecular functions (MF). In the cell composition (CC)
module, the highest enrichment of DEGs from the BY7-S1_vs_BY2-S1, BY7-S2_vs_BY2-
S2, and BY7-S3_vs_BY2-S3 comparisons was observed for cellular anatomical entities
(Figures 4B and S1). Most BP genes were involved in cellular processes (1383, 1318, and
1071 genes in the three comparison groups, respectively), metabolic processes (1157, 1150,
and 878 genes, respectively), and the response to stimulus (838, 778, and 618 genes, respec-
tively) (Figures 4B and S1). The MF genes were mainly involved in binding (1308, 1214,
and 1024 genes, respectively) and catalytic activity (1187, 1136, and 922 genes, respectively)
(Figures 4B and S1).

Based on KEGG analysis, the DEGs were linked to metabolism, including metabolic
pathways (377, 393, and 312 genes, respectively) and the biosynthesis of secondary metabo-
lites (270, 260, and 192 genes, respectively) (Figure 4C–E). Other pathways with a high gene
abundance included the plant–pathogen interaction (228, 174, and 156 genes, respectively),
plant hormone signal transduction (82, 84, and 71 genes, respectively), MAPK signaling
pathway–plants (72, 85, and 60 genes, respectively), phenylpropanoid biosynthesis (42,
43, and 33 genes, respectively), and starch and sucrose metabolism (0, 32, and 33 genes,
respectively) (Figure 4C–E).
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Figure 4. (A) PCA of the transcriptome data of peel samples from the ‘BY7’ and ‘BY2’ rambutan
cultivars at three stages (three biological replicates per cultivar at each development stage). (B) GO
analysis results of DEGs obtained by comparison between different cultivars of rambutan at three
stages. (C–E) KEGG pathway enrichment analysis based on the DEGs screened from different
rambutan cultivars at the three stages.

3.5. Dynamics of DEG Expression

The effects of different developmental stages on gene expression were analyzed. The
DEGs were analyzed using Mfuzz and the genes were classified into 12 clusters (Figure S2).
Clusters 2, 3, 6, 7, 8, 9, 10, and 12 showed no obvious response to fruit development.
However, genes in Clusters 1, 4, and 5 showed down-regulation as the red cultivar ‘BY7’
and the yellow cultivar ‘BY2’ matured. Meanwhile, genes in cluster 11 were up-regulated
during development (Figure S2). Therefore, the genes in Clusters 1, 4, and 5 and those in
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Cluster 11 were denoted as developmental negative response and developmental positive
response genes, respectively.

3.6. Flavonoid-Related DEGs Identified via WGCNA

Based on WGCNA, genes associated with flavonoid synthesis were identified and
26 modules were established (Figure 5). Within the relationships of module traits, some
correlations between phenotype and genome expression were identified. The analysis
of module–trait relationships showed that the light green module had a strong positive
correlation with the levels of Cyanidin-3-O-rutinoside (r = 0.85, p = 8 × 10−6), Cyanidin-3-
O-glucoside (r = 0.81, p = 4.6 × 10−5), and Peonidin-3-O-rutinoside (r = 0.94, p = 7 × 10−9)
(Figure 5). Meanwhile, the red module was highly negatively associated with the levels of
Cyanidin-3-O-rutinoside (r = −0.8, p = 6.7 × 10−5) and Cyanidin-3-O-glucoside (r = −0.84,
p = 1.3 × 10−5) (Figure 5). For PAs, the dark green module (r = 0.8, p = 6.7 × 10−5) showed
a highly positive correlation with Procyanidin C1 content. For flavonols, there were two
modules with a high positive correlation to Rutin content, namely, the dark grey module
(r = 0.86, p = 4.7 × 10−6) and the midnight blue module (r = 0.87, p = 2.7 × 10−6). The
turquoise module (r = −0.8, p = 6.7 × 10−5) and magenta module (r = −0.85, p = 8 × 10−6)
showed a high negative correlation with Rutin levels (Figure 5). In addition, the pink
module (r = 0.83, p = 2 × 10−5) showed a high positive correlation with Quercetin-3-O-
glucoside levels (Figure 5). Finally, according to the threshold value (±0.8), a total of eight
modules were obtained. These were the light green, red, dark green, dark grey, midnight
blue, turquoise, magenta, and pink modules. Genes from these modules were considered
candidate genes associated with the regulation of flavonoid compound biosynthesis in
rambutan peels.

3.7. Structural Genes Associated with Flavonoid Biosynthesis

The key genes required for the synthesis of flavonoids in rambutan were determined
by screening for structural genes enriched for flavonoid synthesis on KEGG pathway
analysis according to their expression levels. Accordingly, we selected 12 key structural
genes in total. This included one C4H gene, one CHS gene, two CHI genes, one F3H gene,
two F’3H gene, one DFR gene, one ANS gene, one UFGT gene, one FLS gene, and one
ANR gene (Figure 6). When the expression of these genes was compared between the two
rambutan cultivars ‘BY7’ and ‘BY2’ at the same stage, they were largely found to be higher
in ‘BY7’ (Figure 6). For example, at the S1 stage, CHS, F3H, F3’H (Nl07g14570. path1), DFR,
ANS, and ANR levels were 2.57, 2.76, 3.82, 2.18, 3.95, and 2.79 times higher in ‘BY7’ than
in ‘BY2’, respectively (Figure 6). In addition, at the S3 stage, F3’H (Nl07g14570. path1) and
ANS showed 2.40 and 2.19 times higher levels in the ‘BY7’ fruit peel than in the ‘BY2’ fruit
peel, respectively. The structural gene UFGT—closely related to anthocyanin synthesis—
was the most significantly expressed in ‘BY7’ when compared to ‘BY2’. The expression
levels of UFGT in ‘BY7’ were astonishingly 36.99 and 14.99 times higher compared to the
levels in ‘BY2’ at S2 and S3, respectively (Figure 6). However, only CHS and ANR showed
significantly higher expression levels in the ‘BY2’ peel at S2 than in the ‘BY7’ peel at S2
(2.88 and 2.42 times, respectively) (Figure 6). However, the levels of other structural genes
at other stages were comparable across the two rambutan cultivars ‘BY7’ and ‘BY2’.

3.8. Regulatory Genes

Ultimately, a total of 10 MYB genes were linked to flavonoid synthesis via WGCNA
(Figure 7A). Among them, seven members showed a positive correlation with flavonol lev-
els and two members showed a negative correlation with the flavonol content (Figure 7A).
One member was found to be negatively correlated with the content of anthocyanins
(Figure 7A).
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Figure 5. WGCNA was performed on the main flavonoids and DEGs obtained from the RNA-seq
of the two rambutan cultivars. The panel on the left represents genes, which were divided into
26 modules. Correlation coefficients and p-values between module genes and metabolites are shown
in parentheses. The color change from blue to red on the scale toward the right of the figure represents
the range of module trait correlations (from −1 to 1). The labels below the panel indicate the change
in the content of the corresponding metabolite.



Horticulturae 2024, 10, 263 14 of 22

Horticulturae 2024, 10, x FOR PEER REVIEW 15 of 24 
 

 

in parentheses. The color change from blue to red on the scale toward the right of the figure repre-
sents the range of module trait correlations (from −1 to 1). The labels below the panel indicate the 
change in the content of the corresponding metabolite. 

 
Figure 6. Expression patterns of key flavonoid biosynthesis pathway-related structural genes in the 
peels of the ‘BY7’ and ‘BY2’ cultivars of rambutan at three stages of development. The change in 
color from green (low) to orange (high) indicates FKPM values. 

3.8. Regulatory Genes 
Ultimately, a total of 10 MYB genes were linked to flavonoid synthesis via WGCNA 

(Figure 7A). Among them, seven members showed a positive correlation with flavonol 
levels and two members showed a negative correlation with the flavonol content (Figure 
7A). One member was found to be negatively correlated with the content of anthocyanins 
(Figure 7A). 

WGCNA also yielded four bHLHs (Figure 7A). Two members showed a positive cor-
relation with Procyanidin C1 content and one member each was negatively correlated 
with the anthocyanin content and flavonol content, respectively (Figure 7A). 

In addition to these TFs, another 59 TF gene families regulating flavonoid biosynthe-
sis in the two rambutan cultivars ‘BY7’ and ‘BY2’ were screened. Of these genes, 12 mem-
bers of the ERF family were negatively correlated with the flavonol content, 3 members 
showed a positive correlation with flavonol levels, 2 members showed a negative associ-
ation with the anthocyanin levels, 1 member showed a positive association with anthocy-
anin levels, and 1 member was positively correlated with the flavonol content (Figure 7A). 
The WRKY and MYB-related families ranked second and third in terms of the number of 
members involved in flavonoid biosynthesis, with 17 and 16 members of these families 
linked to this biosynthetic process, respectively (Figure 7A). 

In addition, more than 10 members of the C3H, NAC, and C2H2 TF families were also 
identified (Figure 7A). It can be seen from the figure that the members of the turquoise 
and red modules, which showed a negative relationship with the content of Rutin and 
anthocyanin, respectively, accounted for most of the members of these gene families. Their 
expression in ‘BY2’ was generally higher than that in ‘BY7’ at the three stages of rambutan 

Figure 6. Expression patterns of key flavonoid biosynthesis pathway-related structural genes in the
peels of the ‘BY7’ and ‘BY2’ cultivars of rambutan at three stages of development. The change in
color from green (low) to orange (high) indicates FKPM values.

WGCNA also yielded four bHLHs (Figure 7A). Two members showed a positive
correlation with Procyanidin C1 content and one member each was negatively correlated
with the anthocyanin content and flavonol content, respectively (Figure 7A).

In addition to these TFs, another 59 TF gene families regulating flavonoid biosynthesis
in the two rambutan cultivars ‘BY7’ and ‘BY2’ were screened. Of these genes, 12 members
of the ERF family were negatively correlated with the flavonol content, 3 members showed
a positive correlation with flavonol levels, 2 members showed a negative association with
the anthocyanin levels, 1 member showed a positive association with anthocyanin levels,
and 1 member was positively correlated with the flavonol content (Figure 7A). The WRKY
and MYB-related families ranked second and third in terms of the number of members
involved in flavonoid biosynthesis, with 17 and 16 members of these families linked to this
biosynthetic process, respectively (Figure 7A).

In addition, more than 10 members of the C3H, NAC, and C2H2 TF families were also
identified (Figure 7A). It can be seen from the figure that the members of the turquoise
and red modules, which showed a negative relationship with the content of Rutin and
anthocyanin, respectively, accounted for most of the members of these gene families. Their
expression in ‘BY2’ was generally higher than that in ‘BY7’ at the three stages of rambutan
maturation (Figure 7B). The light green and pink module genes, which exhibited a positive
correlation with anthocyanin and Quercetin-3-O-glucoside levels, were highly expressed in
‘BY7’ and ‘BY2’, respectively. This was in line with the trend of flavonoid metabolite levels
(Figure 7B). Hence, these genes may be closely related to flavonoid biosynthesis in the ‘BY7’
and ‘BY2’ cultivars of rambutan.
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3.9. qPCR Validation

The reliability of RNA-seq data was verified by qPCR analysis of eight randomly
selected DEGs. The expression trends of these genes were largely in line with the tran-
script levels determined using RNA-seq (Figure 8A). The correlation coefficient of the two
methods reached 0.8403, which indicated the reliability of the RNA-seq data (Figure 8B).
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4. Discussion

Flavonoids have high antioxidant activity. Hence, they can protect plants from adverse
environmental factors and are also greatly beneficial for human health [30]. Anthocyanins
and flavonols, which are also flavonoid substances, are important chemical components that
add color to fruits. At present, although there is abundant research on color development
in various types of fruits, the mechanisms of color development in rambutan have been
explored to a limited extent. Hence, understanding the colorification mechanisms in
different parts of rambutan, including the color of its peels, is important. Typically, the high
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content of anthocyanins and anthocyanin derivatives is the primary reason for the bright red
color of fruit cultivars [31]. Evidence suggests that the types and contents of anthocyanins
vary greatly across different plants. Cyanidin 3-galactoside is the main anthocyanin in
apples and red pears [32], whereas Cyanidin-3-O-galactoside is the main color-related
anthocyanin in red mango cultivars [4]. In the present study, based on metabolomics data,
41 anthocyanins belonging to six classes were identified in rambutan cultivars. The content
of these different types of anthocyanins remained very low throughout the process of
development in the yellow cultivar ‘BY2’ and did not exceed 2 µg/g DW. In contrast, in
the red cultivar ‘BY7’, Cyanidin-3-O-glucoside, Cyanidin-3-O-rutinoside, and Peonidin-
3-O-rutinoside appeared to be the three main types of anthocyanins, and their contents
increased steadily with fruit maturation, reaching 98.86, 8.76, and 16.43 µg/g DW when
the fruits were fully ripe (stage S3), respectively. Interestingly, Cyanidin 3-O-glucoside has
been reported to be the most important anthocyanin in the peels of litchi and longan, both
of which belong to the Sapindaceae family. This suggests that closely related plants from
the same family may contain similar anthocyanin species [33].

The flavonols usually found in plants are common pigments and therefore affect the
color of different parts of the plant [34]. These flavonols are known to make plant tissues
appear yellowish or yellow [35]. The yellow cultivar ‘BY2’ is a very recent germplasm and
only its pulp quality development has been studied so far [24]. Notably, no studies on
the peel color of this cultivar have been performed. The golden appearance of the ‘BY2’
rambutan cultivar at maturity can easily be interpreted to result from the accumulation of
carotenoids, which are key pigments associated with fruit ripening. However, in our study,
the carotenoid levels in ‘BY2’ were found to be relatively low. In fact, these levels gradually
decreased with fruit maturation. At the S3 stage in ‘BY2’, the total carotenoid levels were
less than 6 µg/g DW and the most abundant lutein—violaxanthin dioleate—only showed
an overall content of 1.67 µg/g DW. Such low levels of carotenoids were obviously not
sufficient to confer a golden color to the peel of ‘BY2’. Hence, we concluded that carotenoids
were not the main pigments that made the peel of ‘BY2’ golden. However, we also found
that flavonols show continuous accumulation in the peel of the ‘BY2’ fruit as the fruit ripens.
Accordingly, it was speculated that flavonols were the primary substances contributing
to the golden-yellow color of ‘BY2’ rambutan. This was consistent with studies on pears,
bougainvillea, and monkeyflowers [6,36,37]. Although the flavonol content in the peel
of ‘BY7’ was also high, this cultivar did not show a yellow color. This may be related
to the shielding effect of chlorophyll during early development and the accumulation of
anthocyanins in the upper layer of the peel during late development [38].

While screening for structural genes that potentially regulate flavonoid synthesis
pathways in rambutans, 12 key structural genes were obtained. The expression of the early
flavonoid biosynthesis genes C4H, CHS, CHI, F3H, and F3’H was examined and it was
found that except for F3’H (Nl07g09650. path1), the other genes were highly expressed in
‘BY7’ during the S1 developmental stage. However, during the S2 and S3 stages, there was
not much difference in the overall expression of these genes between the ‘BY7’ and ‘BY2’
rambutan cultivars. The differences in the expression of DFR and ANS—shared by the
anthocyanin and PA biosynthesis pathways—were significant at the S1 stage. UFGT, the
most critical structural gene in anthocyanin synthesis, showed high levels in the red cultivar
‘BY7’. Similar findings regarding this gene have also been reported in other species [39,40].
The expression level of the key gene ANR, which catalyzes the final step of PA biosynthesis,
was higher in the ‘BY7’ cultivar at S1 and higher in the ‘BY2’ cultivar at S2. Interestingly,
ANR has been shown to induce PA biosynthesis in another plant cultivar [41,42].

Interestingly, although the expression of the key flavonol biosynthesis gene FLS was
slightly higher in the ‘BY7’ cultivar during the S1 and S3 stages, the flavonol content in
the ‘BY7’ fruit peel showed a downward trend during maturation. Meanwhile, in ‘BY2’,
the flavonol content increased significantly and the total flavonol content at the S3 stage
in this cultivar was higher than that in ‘BY7’. We believe that this was mainly because
the common precursor required for flavonol and anthocyanin synthesis, dihydroflavonol,
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flowed more toward the anthocyanin synthesis pathway in ‘BY7’. This reduced the flow
to the flavonol pathway, ultimately resulting in a lower total flavonol content in ‘BY7’.
Previous studies have reported the existence of competition for common substrates be-
tween different branches of the flavonoid synthesis pathway [43]. Notably, both ‘BY7’
and ‘BY2’ were planted in Baoting County, Hainan Province, under highly similar growth
environments. These cultivars had comparable physiological characteristics as well as
a similar total flavonoid content at maturity [24]. From an ecological and evolutionary
perspective, we can state that both cultivars produced a large amount of anthocyanins in
order to adapt to their similar environment. However, ‘BY7’ tended to accumulate more
anthocyanins in its fruit peels, while ‘BY2’ tended to accumulate more flavonols. This
phenomenon fully demonstrates the diverse characteristics of these cultivars.

The MBW complex is known to be a key regulator of plant genes involved in flavonoid
biosynthesis pathways [17]. An MBW complex—composed of TT2 (AtMYB123), TT8
(AtbHLH42), and TTG1 (WD40)—was found to bind to the promoters of AtANR and
AtUFGT and regulate the accumulation of flavonoids in Arabidopsis [41]. It was recently
reported that ChMYB1 can interact with ChbHLH42 and ChTTG1 to form an MBW complex
that enhances ChUFGT activity and induces anthocyanin synthesis in Cerasus humilis [44].
MYBs are considered key factors for the identification of target gene promoters [45]. In
Pyrus bretschneideri, PyMYB114 can induce anthocyanin biosynthesis by interacting with
bHLH3 [46]. Recent studies have found that RcMYB1 can activate its own promoter and
the promoter of other anthocyanin biosynthesis-related genes in roses, thereby promoting
anthocyanin synthesis in rose petals [47]. In strawberries, FaMYB5 has been identified as an
R2R3-MYB TF that can bind to the F3’H and LAR gene promoters to enhance anthocyanin
and PA production [48]. MdMYB12 and MdMYB22 can induce proanthocyanidin and
flavonol synthesis in apples, respectively [49]. In Arabidopsis, MYB12 has been identified as
a specific activator of flavonol biosynthesis [50], whereas in pears, bHLH64 has been found
to positively regulate anthocyanin biosynthesis via light induction [51].

In addition to possessing positive regulatory effects as activators, MYBs and bHLHs
have also been shown to act as suppressors. In pears, the transcription inhibitor Pp-
MYB140 competitively binds to bHLH3 with PpMYB114, thereby inhibiting anthocyanin
synthesis [52]. The overexpression of the activator MaMYBPA in bananas induces the ex-
pression of the repressor MaMYBPR and these factors collectively regulate PA biosynthesis
through competitive synergistic effects [53]. In Brassica napus, BnbHLH92a negatively
regulates the synthesis of PAs and anthocyanins in the seed coat [54]. In this study, seven
MYBs showed positive correlations with flavonol levels in rambutan peels and two bHLHs
showed positive correlations with the PA content of rambutan peels. Two MYBs and
one bHLH, as well as one MYB and bHLH, were negatively correlated with the content
of flavonols and anthocyanins in the peels, respectively. Hence, in the ‘BY7’ and ‘BY2’
cultivars, most MYBs and bHLHs appear to be involved in flavonol regulation, with only a
few regulating the production of PAs and anthocyanins. Surprisingly, no MYBs were found
to positively regulate anthocyanin production. Thus, we speculate that other key TFs may
be involved in the positive regulation of anthocyanins in rambutan.

Beyond MYB and bHLH, other TFs involved in regulating flavonoid synthesis in
rambutan were also identified. These TFs could also regulate the biosynthesis of flavonoids
as activators or repressors. Based on WGCNA results, we found that the other most
common TFs were those from the ERF, WRKY, and MYB-related TF families. ERF TFs
are widely reported to modulate plant flavonoid biosynthesis. In pears, PyERF3 can
promote anthocyanin synthesis via its interactions with PyMYB114 and PybHLH3 [46]. In
apples, MdERF1B acts on MdMYB9 and MdMYB11 to positively regulate the amassing of
anthocyanins and PAs [55]. In citrus fruits, CitERF32, CitERF33, and CitRAV1 enhance
the accumulation of flavanones and flavones by improving the conversion efficiency of
CHI [56]. Notably, ERF TFs can also act as repressor molecules. For example, the PpERF9-
PpTPL1 co-inhibition complex inhibits the expression of PpMYB114 and PpRAP2.4 in pears,
thereby inhibiting anthocyanin biosynthesis in the pericarp [57].
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Various studies indicate that WRKY TFs not only control the basic growth and development-
related metabolic activities of plants but also participate in secondary metabolism. In pears,
PyWRKY26 can interact with PybHLH3 to jointly target PyMYB114 and regulate the ac-
cumulation of anthocyanins in the peel [58]. Moreover, WRKY TFs also contribute to
the regulation of PA and flavonol biosynthesis in plants [59,60]. Similarly, MYB-related
TFs have been implicated in flavonoid biosynthesis. MybA participates in anthocyanin
biosynthesis in Kyoho grapes by modulating UFGT gene expression [61] and AtMYBD can
regulate anthocyanin biosynthesis in Arabidopsis through the maintenance of a biological
clock [62].

Other TFs such as NAC and bZIP TFs are known to modulate flavonoid biosynthesis in
plants. MdNAC52 regulates anthocyanin and PA biosynthesis in apples via MdMYB9 and
MdMYB11 [63]. The B-box2 of PtrBBX23 in poplar can bind to the bZIP domain of HY5 to
enhance its self-stimulating activity, thereby promoting PA and anthocyanin production
by binding to MYBs and gene promoters [64]. Based on these findings and the results
of our study, we can conclude that TFs are crucial in regulating flavonoid production in
the rambutan peel and their regulatory network is complex and diverse. The synergistic
regulation between multiple TFs enables the maintenance of a dynamic equilibrium in the
level of plant flavonoids.

5. Conclusions

Compared with the peel of ‘BY7’, the peel of ‘BY2’ is golden yellow and has higher
L* and b* values and a lower a* value. In this study, results from carotenoid metabolomic
analysis and flavonoid metabolomic analysis showed that the accumulation of flavonols
(mainly Rutin and Quercetin-3-O-glucoside) and not the accumulation of carotenoids,
caused ‘BY2’ to appear yellow at maturity. Meanwhile, the anthocyanins (mainly Cyanidin-
3-O-glucoside) on the surface of the fruit peel caused ‘BY7’ to appear bright red at maturity.
Here, 6805 DEGs between the ‘BY7’ and ‘BY2’ rambutan cultivars were identified through
RNA-seq analysis and divided into 12 clusters using MFuzz analysis. Clusters 1, 4, and
5 contained developmental negative response genes, while cluster 11 contained develop-
mental positive response genes. Through WGCNA, the genes in the MElightgreen, MEdark-
grey, MEdarkgreen, MEmidnightblue, MEpink, MEmagenta, MEred, and MEturquoise
clusters were found to contribute to the regulation of flavonoid biosynthesis in rambutan.
The key biosynthetic genes regulating the accumulation of flavonoids were found to be
ERF, WRKY, bZIP, NAC, MYB, and bHLH TFs, all of which can act as both activators and
repressors. The differential expression of anthocyanin, flavonol, and PA synthesis genes
and the differential accumulation of pathway metabolites contributed to color differences
in the two rambutan cultivars at maturity. These findings offer a comprehensive overview
of rambutan flavonoid biosynthesis and coloring mechanism and also laid a theoretical
foundation for the breeding of new color cultivars of rambutan.
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