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Abstract The epitranscriptomic mark N6-methyladenosine (m6A), which is the predominant inter-

nal modification in RNA, is important for plant responses to diverse stresses. Multiple environmen-

tal stresses caused by the tea-withering process can greatly influence the accumulation of specialized

metabolites and the formation of tea flavor. However, the effects of the m6A-mediated regulatory

mechanism on flavor-related metabolic pathways in tea leaves remain relatively uncharacterized.

We performed an integrated RNA methylome and transcriptome analysis to explore the m6A-

mediated regulatory mechanism and its effects on flavonoid and terpenoid metabolism in tea

(Camellia sinensis) leaves under solar-withering conditions. Dynamic changes in global m6A level

in tea leaves were mainly controlled by two m6A erasers (CsALKBH4A and CsALKBH4B) during

solar-withering treatments. Differentially methylated peak-associated genes following solar-

withering treatments with different shading rates were assigned to terpenoid biosynthesis and

spliceosome pathways. Further analyses indicated that CsALKBH4-driven RNA demethylation

can directly affect the accumulation of volatile terpenoids by mediating the stability and abundance

of terpenoid biosynthesis-related transcripts and also indirectly influence the flavonoid, catechin,

and theaflavin contents by triggering alternative splicing-mediated regulation. Our findings revealed
ion and
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a novel layer of epitranscriptomic gene regulation in tea flavor-related metabolic pathways and

established a link between the m6A-mediated regulatory mechanism and the formation of tea flavor

under solar-withering conditions.
Introduction

As the predominant internal modification in eukaryotic
mRNAs, N6-methyladenosine (m6A) is a critical transcrip-

tional regulator in a novel molecular mechanism that pro-
foundly affects various biological processes by modulating
multiple aspects of mRNA processing and metabolism [1],
including mRNA abundance [2,3], stabilization [4], and splic-

ing [5]. Along with the well-studied epigenetic regulation via
modifications to DNA and histones, the dynamic and reversi-
ble m6A modification is mediated by m6A methyltransferases

(writers) and demethylases (erasers). In addition to these two
crucial components, m6A readers are responsible for the local-
ization and recognition of m6A-containing RNA sequences,

which are necessary for the implementation of the biological
effects of m6A modifications. Consequently, m6A writers, era-
sers, and readers collaboratively orchestrate a complex regula-

tory network that governs m6A modifications. Although there
has been considerable progress in the research conducted to
clarify the potential functions of m6A modifications in ani-
mals, the effects of the m6A regulatory mechanism in the plant

kingdom are just beginning to be determined. The m6A-
mediated regulatory mechanism reportedly influences the nor-
mal growth of Arabidopsis thaliana roots and shoots [6,7]. Fur-

thermore, there is growing evidence that m6A modifications
are also involved in regulating responses to diverse environ-
mental stresses, including drought [8], cold [9], and ultraviolet

(UV) radiation [10]. More recently, a few studies have started
to precisely functionally characterize the m6A regulatory
mechanism or m6A regulatory genes in the plant kingdom
[11–14]. Compared with model plants, there has been relatively

little research on the regulatory mechanisms as well as the
functions of m6A modifications in horticultural crops.

Tea (Camellia sinensis) is an important and traditional eco-

nomically valuable crop cultivated on a large scale in many
developing and developed countries. Its tender buds and leaves
are mostly used to produce highly consumed and popular bev-

erages. Oolong tea, which is one of the six tea types in China, is
famous for its elegant floral and fruity aroma, as well as its
unique brisk-smooth and mellow taste. The development of

the flavor and sensory characteristics of oolong tea largely
depends on the postharvest manufacturing process [15]. Dur-
ing the manufacturing of oolong tea, withering is the first
essential stage affecting the palatability and commercial value

of the final product. The harvested leaves are still in a live state
and continue to be exposed to various environmental stresses
during the withering stage, in which there are obvious changes

to multiple tastes and aroma compounds, as well as endoge-
nous phytohormones, which directly or indirectly endow
oolong tea with its characteristic flavor and health benefits

[16–18]. Among these taste compounds in tea plants, flavo-
noids are a large group of secondary metabolites that are clo-
sely associated with tea palatability. More specifically,

catechins are the dominant flavonoid components and com-
prise 12%–24% of the dry weight in tea leaves [19]. Flavonoids
and catechins are the major contributors to the astringency
and bitterness of tea [20]. Moreover, catechins can be further

oxidized to high-molecular-weight polymeric compounds
(i.e., theaflavins) that provide tea with beneficial health-
promoting properties and a characteristic mellow taste [21].

As the most representative aroma compounds in oolong tea,
volatile terpenoids are critical components of high-quality
oolong tea because of their contributions to the pleasant floral
and fruity fragrance. Decades of studies have demonstrated

that multiple environmental stresses caused by withering treat-
ments induce several multidimensional responses (e.g., at the
genetic and metabolic levels) that further modulate the forma-

tion of the oolong tea flavor [22,23]. However, information
regarding the upstream mechanism regulating the flavor-
related genes and relevant metabolites remains limited.

Previous research has indicated that solar-withering, which
is a conventional method for producing tea, may be used to
improve the flavor of high-quality oolong tea [24,25]. Light

serves as an energy source and signaling molecule required
for the metabolic changes that occur during solar-withering.
Typically, light quality and intensity are crucial parameters
that determine the effects of solar-withering on tea quality.

Earlier studies largely focused on the mechanism underlying
the effects of light quality on the tea flavor [26,27]. Few
researchers have investigated the effects of different shading

rates on the metabolism of tea flavor compounds and the for-
mation of tea flavors during the solar-withering stage. The
establishment of traditional solar-withering methods relies

heavily on the subjective experiences of tea producers and ran-
dom trials, leading to fluctuations in tea quality. To overcome
this limitation, characterizing the metabolic pathways that

affect flavor formation as well as the regulatory mechanisms
under different shading rates during the solar-withering stage
is vital for optimizing the shading rate to produce high-
quality oolong tea efficiently. There has recently been accumu-

lating evidence that epigenetic changes, including DNA methy-
lation and histone modifications, are crucial for the
biosynthesis of secondary metabolites and tea aroma forma-

tion [28,29]. Unfortunately, the effects of RNA methylation,
which is another epigenetic modification, and the precise regu-
latory mechanisms underlying the m6A-mediated flavor forma-

tion in the tea-withering stage remain largely unknown. The
availability of a chromosome-level tea genome has laid a solid
foundation for investigations on m6A modifications in tea
plants [30].

In the present study, an integrated RNA methylome and
transcriptome analysis was conducted to elucidate the effects
of m6A modifications on the formation of flavor-related com-

pounds in tea leaves in response to different shading rates dur-
ing the solar-withering stage. We systematically identified the
differentially methylated peak (DMP)-associated genes and

revealed that the changes to m6A in many DMP-associated
genes are inextricably associated with the solar-withering con-
ditions, especially the shading rate. We further demonstrated

that CsALKBH4-mediated RNA demethylation alters the
extent of the m6A modifications within the 30 untranslated
region (30 UTR) and near the stop codon and regulates the
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expression levels of m6A-modified RNAs, thereby affecting the
accumulation of flavor metabolites and tea palatability. The
effects of the m6A-mediated alternative splicing (AS) regula-

tory mechanism during the solar-withering stage were also
explored. These findings described herein provide important
insights into the regulatory effects of m6A modifications on

tea plants and the contribution of the m6A-mediated regula-
tory mechanism to the development of high-quality oolong
tea via a solar-withering method.

Results

Significant changes in global abundance and distribution of m6A

modifications in tea leaves in response to solar-withering treatments

The light intensity, spectrum, and UV intensity of solar-
withering treatments with different shading rates were moni-
tored (Figure S1). The withering treatments were performed

as follows: solar-withering with a high shading rate (SW1),
solar-withering with a moderate shading rate (SW2), solar-
withering with a low shading rate (SW3), and solar-withering

with natural sunlight (SW4). Notably, the light intensity and
UV intensity under the sunshade net decreased as the shading
rate increased. However, the use of the sunshade net had little
effect on the spectral composition, light quality, and wave-

length. There were considerable differences in the UV intensity
between the solar-withering with and without the shading net.
The shading treatment substantially decreased the UV inten-

sity. From SW1 to SW3, the different shading rates had rela-
tively little effect on the UV intensity. The external
characteristics of fresh leaves (FLs) and the solar-withered

leaves produced using different shading rates were recorded
(Figure 1A). FLs were straight, glossy, and jade green.
Decreases in the shading rate during the solar-withering treat-
ments resulted in increasingly shrunken, deformed, and

darker-colored withered leaves. We then calculated the global
m6A/A ratio of these tea leaves (Figure 1B). The solar-
withering treatments with different shading rates decreased

the global m6A level. The comparison of the various leaves
detected a gradually decreasing trend in the overall m6A level
from FLs to the SW3 leaves, but the m6A level rebounded fol-

lowing the SW4 treatment.

Overview of the m6A MeRIP-seq

To ascertain the effects of m6A-mediated regulatory mecha-
nisms under solar-withering conditions, we performed an
m6A methylated RNA immunoprecipitation sequencing
(MeRIP-seq) experiment to analyze the m6A modifications at

the mRNA level in tea leaves that underwent solar-withering
with different shading rates (Figure S2). A total of 34–50
and 63–76 million high-quality clean reads were obtained for

the immunoprecipitated (IP) libraries and input libraries,
respectively, among which 28–41 and 55–67 million reads were
mapped to the tea genome (Table S1). The base quality score

of 20 (Q20) and base quality score of 30 (Q30) indices for each
library exceeded 93% and 88%, respectively. Only the m6A
peaks in all biological replicates with high-confidence coeffi-

cients were selected for further analyses. A total of 3570,
3249, 2966, 2809, and 2883 high-confidence m6A peaks were
identified for the FL, SW1, SW2, SW3, and SW4 samples,
respectively (Figure S3). Among these m6A peaks, 4605 were

newly generated after the solar-withering treatment. Addition-
ally, 31,720, 31,958, 32,146, 32,215, and 31,988 transcripts
were obtained from the FL, SW1, SW2, SW3, and SW4 sam-

ples, respectively. Next, we identified 5277 high-confidence
m6A peaks in 4289 transcripts. A total of 1988 m6A-marked
genes were present in all samples (Figure S4). The solar-

withering treatment induced the production of 843 new m6A-
marked genes. The changes in the number of m6A-marked
genes in response to solar-withering with different shading
rates were consistent with the total m6A abundance dynamics.

These observations suggest that the m6A abundance is closely
related to these changes in the number of m6A-marked genes,
which is in accordance with the findings of a previous study on

tomato [11]. The number of m6A-marked genes gradually
decreased from FLs to the SW3 leaves, whereas there were
more m6A-marked genes in the SW4 leaves than in the SW3

leaves. In addition, most of the m6A-marked genes (2229
genes) were common to the FL vs. SW2 and FL vs. SW4 com-
parisons, whereas 219 and 216 m6A-marked genes were unique

to the FL vs. SW2 and FL vs. SW4 comparisons, respectively.
These results imply that the m6A-marked genes did not differ
significantly between these two comparisons, with most m6A-
marked genes common to both comparisons. Most of the

4289 m6A-marked genes in the five samples (average of
96.90%) contained a single m6A peak, with only a few contain-
ing more than three m6A peaks (Table S2). The distribution of

m6A peaks in the tea leaves during the solar-withering treat-
ment was then investigated. Major m6A modifications within
transcripts were primarily near the stop codon and 30 UTR

(Figure 1C). Only 1.46%–2.13% of the m6A modifications
were located in the coding sequence (CDS) and 50 UTR or near
the start codon (Figure 1D). From FLs to the SW3 leaves, the

proportion of m6A modifications increased in the 30 UTR and
near the stop codon, but decreased in the 50 UTR and CDS
and near the start codon. Surprisingly, the proportion of
m6A modifications in the 30 UTR and around the stop codon

was lower in the SW4 leaves than that in the SW3 leaves,
whereas the opposite trend was observed for the m6A peaks
in the 50 UTR and CDS and near the start codon. Next, the

m6A peaks were normalized by the enrichment algorithm
[31]. The results revealed that m6A modifications accumulated
preferentially in the 30 UTR and around the stop codon (Fig-

ure S5). Overall, the distribution of m6A peaks in tea leaves
during the solar-withering treatment changed slightly.

To identify the enriched motifs within the m6A peaks in
tea plants, all of the m6A peaks were scanned using the

MEME suite [32] and HOMER tool [33]. As expected, the
canonical motif RRACH (R = G/A and H = A/U/C)
was enriched in most of the m6A peaks (Figure S6). More-

over, another enriched motif, UGUAY (Y = C/U), was
similar to the plant-specific motif URUAY, which can be
recognized by m6A readers [34]. Although the UGUAY

motif is relatively common in the m6A peaks of tomato
[11], it has not been detected in other plant species. Hence,
the enriched motifs at m6A-modified sites were relatively

conserved in two horticultural plant species (i.e., tea and
tomato).



Figure 1 Global abundance and distribution of m6A modifications in tea leaves under solar-withering with different shading rates

A. The external phenotypes of withered leaves before and after solar-withering with different shading rates. B. Dynamics of global m6A

level in tea leaves under solar-withering with different shading rates. Data are presented as mean ± SD. Different lowercase letters over

the error bars indicate significantly different groups via one-way ANOVA and Tukey’s post hoc test (P < 0.05). C. Metagenomic profiles

of m6A distribution along transcripts. D. Pie charts showing the fractions of m6A peaks falling into five transcript segments (50 UTR, start

codon, CDS, stop codon, and 30 UTR). m6A, N6-methyladenosine; IP, immunoprecipitation; FL, fresh leaf; SW1, solar-withering with a

high shading rate; SW2, solar-withering with a middle shading rate; SW3, solar-withering with a low shading rate; SW4, solar-withering

with natural sunlight; 50 UTR, 50 untranslated region; CDS, coding sequence; 30 UTR, 30 untranslated region; SD, standard deviation;

ANOVA, analysis of variance.
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Analysis of DMP-associated genes

To clarify the potential effects of m6A modifications during the

solar-withering stage, we first searched for DMPs in the m6A
methylome. The DMPs were identified according to the fol-
lowing criteria: |fold change (FC)| � 2 and P < 0.05. A total

of 265 DMPs were detected in the FL vs. SW1 comparison, of
which 203 and 62 were hypermethylated and hypomethylated
peaks, respectively (Table S3). The 215 DMPs identified in

the FL vs. SW4 comparison were similar to the number of
DMPs detected in the FL vs. SW2 comparison (i.e., 217),
but more than the 183 DMPs identified in the FL vs. SW3
comparison. These results reflected the apparent changes in

the global m6A status in the withered leaves following the
solar-withering treatments with different shading rates. The
number of detected DMPs decreased from the FL vs. SW1
comparison to the FL vs. SW3 comparison, whereas it

increased substantially in the FL vs. SW4 comparison. Intrigu-
ingly, the change in the number of DMPs under solar-
withering conditions was in accordance with the overall change
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in the total m6A level. Hence, the m6A modifications in tea
leaves were tightly associated with the solar-withering treat-
ment conditions, especially the shading rate.

To evaluate the overall correlation between m6A modifica-
tions and gene expression levels in response to solar-withering
treatments, 1137 DMP-associated genes with varying expres-

sion levels between samples were selected (Figure S7). The
results showed that 74.9% of the DMP-associated genes in
the FL vs. SW1 comparison, 79.6% of the DMP-associated

genes in the FL vs. SW2 comparison, 83.2% of the DMP-
associated genes in the FL vs. SW3 comparison, and 79.6%
of the DMP-associated genes in the FL vs. SW4 comparison
with increased or decreased m6A levels displayed negatively

regulated gene expression. In contrast, only 25.1% of the
DMP-associated genes in the FL vs. SW1 comparison,
20.4% of the DMP-associated genes in the FL vs. SW2 com-

parison, 16.8% of the DMP-associated genes in the FL vs.
SW3 comparison, and 20.4% of the DMP-associated genes
in the FL vs. SW4 comparison with increased or decreased

m6A levels displayed positively regulated gene expression.
Thus, the m6A modifications in most DMP-associated genes
were negatively correlated with gene expression levels during

the solar-withering treatment. Interestingly, combined with
the increasing proportion of m6A modifications in the
30 UTR and near the stop codon from FLs to the SW3 leaves,
m6A modifications within these regions tended to decrease the

mRNA abundance. Furthermore, the proportion of m6A mod-
ifications within the 30 UTR and around the stop codon was
lower in the SW4 leaves than that in the SW3 leaves, which

was consistent with the obvious decrease in the proportion
of DMP-associated genes with expression levels that were neg-
atively correlated with m6A abundance. The m6A peaks dis-

tributed within the 30 UTR and around the stop codon were
negatively correlated with the mRNA abundance, whereas
the m6A peaks located in the 50 UTR and CDS and near the

start codon tended to be positively correlated with gene expres-
sion. Therefore, the multifaceted effects of m6A modifications
on mRNA expression may depend on the position of the m6A
peaks. The specific distribution of m6A peaks is closely related

to gene expression in tea leaves as well as in several other
important crops, including rice [35], strawberry [13], and apple
[36].

Kyoto Encyclopedia of Genes and Genomes (KEGG)
enrichment analysis was performed to decipher the biological
Figure 2 m6A abundances of representative DMP-associated genes w

accumulation of volatile terpenoids under solar-withering with different

A. KEGG enrichment analysis of DMP-associated genes. From the

pathways and the number of genes corresponds to the outer circle.

background and the P value for the enrichment of the genes in the sp

DMP-associated genes. The fourth circle indicates the enrichment fac

CsRB-L10e, CsEIF4A, CsSm, and CsDXS. Exons and introns in the ge

C. Relative m6A enrichment of CsRB-L10e, CsEIF4A, CsSm, and CsD

by m6A-IP-qPCR. D. Relative expression levels of CsRB-L10e, CsEIF4

rates determined by qRT-PCR. E. Relative contents of volatile terpen

by GC–MS. Data are presented as mean ± SD. Different lowercase le

one-way ANOVA and Tukey’s post hoc test (P < 0.05). DMP, differen

Genomes; m6A-IP-qPCR, m6A-immunoprecipitation-quantitative p

polymerase chain reaction; GC–MS, gas chromatography–mass spectr
functions of the identified DMP-associated genes. Consistent
with the fact that withering affects the formation of flavor
compounds in tea, the enriched KEGG pathways among the

m6A-labeled genes were associated with genetic information
processing (Figure 2A). More than half of the DMP-
associated genes were assigned to the ribosome, RNA trans-

port, and spliceosome pathways. Moreover, several DMP-
associated genes were associated with three metabolism-
related pathways. Among these pathways, the rich factor was

highest for the terpenoid backbone biosynthesis pathway,
which is closely related to the formation of the oolong tea
aroma. We focused on the ribosome, RNA transport, spliceo-
some, and terpenoid backbone biosynthesis pathways in the

subsequent analyses.

Negative correlation between the m6A abundances and the

expression levels of most DMP-associated genes under solar-

withering conditions

The m6A-seq analysis showed that the m6A abundances and

the expression levels of several core genes involved in the four
aforementioned KEGG pathways were significantly altered
during the solar-withering process (Figure S8A and B). In

the ribosome pathway, the m6A abundances of 34 ribosomal
protein-encoding (RP) genes were affected by the solar-
withering treatment (Table S4). These RP genes are indispens-
able for ribosome formation and protein biosynthesis and have

important roles in the transcription–translation process. We
also determined that 20 and 16 DMP-associated genes are
involved in RNA transport and spliceosome pathways, respec-

tively (Tables S5 and S6). RNA transport is functionally linked
to several steps in the RNA processing stage, including RNA
splicing, 30-end formation, and transcription–translation pro-

cesses, which are critical for various biological functions [37].
AS is a pivotal post-transcriptional event that diversifies the
generated transcripts and the corresponding proteins, making

it a critical molecular mechanism that regulates transcriptional
abundance in the plant kingdom. Interestingly, significant
changes in the m6A levels were detected for eight terpenoid
biosynthesis-related genes in response to the solar-withering

treatment (Table S7).
For each of the four aforementioned pathways, we selected

one DMP-associated gene in which there was a dynamic

change in the m6A level following the solar-withering
ere negatively correlated with their expression levels as well as the

shading rates

outside to the inside, the first circle indicates enriched KEGG

The second circle indicates the number of genes in the genome

ecified KEGG pathway. The third circle indicates the number of

tor of each KEGG pathway. B. The distribution of m6A reads in

ne structures are represented by thick boxes and lines, respectively.

XS under solar-withering with different shading rates determined

A, CsSm, and CsDXS under solar-withering with different shading

oids under solar-withering with different shading rates determined

tters over the error bars indicate significantly different groups via

tially methylated peak; KEGG, Kyoto Encyclopedia of Genes and

olymerase chain reaction; qRT-PCR, quantitative real-time

ometry.
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treatments with different shading rates. The four genes encode
the large subunit ribosomal protein L10e (RB-L10e), eukary-
otic translation initiation factor 4A (EIF4A), core spliceoso-

mal Sm protein (Sm), and 1-deoxy-D-xylulose-5-phosphate
synthase (DXS), respectively. The m6A peaks in their mRNA
sequences were mainly distributed in the 30 UTR and around

the stop codon (Figure 2B). Our m6A-seq datasets revealed sig-
nificant changes in the m6A levels of these four genes (Fig-
ure S9A). We then performed an m6A-immunoprecipitation-

quantitative polymerase chain reaction (m6A-IP-qPCR) analy-
sis to further validate the m6A levels of the four aforemen-
tioned genes. As expected, the m6A levels in CsRB-L10e,
CsEIF4A, CsSm, and CsDXS decreased sharply from FLs to

the SW3 leaves, but increased from the SW3 leaves to the
SW4 leaves (Figure 2C). The expression levels of these four
genes increased from FLs to the SW3 leaves, but then

decreased in the SW4 leaves, as revealed by both transcriptome
datasets (Figure S9B) and the quantitative real-time poly-
merase chain reaction (qRT-PCR) data (Figure 2D). These

results indicate that the m6A modifications in these mRNAs
were negatively correlated with their corresponding expression
levels, which is in agreement with the findings of a previous

study that demonstrated that mRNAs with low m6A levels
tend to be highly expressed in tomato [11]. We detected obvi-
ous changes in the contents of seven monoterpenoids and one
apocarotenoid using gas chromatography–mass spectrometry

(GC–MS) (Figure 2E). Specifically, the abundances of all eight
volatiles increased markedly from FLs to the SW3 leaves
before decreasing significantly in the SW4 leaves. We also

determined that the accumulation of eight volatile terpenoids
was positively correlated with the CsDXS expression level,
but negatively correlated with the m6A level of CsDXS and

the overall m6A level under solar-withering conditions.

Expression profiles of m6A regulatory genes in response to solar-

withering

The effects of RNA methylation are tightly associated with the
transcript levels of RNA methyltransferase, demethylase, and
reader genes [38]. Thus, we speculated that the m6A levels of

these mRNAs are coordinately governed by m6A regulatory
genes. Based on our recent report [14], 34 m6A regulatory
genes were identified in the tea reference genome. We initially

analyzed the expression profiles of m6A regulatory genes under
solar-withering conditions (Figure 3A). The m6A regulatory
genes with |FC| � 2 and P < 0.05 were considered to be dif-

ferentially expressed between samples. The transcript levels
of all m6A writer and reader genes were not obviously altered
by the solar-withering conditions. Among the 16 m6A eraser
genes, only CsALKBH4A and CsALKBH4B had significant

changes in their transcript levels after the solar-withering treat-
ments. We also noticed that CsALKBH6 transcription was sig-
nificantly induced only following the SW3 treatment. These

results indicate that dynamic changes in m6A modifications
may be mainly controlled by m6A eraser genes, with
CsALKBH6 playing a particularly important role in the regu-

lation of m6A levels in response to SW3. Next, a qRT-PCR
analysis confirmed the expression patterns of m6A regulatory
genes revealed by the transcriptome data, and demonstrated

that the CsALKBH4A and CsALKBH4B expression levels
increased continuously from FLs to the SW3 leaves, but then
clearly decreased in the SW4 leaves (Figure 3B). This trend
was in accordance with the expression patterns of CsRB-
L10e, CsEIF4A, CsSm, and CsDXS, but was inversely corre-

lated with the m6A abundances of these four genes and the glo-
bal m6A level under solar-withering conditions. Moreover, the
CsALKBH6 expression level increased significantly only fol-

lowing the SW3 treatment, whereas the expression of the
m6A writer and reader genes was unaffected by the solar-
withering treatments. These observations imply that the m6A

eraser-mediated removal of m6A marks on mRNAs is closely
linked with variations in m6A levels and the expression of
DMP-associated genes.

CsALKBH4-mediated RNA demethylation may activate terpenoid

biosynthesis

To further functionally characterize CsALKBH4A and

CsALKBH4B during the solar-withering process, we tran-
siently suppressed the expression of these two genes via an
siRNA-mediated gene silencing strategy (Figure 4A). As

anticipated, the expression of both CsALKBH4A and
CsALKBH4B was significantly down-regulated in the gene-
silenced leaves, whereas the transcription of these two genes

was not substantially altered by treatments with the corre-
sponding negative control (NC) (Figure 4B and C). The
inhibited expression of CsALKBH4A and CsALKBH4B led
to a marked increase in the overall m6A level in the gene-

silenced tea leaves (Figure 4B and C), which occurred con-
comitantly with an obvious increase in the m6A levels of
CsRB-L10e, CsEIF4A, CsSm, and CsDXS (Figure S10A)

(compared with the respective NC). Conversely, the CsRB-
L10e, CsEIF4A, CsSm, and CsDXS mRNA levels were
markedly lower in the gene-silenced leaves than in the NC-

treated leaves (Figure S10B). Accordingly, the diminished
expression of these four genes may be mainly attributed to
the suppression of CsALKBH4-mediated RNA demethyla-

tion. To further investigate how m6A demethylation influ-
ences the transcription of CsRB-L10e, CsEIF4A, CsSm,
and CsDXS, we explored whether CsALKBH4-mediated
RNA demethylation modulates the stability of the tran-

scripts of these four genes by monitoring mRNA decay rates
after an actinomycin D treatment (Figure 4B and C). We
observed that the CsRB-L10e, CsEIF4A, CsSm, and CsDXS

mRNAs degraded more rapidly in the CsALKBH4A- and
CsALKBH4B-silenced leaves than in the NC-treated leaves.
Notably, for CsRB-L10e, CsEIF4A, CsSm, and CsDXS,

their mRNA decay rates were negatively correlated with
their expression levels and positively correlated with their
m6A levels. These results suggest that excessive m6A modifi-
cations in the CsRB-L10e, CsEIF4A, CsSm, and CsDXS

mRNAs have a destabilizing effect, which results in a clear
decrease in transcript levels. To assess the effects of RNA
demethylation on the accumulation of volatile terpenoids,

the terpenoid contents in CsALKBH4A- and CsALKBH4B-
silenced leaves were measured. The transcriptional repres-
sion of these two genes resulted in a substantial decrease

in the contents of the eight volatile terpenoids (Figure 5A
and B), suggesting that CsALKBH4-mediated RNA
demethylation may directly activate terpenoid biosynthesis

by removing m6A marks and enhancing the stability of the
corresponding mRNAs.



Figure 3 Expression profiles of m6A regulatory genes under solar-withering with different shading rates

A. The heatmap of m6A regulatory genes under solar-withering with different shading rates based on the transcriptome datasets. The

expression values of m6A regulatory genes were normalized using z-score formula. The number in the box indicates the original FPKM

value. B. Expression patterns of four m6A writer genes, five m6A eraser genes, and three m6A reader genes under solar-withering with

different shading rates determined by qRT-PCR. Data are presented as mean ± SD. Different lowercase letters over the error bars

indicate significantly different groups via one-way ANOVA and Tukey’s post hoc test (P < 0.05). FPKM, fragments per kilobase per

million mapped reads.
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RNA demethylation modulates AS events by influencing m6A

modifications and the expression of spliceosome-related genes

The spliceosome pathway was one of the main enriched
KEGG pathways among the DMP-associated genes. The
m6A modifications of the core genes Sm, Prp18 (encoding

pre-mRNA-splicing factor 18), and Prp31 (encoding pre-
mRNA-splicing factor 31) in the spliceosome pathway were
significantly altered by the solar-withering treatment, which

was consistent with the obvious expression changes detected
for these genes. Thus, we hypothesized that RNA demethyla-
tion might contribute to the regulation of AS events by con-
trolling the m6A levels and the expression levels of

spliceosome-related genes. To test this hypothesis, we first
investigated the AS events during the solar-withering treat-
ments with different shading rates. A total of 18,188 AS events

were detected in 13,606 genes in five tea samples. There were
substantially more AS events in the solar-withered leaves than
in FLs, suggesting that solar-withering conditions may
influence the occurrence of AS events (Table S8). Within a cer-
tain shading rate range (i.e., SW1–SW3), the frequency of AS
events was closely correlated with the decreases in the shading

rate. In contrast, solar-withering without shading substantially
decreased the number of AS events. In the examined samples,
the predominant AS events resulted in retained introns. This
observation is in accordance with the results of earlier investi-

gations on maize [39], cotton [40], and tea [41]. We next com-
prehensively identified the differentially expressed alternative
splicing genes (DAGs) among the solar-withering treatments

with different shading rates. There were more DAGs in the
FL vs. SW3 comparison than in the FL vs. SW1 and FL vs.
SW2 comparisons, implying that increasing the light intensity

of the solar-withering treatment may promote the differential
expression of AS genes (Table S9). However, there were fewer
DAGs in the FL vs. SW4 comparison than in the FL vs. SW3

comparison. These findings indicate that the shading rate dur-
ing the solar-withering treatment affects the number of AS
events, possibly by modulating the expression of AS genes.
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Figure 4 CsALKBH4-mediated RNA demethylation contributes to the accumulation of volatile terpenoids by removing the m
6
A marks and

enhancing the stability of corresponding mRNAs

A. Diagram of CsALKBH4A- and CsALKBH4B-silenced assay in tea leaves via an siRNA-mediated gene silencing strategy. The freshly

detached tea bud and first leaf from naturally grown tea plants were incubated in 1.5-ml microcentrifuge tubes that contained 1 ml of

20 lM siRNA or siRNA-NC solution. After incubation for 12 h and 24 h, the tea bud and first leaf were harvested and then used for qRT-

PCR and metabolite detection. B. Gene expression, global m6A level, and mRNA stability in CsALKBH4A-silenced tea leaves. C. Gene

expression, global m6A level, and mRNA stability in CsALKBH4B-silenced tea leaves. To evaluate the mRNA stability, the leaf discs were

collected from gene-silenced tea leaves and incubated in sterile water that contained 10 lg/ml actinomycin D solution. Tea leaves

incubated in sterile water were used as controls. Total RNA was isolated from the leaves sampled at 6 h and 12 h, respectively. The mRNA

levels of CsRB-L10e, CsEIF4A, CsSm, and CsDXS were examined by qRT-PCR. Data are presented as mean ± SD. The differences

among various groups were assessed by conducting a one-way ANOVA and Tukey’s post hoc test. *, P < 0.05; **, P < 0.01. siRNA-NC,

negative control siRNA.
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Association between flavonoid, catechin, and theaflavin contents

and the AS gene transcript levels under solar-withering conditions

To further explore the putative effects of DAGs under solar-
withering conditions, we performed a KEGG analysis of all

identified DAGs. Metabolic pathways were the most enriched
pathways among the DAGs, followed by the flavonoid biosyn-
thesis pathway (Figure 6A). Therefore, structural genes

involved in flavonoid biosynthesis may be affected by the
m6A-mediated AS regulatory mechanism (Figure S11;
Table S10). We selected 4CL (encoding 4-coumarate CoA
ligase) and F30H (encoding flavonoid 30-hydroxylase) as two

flavonoid biosynthesis-related DAGs for further analyses. AS
events generated two and three splicing variants for 4CL and
F30H, respectively. On the basis of the fragments per kilobase

per million mapped reads (FPKM) values obtained from the
transcriptome datasets, the expression profiles of these AS
transcripts under solar-withering conditions were analyzed
(Figure 6B). The expression of the full-length Cs4CL transcript

decreased substantially from FLs to the SW3 leaves, but then
obviously increased in the SW4 leaves. The expression profile
of the AS transcript Cs4CL-a was similar to that of the full-

length transcript after the solar-withering treatment, whereas
the Cs4CL-a transcript abundance was lower than that of
Cs4CL following the same solar-withering treatment.

Solar-withering also strongly inhibited the transcription of



Figure 5 Relative contents of volatile terpenoids in CsALKBH4A/CsALKBH4B-silenced tea leaves determined by GC–MS

A. Relative contents of volatile terpenoids in CsALKBH4A-silenced tea leaves. B. Relative contents of volatile terpenoids in CsALKBH4B-

silenced tea leaves. Data are presented as mean ± SD. The differences among various groups were assessed by conducting a one-way

ANOVA and Tukey’s post hoc test. *, P < 0.05; **, P < 0.01.
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CsF30H-a. Because of the high cycle threshold value > 35 for
CsF30H and CsF30H-b in the qRT-PCR assay (Table S11), the

expression levels for these two transcripts were extremely low
in FLs and the solar-withered leaves. Hence, CsF30H-a may
be the predominant transcript involved in flavonoid biosynthe-

sis. The qRT-PCR analysis confirmed the transcriptome data-
sets were reliable (Figure 6C). To identify the AS transcripts
related to the biosynthesis of flavonoids and catechins during
solar-withering with different shading rates, the flavonoid

and catechin contents in all five samples were compared (Fig-
ure S12A). There was a sharp decrease in the total flavonoid
content from FLs to the SW3 leaves, but there was a distinct

rebound from SW3 to SW4.
Excessive and insufficient amounts of catechins have detri-

mental effects on tea flavor and the health benefits of tea. In

this study, we examined whether the solar-withering process
increases the palatability of oolong tea, while also decreasing
the health benefits of tea. Intriguingly, AS events were detected
for APX1 (encoding ascorbate peroxidase 1) and GPX3
(encoding glutathione peroxidase 3), which are involved in

metabolic pathways. These two genes are reportedly responsi-
ble for the conversion of catechins into theaflavins [42,43]. We
hypothesized that the solar-withering treatments strongly

inhibited catechin biosynthesis, resulting in an obvious
increase in the theaflavin content. To assess this hypothesis,
the total theaflavin content and the contents of four theaflavin
components were measured using liquid chromatography–

mass spectrometry (LC–MS). As expected, the solar-
withering treatments caused the individual theaflavin contents
and the total theaflavin content to increase substantially (Fig-

ure S12A). Additionally, the theaflavin contents were inversely
correlated with the catechin contents under solar-withering
conditions. Next, we observed that the CsGPX3, CsAPX1,

and CsAPX1-a expression levels increased dramatically from
FLs to the SW3 leaves, but then clearly decreased in the
SW4 leaves. One AS transcript (CsGPX3-a) was unaffected



Figure 6 AS-mediated regulatory mechanism influences the accumulation of flavor-related metabolites

A. KEGG enrichment analysis of DAGs. From the outside to the inside, the first circle indicates enriched KEGG pathways and the

number of genes corresponds to the outer circle. The second circle indicates the number of genes in the genome background and the P

value for the enrichment of the genes in the specified KEGG pathway. The third circle indicates the number of DAGs. The fourth circle

indicates the enrichment factor of each KEGG pathway. B. The heatmap of DAGs and their AS transcripts under solar-withering with

different shading rates based on the transcriptome datasets. The expression values of DAGs and their AS transcripts were normalized

using the z-score formula. The number in the box indicates the original FPKM value. C. Expression patterns of Cs4CL, CsF30H, CsGPX3,

and CsAPX1 as well as their AS transcripts under solar-withering with different shading rates determined by qRT-PCR. Data are

presented as mean ± SD. Different lowercase letters over the error bars indicate significantly different groups via one-way ANOVA and

Tukey’s post hoc test (P < 0.05). D. RT-PCR validation and gene structure of the full-length transcripts and AS transcripts. M indicates

the lane with DNA size markers. The full-length transcripts and AS transcripts on the gel images are denoted with black and red triangles,

respectively. AS, alternative splicing; DAG, differentially expressed alternative splicing gene; RT-PCR, reverse transcription-polymerase

chain reaction.
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by the solar-withering treatments. We then detected a prema-
ture stop codon (PTC) in the CsGPX3-a mRNA (Figure 6D).

To further elucidate the possible effects of AS transcripts
on the accumulation of flavonoids, catechins, and theaflavins,
the relationships between the abundances of flavonoid-related

AS transcripts and metabolites were evaluated via Pearson’s
correlation analysis (Figure S12B). Three transcripts (CsF30H,
CsF30H-b, and CsGPX3-a) were excluded from this analysis

because they were not expressed in FLs and the solar-
withered leaves. The expression levels of the full-length Cs4CL
transcript and the Cs4CL-a AS transcript were positively cor-
related with the total flavonoid, total catechin, and eight indi-
vidual catechin contents. Positive correlations were also

detected between the expression level of the CsF30H-a AS tran-
script and the abundances of the aforementioned metabolites.
Moreover, we observed that the accumulation of four individ-

ual theaflavin components and the total theaflavin content
were positively correlated with the expression of CsGPX3,
CsAPX1, and CsAPX1-a. We also examined the effects of

AS transcripts (Cs4CL-a, CsF30H-a, and CsAPX1-a) on the
accumulation of the associated metabolites (Figure S13A).
As expected, the Cs4CL-a, CsF30H-a, and CsAPX1-a
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transcript levels were considerably down-regulated in the gene-
silenced leaves, whereas they were not obviously altered by the
corresponding NC treatments. Next, the flavonoid, catechin,

and theaflavin contents in the gene-silenced leaves were ana-
lyzed (Figure S13B). The total flavonoid and total catechin
contents as well as the accumulation of eight individual cate-

chins decreased sharply following the silencing of Cs4CL-a
or CsF30H-a, which was in contrast to the lack of any signifi-
cant changes to the total theaflavin content and the abun-

dances of four individual theaflavins. The transcriptional
repression of CsAPX1-a did not affect the flavonoid and cate-
chin contents in the gene-silenced leaves, but it inhibited the
accumulation of theaflavins. These observations imply that

some AS transcripts are likely critical for the accumulation
of flavonoids, catechins, and theaflavins.

Discussion

Dynamic changes in global m6A level in tea leaves are mainly

controlled by m6A erasers under solar-withering conditions

In the past few decades, several studies on the environmental
stresses during tea manufacturing (e.g., withering stage) have
clarified the molecular basis of specific metabolic activities
related to tea flavor formation [15,17]. Recent research con-

firmed epigenetic modifications, such as DNA methylation
and histone modifications, influence the production of tea
flavor-related substances [28,29]. However, it remains unclear

whether RNA methylation (epitranscriptome-level changes)
also regulates flavor-related metabolic pathways and tea flavor
formation.

In the present study, we observed that m6A modifications
are widely distributed among mRNAs in tea plants, with
dynamic changes in the m6A levels induced by solar-
withering treatments. More specifically, in response to solar-

withering conditions, the overall m6A level decreased dramat-
ically. From FLs to the SW3 leaves, the overall m6A level
gradually decreased, but the m6A level increased in the SW4

leaves. Thus, solar-withering treatments significantly decreased
the m6A levels. Moreover, there was a positive correlation
between the shading rate and the global m6A abundance

within a certain range. According to earlier investigations
[44,45], the overall DNA methylation level is mediated by
DNA methyltransferases and demethylases. In addition, the

corresponding RNA methyltransferases and demethylases
have been identified in tea plants [14]. Therefore, we speculated
that the overall m6A level may be controlled by RNA methyl-
transferases and demethylases under solar-withering condi-

tions. To evaluate this hypothesis, we comprehensively
examined the expression profiles of m6A regulatory genes fol-
lowing solar-withering treatments. Notably, obvious

transcript-level changes were detected in two m6A eraser genes
(CsALKBH4A and CsALKBH4B) during the solar-withering
treatments with different shading rates, whereas the expression

levels of other m6A eraser and reader genes were only slightly
affected by solar-withering. These findings are consistent with
the reported phenomena in A. thaliana [46] and tomato [11].
Similarly, during the solar-withering stage, tea leaves are sub-

jected to multiple environmental stresses, including UV radia-
tion [15]. Thus, our results imply that the removal of m6A
marks, rather than the addition and decoding of these marks,
may be vital for tea plant responses to multiple stresses during
the tea-withering stage. The inclusion of sunshade nets in
solar-withering treatments prevents the excessive UV irradia-

tion of tea leaves, thereby minimizing the damages to the living
tea leaves. The CsALKBH4A and CsALKBH4B transcription
levels increased continuously as the shading rate increased

(from FLs to the SW3 leaves). Furthermore, the global m6A
level was negatively correlated with the expression of these
two m6A eraser genes. Additionally, the overall m6A level

increased in the CsALKBH4-silenced leaves. These observa-
tions suggest that m6A demethylation is primarily responsible
for the decrease in the global m6A level from FLs to the SW3
leaves. However, tea leaves were exposed to high UV doses

during the solar-withering without the sunshade net (SW4).
Exposures to high UV doses may lead to irreversible damages
to the osmotic regulatory activities of plasma membranes [47–

49], ultimately leading to ruptured cells and further disruptions
to the normal expression of the nuclear-localized genes
CsALKBH4A and CsALKBH4B [14]. In the current study,

low UV doses induced CsALKBH4 expression within a certain
range during the solar-withering treatments with the sunshade
net, whereas high UV doses strongly inhibited CsALKBH4

expression when the solar-withering treatment was completed
without a sunshade net. The down-regulated expression of
CsALKBH4 in response to the SW4 treatment may have
impaired the ability of m6A erasers to remove m6A modifica-

tions, which may help to explain the observed increase in the
overall m6A level from SW3 to SW4. Collectively, these results
indicate that the dynamic changes in global m6A level in tea

leaves undergoing solar-withering treatments with different
shading rates are mainly controlled by m6A erasers. In addi-
tion, CsALKBH4-mediated RNA demethylation likely affects

critical processes during the tea-withering stage.

RNA demethylation directly contributes to the accumulation of

volatile terpenoids and the formation of tea aromas

Environmental stresses can considerably affect the accumula-
tion of specialized metabolites in tea leaves, thereby affecting
tea quality [50]. During postharvest processing, tea leaves are

exposed to various environmental stresses, which induce obvi-
ous alterations to many flavor-related compounds, leading to
the production of teas with unique flavors [17]. Although the

effects of specific metabolites on tea flavor formation have
been investigated at the transcriptional, translational, and
metabolic levels, the functional roles of epigenetic modifica-

tions, especially RNA methylation, and the regulatory mecha-
nisms underlying the m6A-mediated flavor formation in the
tea-withering stage remain unclear.

In the current study, an integrated RNA methylome and

transcriptome analysis revealed that the variations in the num-
ber of DMPs in response to solar-withering with different
shading rates were in accordance with the changes in the total

m6A level. The number of DMPs decreased between the FL vs.
SW1 and FL vs. SW3 comparisons, but it increased in the FL
vs. SW4 comparison. This increase may be associated with the

inhibition of CsALKBH4 expression due to high UV doses
during solar-withering without a sunshade net. The down-
regulated expression of CsALKBH4 in the SW4 leaves hin-

dered RNA demethylation, thereby increasing the differences
in the m6A levels between the SW4 leaves and the leaves that
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underwent the other treatments and finally leading to an
increase in the number of DMPs. A total of 1137 genes with
DMPs under solar-withering conditions were functionally

characterized. The KEGG pathway analysis showed that the
identified DMP-associated genes were mainly associated with
the terpenoid biosynthesis pathway. Volatile terpenoids are

major quality-related compounds in oolong tea. Specifically,
they significantly influence the formation of floral and
honey-like aromas in high-quality oolong tea because of their

low odor thresholds [15]. Moreover, several lines of evidence
suggest that environmental stresses can alter the m6A levels
of transcripts [12,51]. In our study, the expression levels of
seven terpenoid biosynthesis-related genes increased signifi-

cantly under solar-withering conditions, which may be related
to the observed considerable accumulation of volatile ter-
penoids. The positive correlations between the expression

levels of these structural genes related to terpenoid biosynthe-
sis and terpenoid contents imply that multiple stresses induced
by solar-withering promote terpenoid accumulation by up-

regulating the expression of terpenoid biosynthesis-related
genes. This is in accordance with the results of another study
[18]. In addition, the m6A levels in these terpenoid

biosynthesis-related genes were negatively correlated with the
corresponding expression levels. Similarly, an earlier investiga-
tion has demonstrated that the expression of genes with low
m6A levels tends to be up-regulated [52]. These results suggest

that the expression levels of m6A-containing genes may be gov-
erned by RNA methylation. According to recent reports,
knocking out m6A writer genes can dramatically decrease the

m6A levels of m6A-modified genes, which results in marked
increases in gene expression levels [6,53]. In an earlier study,
the overaccumulation of m6A marks on mRNAs adversely

affected gene expression in the AtALKBH10B mutant line,
suggesting that m6A modifications may negatively affect
mRNA expression [54]. In our study, the suppression of

CsALKBH4A and CsALKBH4B expression resulted in a sig-
nificant decrease in the stability of CsDXS mRNA and the
transcripts of three DMP-associated genes. Furthermore, the
abundances of eight volatile terpenoids decreased in the

CsALKBH4A- or CsALKBH4B-silenced leaves. These findings
along with the CsALKBH4-mediated RNA demethylation
mentioned above suggest that RNA demethylation may regu-

late the overall m6A level by modulating the expression of m6A
eraser genes, while also stabilizing the mRNAs of DMP-
associated genes, thereby increasing their expression. However,

some reports indicate that mRNA abundance is positively cor-
related with m6A modifications [13,55], which is inconsistent
with our data. Therefore, the mechanism underlying the regu-
latory effects of m6A modifications on mRNAs in the solar-

withering stage will need to be more thoroughly characterized.
A recent study concluded that abiotic stress can alter the loca-
tion of m6A peaks in transcripts [9]. The data generated in the

present study showed that m6A peaks in CsDXS and three
other DMP-associated genes were distributed within the
30 UTR and around the stop codon under solar-withering con-

ditions, indicating that solar-withering can affect the m6A
levels in these DMP-associated genes, but it cannot induce
the redistribution of m6A marks. Upon reviewing the reports

that m6A modifications positively affect mRNA abundance,
we noted that these m6A marks are mainly concentrated in
the CDS region. This observation along with our other find-
ings indicates that m6A modifications may have distinct regu-
latory effects on mRNA expression depending on their
distribution in the transcript structure. Considered together,
these findings suggest that CsALKBH4-mediated RNA

demethylation promotes the expression of DMP-associated
genes involved in terpenoid biosynthesis and the accumulation
of aroma-related terpenoids by enhancing mRNA stability.

Additionally, the shading rate was negatively correlated with
the expression of terpenoid biosynthesis-related genes and ter-
penoid contents from FLs to the SW3 leaves, implying that

within a certain range, moderate shading promotes terpenoid
biosynthesis and the formation of a high-quality aroma in
oolong tea. Inadequate shading during the SW4 treatment
inhibited CsALKBH4-mediated RNA demethylation, with

the detrimental effects on the expression of terpenoid
biosynthesis-related genes ultimately leading to a significant
decrease in the terpenoid content. This is consistent with the

beneficial effects of moderate shading on flavor formation dur-
ing the production of teas. Hence, solar-withering treatments
of tea leaves may be optimized by controlling the shading rate,

which is critical for enhancing tea aromas.

RNA modifications indirectly affect the contents of flavonoid,

catechin, and theaflavin by triggering the AS regulatory mechanism

The AS regulatory mechanism is a crucial component of plant
responses to diverse environmental stimuli [56]. The generation
of many AS transcripts leads to the expression of various pro-

teins that alleviate the adverse effects of multiple stresses.
Although many AS events related to secondary metabolism
have been detected, the specific mechanisms regulating AS

events associated with flavor-related genes and tea flavor for-
mation during the tea manufacturing process are still unclear.
Recent research found that m6A modifications have important

regulatory effects on RNA splicing [38]. Likewise, we observed
that CsALKBH4-mediated RNA demethylation influences
CsSm mRNA abundance in the spliceosome pathway by

enhancing its stability. According to previous research, Sm
encodes a crucial spliceosome component [57] that interacts
with several small nuclear RNAs (snRNAs) and then binds
to a series of additional proteins to form small nuclear ribonu-

cleoprotein particles. Within the spliceosome, snRNAs con-
tribute to the catalysis and recognition of splice sites during
pre-mRNA splicing. Intriguingly, both the frequency of AS

events and the number of DAGs were closely associated with
CsSm expression. Therefore, RNA demethylation might regu-
late AS events by modulating the m6A abundance and the

expression of spliceosome-related genes.
To further investigate AS-mediated regulatory effects under

solar-withering conditions, we performed a KEGG pathway
enrichment analysis of all identified DAGs. Most of the DAGs

were assigned to metabolic pathways and the flavonoid biosyn-
thesis pathway. The subsequent analysis of the expression of
four DAGs involved in these pathways revealed that the AS

transcripts with the PTC (CsF30H-b and CsGPX3-a) were
expressed at almost undetectable levels under solar-withering
conditions. This phenomenon may reflect the introduction of

PTC into the gene structure, leading to the production of
loss-of-function truncated proteins, which may be degraded
via the nonsense-mediated decay pathway. This possibility is

supported by the results of the analysis of the correlation
between metabolite accumulation and the expression of AS
transcripts, which revealed a lack of correlation between
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CsF30H-b expression and the accumulation of flavonoids and
catechins. Additionally, CsGPX3-a expression was only mar-
ginally correlated with the theaflavin level. Notably, the

expression patterns of two non-PTC-type AS transcripts
(Cs4CL-a and CsF30H-a) were consistent with those of the cor-
responding full-length transcripts under solar-withering condi-

tions. Meanwhile, Cs4CL-a and CsF30H-a were more highly
expressed than their full-length transcripts regardless of the
shading rate during the solar-withering treatment. These find-

ings imply that these two AS transcripts are the predominant
transcripts in the flavonoid biosynthesis pathway. Similarly,
CsbHLH-2, which is an AS transcript, is commonly formed
in response to exposure to cold stress, during which it enhances

stress tolerance by positively regulating certain signaling path-
ways [58]. Another AS transcript (CsAPX1-a) and its full-
length transcript may participate in the coordinated regulation

of theaflavin biosynthesis. The AS-mediated regulation of fla-
vor metabolites was supported by our analysis of the correla-
tion between AS transcripts and metabolites under solar-

withering conditions, which revealed that Cs4CL-a and
CsF30H-a are positively correlated with the accumulation of
flavonoids and catechins. A positive correlation was also

detected between the AS transcript CsAPX1-a and the theafla-
vin content. We propose that the accumulation of flavonoids,
catechins, and theaflavins is mediated by the canonical full-
length transcripts as well as by particular AS transcripts, which

may be important for the post-transcriptional regulation
induced by solar-withering. Therefore, the down-regulated
expression of Cs4CL, Cs4CL-a, and CsF30H-a as well

as the up-regulated expression of CsGPX3, CsAPX1, and
CsAPX1-a in solar-withered leaves synergistically modulates
flavonoid biosynthesis and flavonoid catabolism to promote

the conversion of compounds associated with bitterness and
astringency (e.g., flavonoids and catechins) into theaflavins,
which provide tea with a mellow taste. Compared with the

other treatments, SW3 resulted in the lowest catechin content
and the highest theaflavin content, suggesting that a moderate
shading rate is ideal for decreasing bitterness and astringency
and enhancing the mellow taste of tea infusions. Hence,

RNA demethylation indirectly affects the accumulation of fla-
vonoids, catechins, and theaflavins by triggering the AS-
mediated regulatory mechanism, thereby improving the

palatability of oolong tea.
In conclusion, our integrated RNA methylome and tran-

scriptome analysis reveal that the m6A-mediated regulatory

mechanism coordinates the accumulation of specialized
metabolites in tea leaves during the solar-withering stage.
Moreover, the dynamic changes in global m6A level that occur
in tea leaves in response to different shading rates during the

solar-withering step are mainly controlled by m6A erasers.
Furthermore, CsALKBH4-driven RNA demethylation
directly affects the accumulation of volatile terpenoids and

tea aroma formation by mediating the stability and abundance
of terpenoid biosynthesis-related transcripts, while also indi-
rectly regulating the contents of flavonoid, catechin, and thea-

flavin as well as the formation of tea taste-related substances
by activating the AS-mediated regulatory mechanism. These
findings have elucidated the effects of epigenetic modifications

on the transcription of genes in the tea flavor-related metabolic
pathways. They also indicate that the m6A-mediated regula-
tory mechanism may be targeted to enhance the high-quality
flavor and palatability of oolong tea (Figure 7). Our work pro-
vides a solid foundation for future attempts at deciphering the
functional effects of m6A modifications in tea plants, and
it has also broadened our understanding of the regulatory

mechanisms underlying m6A-mediated flavor formation
during the solar-withering stage of the tea manufacturing
process.

Materials and methods

Plant materials and solar-withering treatments

Fresh tea buds with the first three leaves were collected from

C. sinensis cv. Tieguanyin plants cultivated in a tea plantation
at Fujian Agriculture and Forestry University, Fuzhou, China
(E 119�140, N 26�050). The harvested tea leaves were evenly

divided into five groups. The first group (i.e., FL) was
untreated and analyzed immediately. The other four groups
were laid out on bamboo sieves for the solar-withering treat-

ments with different shading rates. Briefly, black nylon sun-
shade nets were positioned 0.2 m above the bamboo sieves.
The solar-withering treatments were as follows: SW1 (high

shading rate provided by a sunshade net with 1500 meshes;
10,000 ± 400 lx); SW2 (moderate shading rate provided by
a sunshade net with 1000 meshes; 20,000 ± 800 lx); SW3
(low shading rate provided by a sunshade net with 500 meshes;

40,000 ± 1200 lx); and SW4 (no sunshade net;
80,000 ± 2000 lx). The duration of the solar-withering treat-
ment was 45 min. The other environmental parameters were

consistent with those used in our previous study [24]. Three
independent biological replicates were included in each solar-
withering treatment. The light intensity and spectrum were

measured using a spectral irradiance colorimeter (Catalog
No. SPIC-300, Everfine Corporation, Hangzhou, China),
whereas the UV intensity was recorded using a UV radiometer
(Catalog No. UV340B, Sanpometer Corporation, Shenzhen,

China). After the solar-withering treatments, the samples were
collected, frozen immediately in liquid nitrogen, and stored at
�80 �C.

Quantitative analysis of the m6A/A ratio

The global m6A/A ratio for the tea leaves was determined as

previously described [59]. Briefly, RNA was extracted from
each sample using the TransZol UP reagent (Catalog No.
ET111, TransGen, Beijing, China). Then, the quantitative

analysis of the global m6A/A ratio was performed using the
EpiQuik m6A RNA methylation quantification kit (Catalog
No. P-9005, Epigentek, Farmingdale, NY).

MeRIP-seq and data analysis

For MeRIP-seq, total RNA was extracted from each sample
using the TransZol UP reagent (Catalog No. ET111, Trans-

Gen). The integrity and quantity of the obtained RNA were
assessed by RNase-free agarose gel electrophoresis and the
Agilent 2100 bioanalyzer (Agilent Technologies, Palo Alto,

CA). All RNA samples passed the quality checks, and there
were no signs of RNA degradation (Figure S14). Next,
poly(A) mRNA was isolated from the total RNA samples

using the Dynabeads mRNA purification kit (Catalog No.



Figure 7 Schematic model for the effects of m6A-mediated regulatory mechanism on the accumulation of flavor metabolites in tea (Camellia

sinensis) leaves under solar-withering

CsALKBH4-driven RNA demethylation can not only directly affect the accumulation of volatile terpenoids and the tea aroma formation

by mediating the stability and abundance of terpenoid biosynthesis-related genes, but also indirectly regulate the contents of flavonoids,

catechins, and theaflavins, as well as the tea taste formation via triggering the AS-mediated regulatory mechanism. These findings uncover

a novel layer of epitranscriptomic gene regulation in tea flavor-related metabolic pathways and establish a strong link between m6A-

mediated regulatory mechanism and the improvement of high-quality flavor and palatability in oolong tea. Solid arrows indicate direct

regulation, and dashed arrows indicate indirect regulation. PTC, premature stop codon.
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61,006, ThermoFisher Scientific, Waltham, CA). The enrich-
ment of m6A was examined using the Magna MeRIP m6A

kit (Catalog No. 17-10,499, Millipore, Billerica, MA). Briefly,
the mRNA was fragmented into approximately 100-nt frag-
ments using the fragmentation buffer. The fragmented RNA

was divided into two groups, one of which was mixed with
m6A-specific antibodies in the IP buffer. The other group of
RNA was used as the input control. The m6A-containing frag-
ments and non-IP fragments were used for constructing
strand-specific libraries using the NEBNext Ultra II RNA

library prep kit (Catalog No. E7770, New England Biolabs,
Ipswich, MA). The average fragment size in each paired-end
library was 100 ± 50 bp. Finally, m6A MeRIP-seq was per-

formed using the Illumina NovaSeq 6000 platform (Illumina,
San Diego, CA). Three independent biological replicates were
sequenced for each sample.
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The raw reads containing adapter sequences and undeter-
mined bases were removed using the Trimmomatic tool [60],
after which the high-quality reads were mapped to the

chromosome-level tea genome using the HISAT software
[61]. The R-package exomePeak [62] was used to identify the
m6A peaks in each m6A-IP sample, with the corresponding

non-IP sample serving as the background. In all three indepen-
dent biological replicates, peaks with an overlap of at least
50% of their length and P < 0.05 were designated as high-

confidence m6A peaks. The m6A peaks were visualized using
the integrative genomics viewer software [63]. According to
the genomic location information, the distribution of peaks
in the non-overlapping mRNA regions, including the

50 UTR, CDS, and 30 UTR, was determined using BEDTools
[64]. The MEME suite [32] and HOMER tool [33] were used to
search for motifs within the m6A peaks. The DMPs between

groups were identified using the DiffBind software [65], with
|FC| � 2 and P < 0.05 set as the thresholds. The FPKM val-
ues were calculated to represent the mRNA expression levels in

the input libraries using the StringTie software [66]. Differen-
tially expressed genes were identified (|FC| � 2 and
P < 0.05) using the R package DESeq2 [67]. The expression

profiles of candidate genes (standardized FPKM values) were
visualized using the TBtools software [68]. The rMATS pro-
gram [69] was used to detect AS events, which were considered
significant if the false discovery rate was less than 0.05. The AS

transcripts were validated by reverse transcription-polymerase
chain reaction (RT-PCR) assays involving specific primers
(Table S12) as previously described [70]. The PCR products

were monitored by agarose gel electrophoresis. Differentially
expressed genes associated with AS events were defined as
DAGs according to previously described criteria [58]. The

KEGG enrichment analysis of DMP-associated genes and
DAGs was performed using a published method [25].
m6A-IP-qPCR and qRT-PCR analyses

The m6A-IP-qPCR analysis was performed according to an
established procedure [11], with minor modifications. Briefly,
the RNA samples used for the m6A MeRIP-seq analysis were

fragmented into approximately 300-nt segments using the afore-
mentioned fragmentation buffer. Some of the fragmented
RNA samples were used for m6A-IP, which was completed using

m6A-specific antibodies. The non-IP RNA was used as the input
control. The m6A-containing RNA and non-IP RNA samples
were reverse transcribed into cDNA using the TransScript first-

strand cDNA synthesis SuperMix kit (Catalog No. AT301,
TransGen). The m6A enrichment of specific mRNA regions
was detected using the LightCycler 480 platform (Roche, Basel,
Switzerland). The m6A abundance was quantified according to

the 2�DDCT method [71]. The relative abundance of specific
mRNA regions in the m6A-IP sample was first normalized
against that of CsActin (GenBank: HQ420251), which has no

obvious m6A-modified peak and served as an internal control,
and then normalized against that for the non-IP sample.

The qRT-PCR analysis was conducted using the LightCy-

cler 480 platform as previously described [24]. The non-
fragmented RNA samples were reverse transcribed into cDNA
as described above. CsActin was used to normalize the mRNA

expression levels. Relative mRNA levels were calculated using
the 2�DDCT method. The analysis was completed using three
independent biological replicates. Details regarding the pri-
mers used for the m6A-IP-qPCR and qRT-PCR assays are
provided in Table S12.

Analysis of volatiles by GC–MS

The volatile compounds in tea samples were extracted and

analyzed as previously described [72]. The Agilent model
7890B gas chromatograph and the 7000D mass spectrometer
(Agilent Technologies) were used to detect the volatile com-

pounds. Each assay was conducted using three replicates.
The detected volatiles were identified according to the reten-
tion time and mass spectra data in the National Institute of

Standards and Technology Mass Spectral Library (https://
www.nist.gov/srd/nist-standard-reference-database-1a/). The
relative abundance of individual volatile compounds was
determined on the basis of the chromatogram peak area.

Analysis of the metabolome by LC–MS

Metabolites were extracted and analyzed essentially as previ-

ously described [73]. Briefly, freeze-dried tea samples were
ground into a powder using a tissue grinder (Catalog No.
JXFSTPRP-24, Jingxin Company, Shanghai, China), after

which 800 ll 70%methanol and 250 ml 20,70-dichlorofluorescein
were added to the powdered material. After centrifuging
the extracts at 14,000 g for 15 min, the supernatants were
passed through a 0.22-mm polyvinylidene fluoride filter and

analyzed using the ACQUITY two-dimensional ultra-
performance liquid chromatography platform (Waters, Mil-
ford, MA) connected to a Q-Exactive quadrupole-orbitrap

mass spectrometer (ThermoFisher Scientific). The compounds
were separated in the Hypersil GOLD aQ column
(100 mm � 2.1 mm, 1.9 lm, ThermoFisher Scientific), with

0.1% formic acid in pure water (v/v; solvent A) and 0.1% for-
mic acid in acetonitrile (v/v; solvent B) used at a flow rate of
0.3 ml/min. The gradient elution was completed as follows:

5% solvent B for 2 min, linear increase to 95% solvent B over
22 min, 95% solvent B for 5 min, and then return to the initial
condition (5% solvent B) within 3 min. The column tempera-
ture was set at 40 �C. Peaks were detected and the retention

time was corrected using the compound discoverer software
(version 3.1; ThermoFisher Scientific). The detected metabo-
lites were identified by comparing their molecular mass, reten-

tion time, and mass spectrometry fragmentation patterns with
those of the authentic standards, mzCloud (https://www.mz-
cloud.org/), and mzVault (https://mytracefinder.com/tag/mz-

vault/) databases. The relative abundance of each metabolite
was calculated using the metaX tool [74]. The total flavonoid
content of tea leaves was measured according to the aluminum

chloride colorimetric method [24]. Three independent biologi-
cal replicates were included in each experiment.

Gene suppression and mRNA stability assays

The gene suppression assay was performed as previously
described [14]. The freshly detached tea bud and the first leaf from
tea plants grown under natural conditions were added to 1.5-ml

microcentrifuge tubes containing 1 ml 20 lM siRNA solution
or negative control siRNA (siRNA-NC) solution. After incubat-
ing for 12 h and 24 h, the tea bud and first leaf were collected

https://www.nist.gov/srd/nist-standard-reference-database-1a
https://www.nist.gov/srd/nist-standard-reference-database-1a
https://www.mzcloud.org/
https://www.mzcloud.org/
https://mytracefinder.com/tag/mzvault/
https://mytracefinder.com/tag/mzvault/
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for a qRT-PCR analysis. Specific siRNAs were obtained from
GenePharma (Shanghai, China). Details regarding the siRNA
and siRNA-NC solutions are listed in Table S12. The overall

m6A abundance and metabolite content in the gene-silenced leaves
and the NC-leaves were examined as described above.

To assess mRNA stability, leaf discs were obtained from the

gene-silenced tea leaves and then immersed in sterile water that
was supplemented with 10 lg/ml actinomycin D (Catalog No.
A1410, Sigma, St Louis, MO). Tea leaves immersed in sterile

water were used as the controls. Total RNA was isolated from
the leaves sampled at 6 h and 12 h, respectively. The mRNA sta-
bility was determined using a previously described qRT-PCR
method [59] and specific primers (Table S12).

Statistical analysis

The correlations among the full-length transcripts, AS

transcripts, and flavor metabolites were determined using the
Pearson’s correlation coefficient. The differences among vari-
ous groups were assessed by conducting a one-way analysis

of variance (ANOVA) and Tukey’s post hoc test, with
P < 0.05 set as the threshold for significance. Data are herein
presented as the mean ± standard deviation (SD). The raw

data for the qRT-PCR analysis are provided in Table S11.

Data availability
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