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Highlights

¢ GWAS identified 19 SNPs and a key gene (CsAK) that are significantly associated with caffeine (CAF) content in tea

accessions.

¢ The CsAK gene is involved in CAF biosynthesis by catalyzing L-aspartate to generate the key intermediate-L-methionine.

Abstract

Caffeine (CAF), a primary flavor component in tea, is one of the main reasons for the popularity of tea beverages. As an
important secondary metabolite in tea plants, the CAF content varied greatly among different tea accessions. However,
the genetic mechanisms underlying the CAF biosynthesis were still unclear. In this study, we performed a genome-wide
association study (GWAS) on 359 tea accessions in the Guizhou Plateau to identify genetic variation associated with
CAF content. A total of 19 significant single nucleotide polymorphisms (SNPs) and key gene (CsAK) involved in CAF
biosynthesis were identified. Subcellular localization revealed that the CsAK-GFP fusion protein was located on the cell
membrane. Antisense oligodeoxynucleotide (AsODN) targeting the CsAK gene to the buds and leaves revealed that the
expression levels of the CsAK gene were significantly reduced, and the corresponding CAF content was also decreased
in AsODN-treated tea plants. Overexpression of the CsAK gene in eukaryotic cells resulted in the accumulation of key
intermediate product (L-methionine) during CAF biosynthesis process. These findings offered a theoretical foundation for
future tea breeding programs aimed at cultivating excellent germplasm with high or low levels of CAF.
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1. Introduction

Tea plant, as one of the important commercial crops, is widely
cultivated in China and around the world (Xia et al. 2020a).
The plentiful flavor and health benefits provided by secondary
metabolites in tea are the reasons for the popularity of tea
beverages (Jin et al. 2018; Niu et al. 2020; Fang et al. 2021).
Caffeine (CAF; 1,3,7-trimethylxanthine), a methylxanthine
alkaloid compound accounting for 2-5% of dry matter
content, is an important characteristic secondary metabolite
in tea plants (Zhang S R et al. 2022; Reddy et al. 2024). CAF

is mainly distributed in young tissues with the highest content
in leaf buds, which can generate complexes with theaflavins
and thearubigins through hydrogen bonding to decrease the
bitterness and increase briskness of tea (Xia et al. 2020b;
Kim et al. 2021; Ahammed and Li 2022). The beneficial
effects of CAF intake on health have been reported in many
studies, including refreshing, aiding digestion, anti-diabetic
properties and the prevention of cardiovascular disorders (Van
Dam and Hu 2022; Yao et al. 2023).

The CAF biosynthesis is primarily mediated through the
adenine nucleotide pathway, contains sequential three-
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step methylation of xanthine derivatives at positions 7-N,
3-N, and 1-N (Fig. 1) (Misako and Kouichi 2004; Teng et al.
2020; Zhang Y R et al. 2022; Jin et al. 2023). These steps
are catalyzed by N-methyltransferases (NMTs) that utilize
S-adenosylmethionine (SAM) as methyl donors (Koshiishi
et al. 2001; Jin et al. 2016; Xia et al. 2017; Gong et al. 2020;
Zhou et al. 2020). Methionine is the immediate precursor
of SAM, aspartate kinase (AK) is involved in generating the
biosynthesis of methionine, threonine, isoleucine, and lysine
(Ravanel et al. 1998; Jander and Joshi 2010; Wang et al.
2018). For instance, it has been discovered that aspartate
kinase is the initial enzyme in the pathway leading to the
production of methionine, threonine, and isoleucine, and five
genes in Arabidopsis have been shown to encode aspartate
kinase activity (Jander and Joshi 2010). Overexpression of
aspartate kinase and cystathionine y-synthase in tobacco
leaves resulted in enhanced accumulation of methionine and
threonine (Hacham et al. 2008).

Many markers, including classical markers (morphological,
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Fig. 1 Biosynthesis of methionine and biosynthetic pathway
of caffeine from xanthosine in tea plants. AK, aspartate kinase;
ASDH, aspartate semialdehyde dehydrogenase; HSD, homoserine
dehydrogenase; CGS, cystathionine gamma-synthase; MS,
methionine synthase; SAMS, S-adenosylmethionine synthetase;
7-NMT, xanthosine methyltransferase; 3-NMT, 7-methylxanthine
methyltransferase (theobromine synthase, TS); 1-NMT, 3,
7-dimethylxanthine methyltransferase (CAF synthase, CS).

cytological, and biochemical traits) and DNA/molecular
markers (RFLP, RAPD, SSR, AFLP and SNPs), were applied
in tracking the tea population’s genetic diversity and identifying
the candidate genes’ involvement in regulating the trait of
interest. SNPs, as third-generation DNA molecular markers,
were successfully used to investigate genetic variation among
different species (Helyar et al. 2011; Grover and Sharma 2016;
Tang et al. 2016). Genome-wide association study (GWAS)
represents an effective approach for mining genetic loci and
screening functional genes related to traits of interest via linking
phenotype and genotype (Uffelmann et al. 2021; Wang et al.
2023). For example, GWAS performed on 248 maize varieties
and 202 rice varieties identified 29 grain quality-related genes
and two genes involved in regulating kernel traits, respectively
(Zheng et al. 2021; Yoshida et al. 2023). Shi et al. (2024)
performed GWAS on 202 Brassica napus accessions and
totally identified seven candidate genes related to crude fiber
traits. GWAS has been widely used for detecting genetic
variations among different tea accessions and identifying key
genes involved in regulating the biosynthesis of characteristic
secondary metabolites. Zhang et al. (2020) conducted
GWAS on 176 tea accessions and screened out three genes
associated with catechin content. Chen Y J et al. (2023)
used GWAS to obtain six genes associated with mature leaf
size, texture, color and shape respectively in 338 tea plants.
Deng et al. (2025) carried out GWAS in 299 tea accessions,
identified a salicylic acid (SA)-related gene.

In this study, we identified and analyzed high-quality SNPs
of 359 tea accessions collected from Guizhou Plateau using
the genotyping-by-sequencing (GBS) technology. GWAS
analysis was used to investigate the relationships between
dynamic changes of CAF content and genetic variants.
AsODN targeting candidate gene and overexpression of
target gene in eukaryotic cell assays were applied to verify
the roles of candidate gene in the CAF biosynthesis. The
results of this study may provide a reference for breeding and
quality improvement of tea cultivars with high or low CAF.

2. Materials and methods
2.1. Plant materials

In this study, 359 tea accessions were collected from 32
counties in Guizhou Plateau (Appendices A and B). All
accessions were cultivated in the same tea genetic resource
nursery in Guizhou University, China, which was managed
uniformly according to the conventional tea plantation water
and fertilizer management methods. The samples (one bud
and two leaves) were collected from different tea accessions
in the spring of 2022 (Environment 1) and 2023 (Environment
I). The collected samples were frozen in liquid nitrogen.
Statistical analysis was performed using SPSS software (v.25)
(IBM Corp., Armonk, NY, USA). The generalized heritability
(hs?) was estimated using the variance component method.

2.2. Identification of SNPs and genetic diversity

lllumina’s HiSeq-X platform was applied for sequencing the
isolated genomic DNA from 359 tea accessions retrieved from
published data (Niu et al. 2019) (ID: CRA001438, https://ngdc.
cncb.ac.cn/gsa/browse/CRA001438). After removing adapters
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and low-quality reads, the clean data were mapped to the
reference genome of tea variety ‘Shuchazao’ using BWA-MEM
v. 0.7.10 (http://tpia.teaplants.cn/) (Xia et al. 2020a). SNP
calling was carried out using the GATK v. 3.7.0 software, and
the results were filtered using McKenna'’s research-proposed
methodology (McKenna et al. 2010). For each inferred group,
the following metrics were computed using Plink v.1.90:
minor allele frequency (MAF), expected heterozygosity (He),
inbreeding coefficient (Fis), and observed heterozygosity (Ho)
(Zhao Z F et al. 2022). For each inferred group, nucleotide
diversity (Pi) and Tajima’s D were calculated using VCFtools
(v.0.1.16) (Danecek et al. 2011).

2.3. Analysis of population structure

ADMIXTURE v.1.3.0 was applied to analyze the population
structure of the 359 tea accessions using the best-fit cluster
numbers (K) by calculating the minimum cross-validation
(CV) error (Chen et al. 2017; Wang et al. 2022). Membership
coefficient (0.8) was applied to distinguish the pure and
admixed groups (Chen Y J ef al. 2023). Principal component
analysis (PCA) was performed using Tassel (v.5.2.72)
software (Bradbury et al. 2007). Neighbor-joining method in
MEGA (v.10.2.4) software was used to construct an unrooted
phylogenetic tree with default parameters (Stecher et al.
2020). Linkage disequilibrium (LD) analysis for these SNP
markers was performed with PopLDdecay-3.40 based on
the squared correlation coefficient () of alleles (Zhang et al.
2019).

2.4. GWAS analysis

The SNPs associated with CAF content were identified
by GWAS using TASSEL v.5.2.72. Three general models
(GLM, MLM, and CMLM) were applied for GWAS analysis.
In the GLMs models, either the population structure (Q) or
principal component (P) was employed as fixed effects to
mitigate potential false positives resulting from population
structure mixing. In MLMs and CMLMs, the kinship (K) was
used as a covariate to address unequal correlations between
genotypes. The optimal model was determined by analyzing
the Q-Q plots. A threshold of —log,o(P)=4.0 (Chen Y J et al.
2023; Deng et al. 2025) was selected to identify SNPs
associated with CAF in tea accessions. These SNPs were
subsequently mapped to regions within 200 kb of candidate
genes. The Tea Plant Information Archive (TPIA, http://tpia.
teaplants.cn/) and the National Center for Biotechnology
Information (NCBI, https://www.ncbi.nlm.nih.gov/) databases
were used to functionally annotate the candidate genes.

2.5. Expression patterns of candidate genes and sub-
cellular localization

Using Trizol DNA-free kits (Sangon Biotech Co. Ltd.,
Shanghai, China) in accordance with the manufacturer’s
instructions, samples (one bud and two leaves) from nine
tea accessions with varying CAF contents (from high to
low) were utilized for RNA extraction. The extracted total
RNA was reverse-transcribed into cDNA, and RT-gPCR was
subsequently conducted using the ChamQ Universal SYBR
gPCR Master Mix Kit (Vazyme Biotech Co. Ltd., Nanjing,

China) with cDNA as the template. The expression levels of
these genes were assessed using the 27T technique, with
the GAPDH gene serving as the reference gene (Appendix C)
(Li et al. 2023). Each experiment was performed in triplicate
with three technical replicates.

The coding sequences of CsAK gene were inserted
into the pCAMBIA2300-GFP vector (Li et al. 2021). The
Agrobacterium tumefaciens strain (GV3101) transformed with
the binary vectors was transiently transformed into the leaf
epidermis of Nicotiana benthamiana. The fluorescence signal
in tobacco leaves was detected after three days of incubation
using confocal laser scanning microscopy. All primers used
and reaction system in this study can be found in Appendix D.

2.6. Gene suppression in tea accessions

Antisense oligodeoxynucleotides (AsODN) experiment:
the Soligo software was used to design candidate sense
oligonucleotides (sODN) and AsODN using the target gene as
input sequence (Yu et al. 2021; Zhao M Y et al. 2022; Chen Y
F et al. 2023). The sODNs and AsODNSs of target genes were
biosynthesized in Sangon Biotech Co. Ltd., Shanghai, China.
Buds and two leaves from tea plants were immersed in 1 mL of
20 pmol L™ AsODN solution and incubated for 24 h under 16 h
light/8 h dark. The sODN was used as negative control. This
experiment was replicated three times (Appendix E).

2.7. Overexpression of CsAK gene in eukaryotic cells

The coding sequences of CsAK gene were inserted into the
pcDNA3.1 vector to construct recombinant plasmids. DNA
plasmids were extracted via EndoFree Maxi Plasmid Kit
(Tiangen Biotechnology Co. Ltd., Beijing, China). DMEM
media supplemented with 10% fetal bovine serum and 1%
penicillin/streptomycin was used to cultivate 293T cells, which
were then kept at 37°C in a humid environment with 5% CO..
Cells were transfected with plasmids using PEI (Changsheng
Biomedical Technology Co. Ltd., Shenzhen, China)
following the previously described method. L-aspartate
was subsequently added to the culture system, and the
transfected cells were harvested at 12, 24, and 36 h after
transfection, respectively. Untransfected cells were used
as the control (Devitt et al. 2007; Jiang et al. 2021). Then,
L-aspartate and L-methionine of the experimental and control
groups were determined by S-433D Amino Acid Analyzer
(Sykam, Germany). The inclusion of a minimum of three
biological replicates was imperative for obtaining precise
results.

2.8. Determination of the contents of CAF and theo-
bromine in the leaf buds

The CAF and theobromine were determined using HPLC
(Thermo Fisher Scientific, America) based on the previously
described method with some modifications (Srdjenovic et al.
2008). About 200 mg dry weight samples were ground into
fine powder and added to 5 mL 70% methanol preheated to
70°C for 10 min. After centrifugation for 10 min at 3,500 r
min~', the supernatant from the first round of centrifugation
was centrifuged again. For the CAF content, 300 pL
supernatant was added to 2,700 yL 70% methanol and
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thoroughly mixed, which was filtered through 0.45 um sterile
filters. HPLC-UV system: injection volume of 5 pL, SB-C18
column (250 mmx4.6 mm, 5 ym) and 278 nm of detection
wavelength. Mobile phase: A (100% methanol), B (100%
acetonitrile) and D (0.5% glacial acetic acid).

For the theobromine, about 100 mg dry weight samples
were ground into fine powder and added to 3 mL water
solution (0.2 g MgO, 70°C) preheated to 70°C for 10 min.
After centrifugation for 10 min at 4,000 r min~', the
supernatant was removed and added to 2 mL of 70°C pure
water and centrifuged again. The extraction solutions were
combined, diluted with deionized water to 5 mL. The mixture
was thoroughly mixed and filtered through a 0.45 pm filter
for further use. Selected SB-C18 column (250 mmx4.6 mm,
5 um) and 271 nm of detection wavelength. Mobile phases:
A (100% acetonitrile) and B (0.5% formic acid solution).

2.9. Determination of the contents of metabolites in
the leaf buds

Metabolites (L-aspartate, L-homocysteine, L-methionine,
S-adenosylmethionine, xanthosine and 7-methylxanthine)
were detected using UPLC-MS/MS, referring to previous
research (Zou et al. 2021). About 400 mg fresh weight
samples were ground into fine powder, added to 2 mL of pre-
cooled 50% DMSO water solution and shaken for 1 min.
Ultrasonic extraction at 4°C for 30 min, and centrifuged at
13,000 r min~' for 10 min. Kept the supernatant and repeated
the above process again. Diluted the extraction solutions with
deionized water to 4 mL and thoroughly mixed, which was
filtered through a 0.22 pum sterile filter. UPLC-MS/MS system:
ACQUITY Ultra-Performance-LC (Waters, America) and AB
Sciex 4000 QTRAP LC-MS/MS (Kexiao, China). HSS T3
column: 2.1 mmx100 mm, 1.8 ym. Mobile phase: A (0.1%
formic acid-water solution) and B (100% acetonitrile). MSMS
conditions: ion source gas |, gas I, curtain gas, and collision
gas were set at 40, 50, 35, and 7 psi, respectively; ion spray
voltage (IS) of ESI positive and negative modes was set at
+5,500 and —4,500 V, respectively; the source temperature
was set at 450°C.

3. Results
3.1. Sequencing and SNP discovery

In this study, GBS of 359 tea accessions totally yielded
29,393,327 SNPs. After applying missing data thresholds,
105,370 high-quality SNPs with MAF>0.05 and max-
missing<20% were retained (Appendices F and G), which
were unevenly distributed throughout the 15 chromosomes
(Appendices H and I). The 15 chromosomes contained the
number of SNPs ranging from 4,348 to 9,564, with average
number of 6,424 in each chromosome. Chromosomes 1 and
15 contained the largest (9,564 SNPs) and smallest (4,348
SNPs) number of high-quality SNPs, respectively (Appendix
J). The highest and lowest SNPs density was detected on
chromosome 8 (44 SNPs/Mb) and chromosome 5 (33 SNPs/
Mb), respectively (Appendix J).

3.2. Analysis of population structure
To further reveal the relationship among 359 tea accessions,

we performed the population structure analysis based on
105,370 high-quality SNPs using the Admixture software
(Appendix K). The result indicated that 359 tea accessions
were further classified into six inferred groups with a
membership coefficient>0.8 when the CV error was smallest
at K=5 (Fig. 2-A and B), including five pure subgroups (G-I,
G-I, G-lll, G-IV, and G-V) and one admixed subgroup (G-VI).
G-l contained 91 individuals, of which 81.32% were Camellia
sinensis accessions. G-Il included 36 C. tachangensis
individuals and one C. gymnogyna accession. G-Il
comprised 12 C. sinensis, six C. tachangensis, and one C.
gymnogyna, and two unknown accessions. G-IV contained
25 individuals, of which 84% were C. sinensis accessions.
G-V comprised four C. gymnogyna accessions. G-VI
contained 181 tea accessions, including 45 C. gymnogyna,
59 C. tachangensis, 74 C. sinensis and three unknown
individuals (Appendix L). PCA further supported this division,
revealing some degree of overlap among the groups
(Fig. 2-C). An unrooted phylogenetic tree also classified the
accessions into six clades, which was aligned with the results
of population structure analysis and PCA (Fig. 2-D).

3.3. Determination of CAF contents

The CAF contents of 359 tea accessions were evaluated
under two environmental conditions (Appendix M). Our
results showed that the range variation in CAF contents
was 2.02-4.07% and 1.81-4.29% in environment | (El)
and environment Il (Ell), respectively (Fig. 3-A; Table 1).
The variation coefficient of the CAF content under two
environments was 14.59 and 15.48%, respectively. In both
environments, frequency distribution of the CAF content
in 359 tea accessions exhibits a normal distribution or
approximate normal distribution (Fig. 3-B). We further
compared and analyzed the distribution of CAF content
in different inferred subgroups. Results revealed that the
highest CAF content was detected in G-Il subgroup, followed
by G-VI, G-V, G-I, and G-IV, while the CAF content was the
lowest in G-Il subgroup (Fig. 2-E). The influence of genotype
(G) and environment (E) over CAF was evaluated in 359
accessions during two environments by ANOVA. Results
revealed that the h,° of CAF was estimated to be 94.22%,
and stable heritability above 90%, exhibiting high broad
sense heritability (Wang et al. 2019) (Appendix N).

3.4. Genetic diversity of inferred subgroups

Genetic diversity reflects the balance between the emergence
and disappearance of genetic variants (alleles). The Pi, MAF,
Ho, He, and Fis of 359 tea populations were 0.2260, 0.1438,
0.0730, 0.2255 and 0.6893, respectively (Appendix O).
The values of Pi, MAF, Ho, He, and Fis in the G-VI were
significantly higher than those in other inferred subgroups,
and Pi, MAF, He, and Fis values in G-IV subgroup were
significantly lower than those in other inferred subgroups.
The Ho value was the lowest in G-Il subgroup (Appendix O).
Previous studies indicated that when a population has a
positive Tajima’s D value, this population has undergone a
population bottleneck and/or balancing selection (Pandey
et al. 2021; He et al. 2023). The six inferred groups showed
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positive Tajima’s D values, indicating that all of them have
experienced population bottlenecks and/or balancing
selection (Appendix O).

3.5. GWAS for identifying SNPs, LD and candidate
genes associated with CAF content

Based on Q-Q plot comparisons, the GLM-P model was
identified as the most suitable for GWAS of CAF (Appendix
P). A total of 19 high-quality SNPs significantly associated
with CAF were detected, with —log,, (P)=4.0. The contribution
rate of phenotypic variation (R?) for the SNPs was from 6.27
to 10.27% (Fig. 4-A and B; Appendix Q). The genome-wide
LD decay for the 359 accessions was measured at 3.5 kb,
with r* declining to half decay distance (Fig. 4-C), indicating
strong linkage disequilibrium between SNP markers
within the 3.5 kb region, making these SNPs reliable for
association analysis. Among these, two high-quality SNPs

Table 1 Statistical analysis of caffeine (CAF) in two environments

Trait Environment Min (%) Max (%) Mean+SD (%) CV (%)
CAF El 2.02 4.07 2.97+0.43 14.59
CAF Ell 1.81 4.29 2.98+0.46 15.48

(P-83385711 and P-157358411) located in chromosomes
4 and 7 were remarkably associated with the CAF content.
Two genes (CSS0003534 and CSS0028755) were identified
as respectively involved in encoding aspartate kinase and
conserved oligomeric Golgi complex subunit 7 by using three
databases (NCBI, TPIA, and KEGG) (Appendix R).

To further investigate the expression levels of CsAK
(CSS0003534) gene and CsCOG7 (CSS0028755) gene,
we performed RT-gPCR in three groups of tea plants with
high, medium, and low CAF concentrations (designated as
H, M, and L). Results revealed that the relative expression
level of the CsAK gene positively correlated with the
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dynamic changes of CAF in tea plant, demonstrating that
the gene contributed to regulating the CAF biosynthesis
(Fig. 5-A; Appendices S, T, and U). However, the expression
patterns of CsCOG7 gene were not related to the CAF
content (Fig. 5-A). And the expression level of CSAK gene
in tea plants with high CAF content was consistent with the
transcriptome analysis of tea plants with high content of CAF,
and vice versa (Appendix V).

3.6. Subcellular localization and suppression of CsAK
gene by AsODN ways in tea accessions

Subcellular localization refers to the identification of where
a protein is located within a cell, which provides insights into
its potential functions. Transient expression of the CsAK-
GFP fusion protein in tobacco leaves was conducted. Result
indicated that the CsAK protein was mainly localized in the
cell membrane (Fig. 6).

To further verify the function of CsAK gene in CAF
biosynthesis in tea accessions, we applied AsODN targeting
the CsAK gene to the buds and leaves of tea plants with high
CAF content. The results revealed that the expression levels
of the CsAK gene in the buds and leaves treated with AsSODN
were significantly reduced compared to the control group,
and the corresponding CAF contents were dramatically
decreased in AsODN-treated tea plants (Fig. 5-C). This
result indicated that CsAK gene might be involved in CAF
biosynthesis in tea accessions. KEGG analysis and gene
function annotation revealed that the CsAK gene might be
involved in the aspartate metabolic pathway, and aspartate
kinase encoded by the CsAK gene was involved in generating
the L-methionine (L-met) and S-adenosylmethionine (SAM)
(Fig. 7-A). Previous studies revealed that SAM could provide
the methyl donors for the CAF biosynthesis. Thus, we
further investigated the main metabolites of the aspartate
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metabolic pathway. Results showed that the content of
L-aspartate increased, while the contents of L-homocysteine,
L-methionine, and S-adenosylmethionine were significantly
decreased in buds and leaves treated with AsODN (Fig. 7-B—
E). Further analysis showed that the contents of xanthosine,
7-methylxanthine, theobromine, and CAF were significantly
decreased in buds and leaves treated with AsODN (Figs. 5-C
and 7-F-H), indicating that CsAK gene played positive roles
in regulating the CAF biosynthesis in tea accessions.

3.7. Overexpression of CsAK in eukaryotic cells

Previous studies revealed that the CAF in tea plants was
biosynthesized from xanthosine in a crucial pathway that
has three methylation steps catalyzed by SAM-dependent
N-methyltransferases (NMTs) with L-methionine as a
substrate (Xia et al. 2017; Gong et al. 2020). To further
investigate the roles of the CsAK gene in L-methionine
accumulation, we performed overexpression of the CsAK
gene in eukaryotic cell to determine the dynamic changes

The content of CAF

RT-gqPCR of CsCOG7

of L-methionine. The results showed that the L-aspartate
content was significantly decreased in comparison with
the control group (CK) after 12, 24, and 36 h of cultivation,
respectively, while the content of downstream product,
L-methionine, was increased (Fig. 8-B—D). This result
indicated that the CsAK gene was involved in catalyzing
L-aspartate to generate the key intermediate-L-methionine.

4. Discussion

Tea plant, originated in Southwest China, is an important
economic crop with self-incompatibility. Due to the unique
natural environment and long-term cross-pollination, the
Guizhou Plateau is rich in tea germplasm accessions with
high nutrient contents, including polyphenols, CAF, and
theanine. These main secondary metabolites typically
determine the component quality and flavor of tea (Qiao
et al. 2019; Xia et al. 2020b; Fang et al. 2021). CAF, as the
most abundant purine alkaloid in tea plant, is closely related
to the bitterness of tea (Mohanpuria et al. 2010; Zhang S R
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Fig. 6 Subcellular location of CsAK.

et al. 2022). However, the dynamic changes in CAF contents
in different tea accessions of Guizhou Plateau were still

unclear. This study investigated the CAF contents in 359 tea
accessions collected from Guizhou Plateau. Results revealed
that the distribution of CAF contents in 359 tea accessions
followed a normal distribution, suggesting that there is
obvious difference in CAF contents among 359 different tea
accessions.

SNPs are efficient and powerful molecular markers for
genotyping breeding populations, enabling the application of
GWAS, studying genetic diversity, analyzing genetic linkage,
and mining elite genes. In this study, we obtained 105,370
high-quality SNPs of 359 tea accessions to perform genetic
variation analysis. Population structure analysis revealed
that 359 tea accessions were clustered into six groups: five
inferred pure groups (G-I-G-V) and one-mixed group (G-VI).
The population structure was further validated using PCA
and NJ tree analyses, which confirmed the results, although
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peaks of S-adenosylmethionine (SAM).

C, the content and ion chromatogram peaks of L-aspartate (L-asp).

D, the content and ion

chromatogram peaks of L-homocysteine (L-hcy). E, the content and ion chromatogram peaks of L-methionine (L-met). F, the content and

ion chromatogram peaks of xanthosine (Xan). G, the content and ion chromatogram peaks of 7-methylxanthine (7-mx).
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and chromatogram of theobromine (Tb). *, P<0.05; ”,
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Fig. 8 Effects of overexpression of CsAK in cells on the accumulation of L-aspartate (L-asp) and L-methionine (L-met) contents.

A, experiment flowchart. B—C, the contents of L-asp and L-met after 12 h (B), 24 h (C) and 36 h (D) of cultivation. °,

some accessions showed overlapping characteristics. The
GWAS analysis was used as an effective method to detect
the genetic variation locus of interested phenotypic traits.
However, the application of GWAS in exploring the molecular
mechanism of CAF biosynthesis in tea accessions is still
not reported. Our study revealed that a total of 19 high-
quality SNPs associated with CAF content (—log,,(P)24.0)
were identified based on the GWAS analysis. The LD decay
rate was observed at 3.5 kb when r* decreased to half its
maximum value, and this distance was used to identify
candidate genes for specific traits. Although linkage genes
are usually detected within the LD range during population
genotype analysis, this approach may miss some important
genes. To improve gene identification, we extended the
search range to 200 kb, as recommended in previous studies
(Lu et al. 2016). Within this expanded range, we identified
two genes associated with the 19 SNPs linked to CAF

P<0.05; 7, P<0.01.

content.

Aspartate kinase (AK) is the first key enzyme in the
aspartate metabolism pathway. At present, researches
on AK mainly focus on modifications in Escherichia coli to
promote the accumulation of L-lysine (Kotaka et al. 2006;
Xu et al. 2016), and the mutant of AK in Corynebacterium
pekinense expressed strong binding affinity for aspartate and
enhanced the synthesis of lysine (Gao et al. 2019). However,
AK is rarely reported in plant research. Previous studies
have shown that overexpression of aspartate kinase and
cystathionine y-synthase in tobacco leaves can enhance the
accumulation of methionine and threonine (Hacham et al.
2008). Consequently, AK demonstrates critical importance for
contributing to downstream metabolite accumulation. KEGG
analysis and gene functional annotation further revealed that
the CsAK gene encoding aspartate kinase was involved in
catalyzing the L-methionine biosynthesis, which was further
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generated into the methyl donor S-adenosylmethionine
(SAM) (Ravanel et al. 1998; Jander and Joshi 2010; Wang
et al. 2018). Previous studies had revealed that SAM was
used as a methyl donor involved in CAF biosynthesis (Suzuki
1972; Jin et al. 2016; Xia et al. 2017; Gong et al. 2020; Mi
et al. 2023). Our results suggest that the expression level
of CsAK gene was consistent with the dynamic changes of
CAF contents in three different tea accessions, indicating
that CsAK gene was positively correlated with the CAF
contents. The application of AsODN for the CsAK gene
significantly suppressed the CsAK gene expression and
decreased the CAF content in the apical buds treated with
AsODN. Moreover, the content of intermediate metabolites
during the CAF biosynthesis process was analyzed and
found that six intermediates (L-homocysteine, L-methionine,
S-adenosylmethionine, xanthosine, 7-methylxanthine, and
theobromine) were significantly reduced in the AsODN-
treated apical buds in comparison with the control groups,
which were consistent with the findings of previous studies.
The results further indicated that CsAK gene was involved
in mediating the CAF biosynthesis. After overexpressing the
CsAK gene in eukaryotic cells, we investigated the dynamic
changes of two metabolites (L-aspartate and L-methionine)
of the aspartate metabolic pathway in eukaryotic cells, found
that the L-aspartate content was reduced in comparison
with the control group, while the L-methionine content
was increased. Above results indicated that CSAK gene
was involved in catalyzing L-aspartate to generate the key
intermediate-L-methionine, thereby providing methyl groups
for CAF biosynthesis.

5. Conclusion

In this study, we identified the candidate gene CsAK related
to CAF contents that is located with 200 kb upstream
and downstream regions of significant SNPs. Functional
annotation revealed that the CsAK gene may play a vital
role in the high accumulation of CAF. The expression
patterns of CsAK gene based on the RT-qPCR result were
consistent with the dynamic changes of CAF contents in
three tea accessions. Subcellular localization revealed that
the protein encoded by CsAK gene was mainly located on
cell membrane. AsODN interference in the buds and leaves
significantly decreased the expression levels of the CsAK
gene, which decreased the CAF content in the AsODN-
treated apical buds. Additionally, overexpression of CsAK
gene in eukaryotic cells resulted in the accumulation of key
intermediate product, L-methionine during CAF biosynthesis
process. These findings suggest that CsAK plays a key role
in catalyzing L-aspartate to generate the key intermediate-
L-methionine, thereby providing methyl groups for CAF
biosynthesis. This study provides theoretical insights
and practical applications for breeding tea accessions
and essential groundwork for the cultivation of excellent
germplasm with high or low levels of CAF in the future.
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