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Abstract: Tea (Camellia sinensis (L.) Kuntze) is a globally important crop valued for its flavour diversity and health bene-
fits. Whole-genome sequencing (WGS) was performed to compare genomic variation and functional potential between
clone Yabukita and locally adapted clone 1.1.93. Using next-generation sequencing, approximately 10x genome coverage
was achieved for both clones, with high mapping efficiency (98.24% for Yabukita and 97.88% for clone 1.1.93), ensuring
reliable downstream analyses. Single nucleotide polymorphism (SNP) analysis revealed distinct genomic patterns, with
Yabukita showing a more uniform chromosomal SNP distribution, while clone 1.1.93 exhibited higher SNP densities
on specific chromosomes, particularly chromosomes 5 and 13. Silent mutations predominated in Yabukita (48.21%),
whereas missense mutations were more frequent in clone 1.1.93 (57.97%), suggesting greater functional divergence. Most
SNPs occurred in non-coding regions, indicating potential regulatory roles. GO and Kyoto Encyclopedia of Genes and
Genomes (KEGG) analyses revealed highly similar shared pathways, including photosynthesis and protein interactions,
alongside clone-specific enrichment related to photosynthesis in Yabukita and stress responses in clone 1.1.93. miRNA
profiling identified distinct regulatory patterns, including the clone-specific miR530 in clone 1.1.93. Biosynthetic gene
cluster analysis further predicted secondary metabolite pathways associated with terpenoid, polyketide, and saccharide
biosynthesis. These findings provide valuable genomic insights for tea improvement and breeding programs.
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Tea (Camellia sinensis (L.) Kuntze) is widely rec-
ognised for its diverse flavour profiles and associated
health benefits, making it one of the most important
beverages worldwide. Two major tea varieties, Assa-
mica tea (C. sinensis var. assamica) and Sinensis tea
(C. sinensis var. sinensis), are extensively cultivated
in Indonesia (Martono & Syafaruddin 2018). Tea flavour,
a critical determinant of quality and global market
value, is influenced by genetic variability, environ-
mental conditions, and agricultural practices. Among
these factors, genetic variation plays a fundamental
role in determining flavour-related traits. To assess
genetic variability among tea clones, modern genomic
approaches such as whole-genome sequencing (WGS)
provide a powerful tool for elucidating the molecular
basis underlying distinct tea characteristics.

Genomics assessment through WGS enables a com-
prehensive understanding and precise profiling of dis-
tinct groups. However, tea possesses a relatively large
genome (~3.0 Gb), which makes genome-wide vari-
ant discovery time-consuming and costly (An et al.
2022). With the advances in sequencing technologies,
particularly long-read sequencing, have improved the
characterisation and comparison of plant genetic pro-
files, including the identification of single-nucleotide
polymorphisms (SNPs) through variant calling. Unlike
short-read sequencing, long-read sequencing enables
more accurate resolution of recently duplicated and
highly repetitive genomic regions and reduces biases
associated with extreme guanine and cytosine (GC)
content, thereby improving variant discovery in com-
plex genomes (Zverinova & Guryev 2022). Long-read
technologies, including Oxford Nanopore Technol-
ogy (ONT), have become increasingly powerful for
comprehensive genome characterisation, structural
variant detection, and haplotype phasing, advancing
beyond the limitations of short reads (Gupta et al.
2024). When applied to plant genomes, long reads
facilitate the identification of genome-wide SNPs
within genic and intergenic regions following anno-
tation, supporting detailed genetic profiling. These
SNP variants represent valuable markers for crop
breeding and the development of desirable agronomic
traits (Liu et al. 2025).

The tea cultivar Yabukita (Camellia sinensis var.
sinensis cv. Yabukita) has been known as a Japanese
tea cultivar recognised for its distinct flavour and
aroma (Yagi et al. 2010). Owing to its extensive use
and well-established genetic background, Yabukita
is commonly employed as a reference or control geno-
type in genetic and genomic studies of tea. Besides,

the Indonesian tea clone 1.1.93, developed by the
Indonesian Research Institute for Tea and Cinchona
(IRITIC), represents a high-performing sinensis vari-
ety known for its efficient nutrient utilisation (Prayoga
etal. 2022). Given the distinct genetic backgrounds
of the two clones, this study aimed to investigate
genomic differentiation between Yabukita (used as the
control) and clone 1.1.93 through genome-wide SNP
profiling and comprehensive genomic annotation,
including gene ontology (GO) categories, metabolic
pathways, secondary metabolite gene clusters, and
predicted miRNAs. By integrating these datasets,
this study seeks to uncover key markers for plant
breeding. Such markers may be leveraged to improve
future breeding efforts focused on enhancing tea
quality and environmental resilience.

MATERIAL AND METHODS

Plant material. Two distinct tea clones, Yabukita
and locally developed clone 1.1.93, were selected for
this study based on their contrasting flavour profiles
and nitrogen use efficiency (Figure 1). Healthy, mature
leaves were collected from plants grown under similar
environmental conditions to minimise variability.
According to Prayoga et al. (2022), Yabukita exhibits
a lower annual production yield (2.92 kg/ha/year)
compared with clone 1.1.93 (3.42 kg/ha/year). Con-
sistent with this difference, clone 1.1.93 demonstrates
considerably higher nitrogen use efficiency, exceeding
that of Yabukita by more than twofold (64.10% versus
28.72%). In contrast, sensory quality assessments indi-
cate that Yabukita possesses a superior flavour profile.
When processed using both panning and steaming
methods and evaluated by expert panellists, Yabukita
achieved a higher sensory score (83.00) than clone
1.1.93 (80.63).

Yabukita is a Japanese-origin tea clone introduced
to Indonesia, where it has adapted well and is widely
used as a benchmark for sinensis-type tea varieties,
making it a suitable control in comparative studies.
Meanwhile, clone 1.1.93 is an Indonesian tea clone
developed by the Research Institute for Tea and
Cinchona, originating from germplasm explora-
tion in the Pasirsarongge area of Cianjur Regency
(Prayoga et al. 2022).

Whole genome sequencing (WGS). The whole
genome sequencing of two tea clones was performed
using the ONT sequencing platform. High-molecular-
weight genomic DNA was extracted from approxi-
mately 6—8 g of fresh leaf tissue per sample using the
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CTAB protocol with minor modifications (Doyle &
Doyle 1987). The purity, concentration, and integrity
of the extracted DNA were assessed using a Nanodrop
ND-1000 spectrophotometer (NanoDrop Technolo-
gies, Inc., Wilmington, USA) to measure their A260/
A230and A260/A280 ratios, as well as 1% agarose gel
electrophoresis. The extracted DNA was subsequently
prepared for long-read sequencing using the protocol
provided in the SQK-LSK110 genomic sequencing
kit (Oxford Nanopore Technologies, Oxford, UK).
Quality control and processing were conducted using
MinKnow v23.11.7 (Oxford Nanopore Technologies)
with basecaller Dorado v7.2.13 (Oxford Nanopore
Technologies). This long-read sequencing approach
provides valuable genetic insights that can help elu-
cidate the underlying mechanisms driving the dif-
ferences observed between the two tea varieties.
Genomic assembly and annotation. Following the
sequencing process, the resulting FASTQ files of both
clones’ reads were processed on both stand-alone com-
puters and Galaxy Europe (https://usegalaxy.eu) (Com-
munity 2024). The reads were first mapped to the tea
reference genome Camellia sinensis genome assembly
HZAU_G240_1.0 (GenBank ID: GCA_013676235.1)
(sequenced by PacBio, assembled to chromosome
level, submitted by Huazhong Agricultural University,
China) using minimap2 (Li 2018) default alignment
settings to generate the binary alignment map (BAM)

) (®)

| YABUKITA

|
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files. The variant call format (VCF) files that list the
SNP within the genome were called from the BAM
files, and the consensus FASTA files that were built
out of the reference genome were generated using
BCFtoolsv1.15.1 (Li et al. 2009). The consensus FASTA
genome files of both clones were processed to mask
the repeat elements by RepeatMasker (Ver. 4.1.5, 2024)
(with curated repeat dataset from Dfam) to reduce the
potential annotation bias caused by the abundance
of repeat elements in the genome. To structurally
annotate the genomes, Augustus v3.4.0 (Stanke &
Morgenstern 2005) was used. First, the reference
genome FASTA file and the general feature format
(GFF) file were used to train Augustus’ algorithm.
Then, both genomes were annotated to obtain the
coding sequences (CDSs), predicted peptide sequences,
and GFF files. To date, the tea genome (including the
reference used here), despite being annotated, has
most of the annotated proteins listed as hypothetical
proteins. Hence, functional annotation of the genomes
was conducted using UniProtKB-Swiss-Prot (update
March 2023) database on Arabidopsis thaliana anno-
tated proteins with Double Index Alignment of Next-
Generation Sequencing Data (DIAMOND) Ver. 2.0.15
BLAST feature (Buchfink et al. 2014).
Downstream bioinformatics analysis. After the
functional annotations of the genomes, the SNP files
in VCF and the list of annotations were processed

Figure 1. Tea clones used in this study: Yabukita (A, B) and clone 1.1.93 (C, D)
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for downstream analysis. The detected SNPs were
then annotated by using SNP Eff v5.2 (Cingolani et al.
2012) to characterise the variants, including change
rate per chromosome, percentage of effects by func-
tional classes, and the variant-affected regions. The
list of functionally annotated genes of both genomes
with UniProtKB accession IDs were used as input
to Database for Annotation, Visualization, and In-
tegrated Discovery (DAVID) web server (https://
david.ncifcrf.gov) (Huang et al. 2009) to obtain GO
terms enrichment of the annotated genes, comprising
biological process (BP), cellular component (CC), and
metabolic function (MF), and Kyoto Encyclopedia
of Genes and Genomes (KEGG) pathway enrich-
ment. The genome-wide miRNAs of both genomes
were detected using INFERence of RNA ALign-
ment (INFERNAL) v1.1.4 (Nawrocki & Eddy 2013),
manually sorted only with miRNA on the list as a file
of covariant model (CM) format and ran under CM-
Search program using “trusted cutoff” (TC) setting,
the lowest among other cutoffs, (e.g., noise cutoff
or NC and gathering cutoff or GC) to generate false
positive results from the covariant model dataset
and the results were ensured to have a E-value lower
than 107> (1E-15). The CM for miRNA prediction was
obtained from the Rfam database v15 (https://rfam.
org), and the miRNA dataset was manually curated
by sorting it from other RNAs. Lastly, plant second-
ary metabolite gene clusters were detected using
the PlantiSMASH web server (http://plantismash.
secondarymetabolites.org) (Kautsar et al. 2017).

RESULTS

Whole genome sequencing data. The WGS was
conducted using next-generation sequencing (NGS)
technology, producing a substantial dataset for the tea
Yabukita clone (control) and clone 1.1.93. As the re-

Table 2. Genome mapping profiles of the two tea clones

Table 1. The sequencing results of both tea samples

Samples
Yabukita 1.193
No. of reads generated 5868 053 8 255 326
No. of bases generated 31 466 603 166 30 677 811 256
53624 3716.1
12130 12 635

Sequencing results

Average read length
N50

N50 — minimum length of scaffolds in which (and longer)

exactly half of the sequenced bases are assembled

sults, 10x coverage of genome data was produced. The
sequencing process generated a significant amount
of raw sequence data, which underwent rigorous
quality control to ensure the reliability of downstream
analyses (Table 1).

Mapping statistics indicated high efficiency for both
clones (Table 2), with 98.24% of Yabukita reads and
97.88% of clone 1.1.93 reads mapped to the reference
genome. Primary mapped reads constituted 93.18%
and 92.30% of the total for Yabukita and clone 1.1.93,
respectively. Notably, duplicate reads were undetect-
able, ensuring high reliability for downstream analyses.

SNP variation analysis. SNP analysis revealed
distinct genomic variations between the two clones.
Chromosome-level SNP distributions highlighted
that Yabukita showed a more uniform SNP distri-
bution, while clone 1.1.93 had denser SNP occur-
rences on specific chromosomes (e.g., Chr. 5 and 13)
(Figure 2). Both clones exhibited shared SNP rates
in chromosomes 3, 6, and 12.

Functionally, the SNPs were categorised into
silent, missense, and nonsense mutations. Silent
mutations dominated in Yabukita (48.21%), while
missense mutations were prevalent in clone 1.1.93
(57.97%), potentially influencing functional traits.
The distribution of SNPs across genomic features

Assembly scoring values

Metric

Yabukita (control) clone 1.1.93
Total (QC-passed reads + QC-failed reads) 19431511 +0 30027230 +0
Primary 5024 855+ 0 8255326+ 0
Secondary 10880121 +0 17 587 965 + 0
Duplicates 0+0 0+0
Primary duplicates 0+0 0+0

Mapped

Primary mapped

19 088 963 + 0 (98.24%: N/A)
4682 307 + 0 (93.18%: N/A)

29391 327 + 0 (97.88%: N/A)
7 619 423 + 0 (92.30%: N/A)
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(upstream, introns, and downstream regions) was
consistent between the clones, emphasising their
presence in non-coding regions that might impact
regulatory functions.

Functional annotation of SNPs: pathway and
process analysis. GO and KEGG pathway analy-
ses revealed biological processes, cellular compo-
nents, and molecular functions associated with SNPs
in both clones (Figure 3). Yabukita was enriched
in photosynthesis-related processes, while clone
[.1.93 demonstrated adaptations to environmental
stresses, including salt stress and seed dormancy.

The comparative analysis of the BP, CC, MF, and
KEGG pathways associated with SNPs in both tea
clones reveals distinct differences and shared char-
acteristics that could influence their phenotypic
traits. The results showed that the shared features
on both clones are highly similar to each other, as in-

https://doi.org/10.17221/116/2025-CJGPB

dicated by the very narrow differences on the bar
plots (Figure 3).

From the perspective of non-shared/unique features
of the genes on each genome, the GO of both clones
are highly distinctive to each other, as shown in the
unique genes GO BP (Table 3), CC (Table 4), MF (Ta-
ble 5), and KEGG pathways (Table 6). Shared pathways
included photosynthesis and protein interactions,
with unique pathways such as carotenoid biosynthe-
sis (Yabukita) and folate biosynthesis (clone 1.1.93).

miRNA profiling. The miRNA profiling is a pre-
diction-based, crucial procedure for understanding
the genetic regulation underlying various biological
processes in plants. In this analysis, genomic sequenc-
ing data for tea clones Yabukita and clone I.1.93 reveal
significant differences in predicted miRNA patterns,
which may impact stress resilience and overall plant
productivity. miRNA sequencing revealed differences
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Figure 2. Comparative single nucleotide polymorphism (SNP) profiles between two tea plant cultivars: distribution

of mutational change rates across 15 chromosomes (A), amounts of SNP found across 15 chromosomes (B), relative

proportion of SNP functional classes, including missense, nonsense, and silent mutations (C), distribution of SNPs
within the top 3 genomic regions (intergenic, intron, and upstream) (D)
T1 — Camellia sinensis var. Yabukita (control); T2 — C. sinensis clone 1.1.93
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Figure 3. Functional enrichment and pathway analysis of shared genes; gene ontology (GO) and Kyoto Encyclopedia
of Genes and Genomes (KEGG) terms were annotated using the UniProt database based on Arabidopsis thaliana protein
orthologs: biological processes (A), cellular components (B), molecular functions (C), and KEGG pathways (D)

T1 — Camellia sinensis var. Yabukita (control); T2 — C. sinensis clone 1.1.93; the categories shown represent significant enri-

chments found in both tea variants
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Table 3. Gene ontology terms on biological processes generated by DAVID Bioinformatics (NCBI) using UniProt protein

Arabidopsis thaliana annotation that are uniquely found in both tea genomes

Benjamini Benjamini
Term (T1) Count  P-value EDR Term (T2) Count  P-value EDR
Pollen tube guidance 11 9.30E-10 430E-07  cmPryo development 13 420E-03 1.70E-01
ending in seed dormancy
Chloroplast organization 10 1.60E-04  1.00E-02  response to salt stress 11 1.20E-02  3.40E-01
Intracellular protein 10  5.70E-04 3.00E-02  response to abscisic acid 10  4.60E-02  5.70E-01
transport
Response to oxidative 10 830E-03 200E01 defense response 8  9.70E-02  7.70E-01
tress to bacterium
Protein transport 10 2.20E-02  3.50E-01  chloroplast organization 7 8.20E-03  3.10E-01
Photosynthesis 9 1.00E-04  7.80E-03  response to heat 2.10E-02  3.40E-01
mRNA splicing, 9  1.10E-03 4.10E-02  seed development 6  1.20E-03  9.30E-02
via spliceosome
Lipid catabolic process 8  4.80E-03 1.30E-01  Plant-typehypersensitive o 5500 05 gop 01
response
DNA repair 3.50E-02  4.10E-01 mRNA processing 5.70E-02  6.40E-01
Cell differentiation 6.30E-02  5.00E-01  sucrose biosynthetic process 5 2.80E-05  6.30E-03

T1 - control (Yabukita); T2 — clone 1.1.93; DAVID — database for annotation, visualization, and integrated discovery;

FDR - false discovery rate

in expression levels and profiles between tea clones
Yabukita and clone 1.1.93 (Table 7).

The data indicate that several miRNAs are ex-
pressed at significantly higher levels in clone 1.1.93
compared to Yabukita. Notably, miR530 stands out
as a unique miRNA in clone 1.1.93. This finding

is particularly relevant, as miR530 is known to play
a role in regulating genes associated with disease
resistance and enhancing yield, making it vital for
tea plants facing environmental challenges.

Gene clusters and secondary metabolites. The
analysis of gene clusters in tea plants reveals a diverse

Table 4. Gene ontology terms on cellular components generated by DAVID Bioinformatics (NCBI) using UniProt protein

Arabidopsis thaliana annotations that are uniquely found in both tea genomes

Term (T1) Count  P-value Berllzj];rﬁlini Term (T2) Count  P-value Berlljjngrgini
Chloroplast 106  5.80E-13  9.60E-11  chloroplast 90 3.10E-10  4.60E-08
Mitochondrion 65 9.30E-03  8.60E-02  mitochondrion 65 3.70E-04  1.40E-02
Cytosol 45 1.20E-02  1.00E-01 cytosol 47 3.20E-04  1.40E-02
Chloroplast stroma 26  5.00E-07 2.10E-05 ﬂgﬁfﬁﬂﬁ? thylakoid 19  6.70E-07 5.00E-05
S;fggﬁ‘:t thylakoid 23 1.00E-08 8.60E-07  plastid 16  5.20E-02  3.20E-01
Plastid 21 5.70E-03  5.90E-02  chloroplast envelope 14 4.10E-03  6.00E-02
Chloroplast envelope 19 7.20E-05  1.50E-03  chloroplast stroma 13 4.90E-02  3.20E-01
Chloroplast thylakoid 13 1.70E-05  4.60E-04  thylakoid 10 5.30E-04  1.50E-02
Endomembrane system 9 3.70E-04 6.10E-03  chloroplast thylakoid 10 6.10E-04  1.50E-02
Pollen tube tip 2.60E-08  1.50E-06  chloroplast membrane 7 4.00E-03  6.00E-02

T1 - Control (Yabukita); T2 — clone 1.1.93; DAVID - database for annotation, visualization, and integrated discovery;

FDR - false discovery rate
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Table 5. Gene ontology terms on metabolic functions generated by DAVID Bioinformatics (NCBI) using UniProt protein

Arabidopsis thaliana annotations that are uniquely found in both tea genomes

Benjamini Benjamini
Term (T1) Count  P-value FDR Term (T2) Count  P-value FDR
Protein binding 75  140E-05 1.10E-03  protein binding 64  1.70E-04 4.70E-03
Metal ion binding 33 9.70E-02 4.30E-01  mRNA binding 16  9.40E-02  6.00E-01
mRNA binding 19  4.70E-02 2.80E-01  zinc ion binding 12 8.60E-02  6.00E-01
RNA binding 18  1.20E-02 170E-01  rRNA binding 1.00E-05  6.20E-04
GTP binding 10 5.50E-03  1.10E-01  magnesium ion binding 8 4.80E-04  9.60E-03
rRNA binding 9 2.60E-05 120E-03 Scrine-typeendopeptidase o canp 43 ) 90E-01
activity
Iriglyceride lipase 8  590E-09 140E-06 Sucrose-phosphate 5  3.10E-08 6.90E-06
activity phosphatase activity
GTPase activity 8  LO00E-02 170E-01  Proteinheterodimerization o fop 5y 4 o0E-01
activity
4 Iron, 4 sulfur cluster 5  7.90E-03 140E-01 thiamine binding 4 280E-06 3.10E-04
binding
Lipoate synthase activity 4  1.00E-05 1.10E-03  ‘ruaminediphospholdnase = 4op 05 6905 04

activity

T1 - Control (Yabukita); T2 — clone 1.1.93; DAVID - database for annotation, visualization, and integrated discovery;

FDR - false discovery rate

array of gene types distributed across different chro-
mosomes, highlighting the complexity of metabolic
pathways that contribute to the plant’s unique charac-
teristics (Table 8-9). The exploration of gene clusters
associated with secondary metabolites in tea plants
reveals a rich tapestry of biosynthetic pathways that
contribute to the plant’s unique biochemical proper-
ties. Secondary metabolites are crucial for the plant’s
interaction with its environment, providing defence
against pests, diseases, and abiotic stresses, while also
enhancing sensory qualities like flavour and aroma.

The data identifies nine distinct gene clusters,
primarily located on chromosomes 3, 6, 7, and 12.

These clusters encompass various types of second-
ary metabolite biosynthesis, including saccharides,
lignans, terpenes, and putative compounds, each
playing a significant role in the plant’s overall health
and product quality.

The PlantiSMASH analysis predicted several biosyn-
thetic gene clusters (BGCs) associated with terpenoid,
polyketide, and saccharide metabolism in both clones
(Tables 7 and 8). These clusters are of significant in-
terest, given the well-established roles of terpenoids
and polyketides in the biosynthesis of plant aroma
and flavour compounds. However, it is crucial to note
that these annotations are derived from in silico pre-

Table 6. Kyoto Encyclopedia of Genes and Genomes terms generated by DAVID Bioinformatics (NCBI) using UniProt

protein Arabidopsis thaliana annotations that are uniquely found in both tea genomes

Term (T1) Count  P-value Berlljjgrlrzlini Term (T2) Count  P-value Ber;jgrgini
Photosynthesis 7 0.0014 0.094 biosynthesis of cofactors 8 0.025 0.4
Homologous recombination 5 0.016 0.52 base excision repair 6 0.00034 0.016
Carotenoid biosynthesis 3 0.079 1 folate biosynthesis 4 0.0058 0.14
photosynthesis 4 0.069 0.65
mismatch repair 3 0.059 0.65

T1 - Control (Yabukita); T2 — clone 1.1.93; DAVID - database for annotation, visualization, and integrated discovery;

FDR - false discovery rate
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Table 7. The predicted miRNA profiles of both clones. The miRNA marked in bold letters indicates the unique feature

miRNA Yabukita Clone 1.1.93 miRNA Yabukita Clone 1.1.93
mir-156 4 4 MIR390 3 4
mir-166 9 11 MIR408 2 2
mir-124 1 MIR171_2 3 3
mir-160 6 MIR398 3 3
mir-399 8 MIR397 2 2
mir-395 27 27 MIR530 - 1
mir-172 4 7 MIR535 3 5
MIR159 14 18 MIR162_2 1 3
MIR167_1 3 8 MIR477 1 1
MIR171_1 24 32 mir-286 14 15
MIR169_2 15 19 MIR403 1 1
MIR164 3 4 MIR169_5 14 19
MIR396 4 4 MIRS811 2 2
mir-190 1 1 MIRS828 1 1
MIR168 9 9 mir-393 4 4
MIR394 5 6 MIR2275 6 6

Table 8. Secondary metabolites gene clusters found in Yabukita

Cluster Chromosome Type From To Size (kb)
1 1 polyketide 304 042 233 304 075 951 33.72
2% 3 saccharide 34964 928 35022997 58.07
3* 3 putative 224 389 443 224 482 504 93.06
4* 3 lignan 236 496 836 236 598 027 101.19
5% 6 terpene 176 324 438 176 408 280 83.84
6* 6 terpene 178 086 753 178 213 998 127.25
7* 7 putative 27 139 358 27 183 109 43.75
8 9 saccharide 46 031 047 46 095 351 64.3
9* 11 saccharide 142 878 219 142 925 777 47.56

*Also found in T2 (clone 1.1.93)

Table 9. Secondary metabolites gene clusters found in clone 1.1.93

Cluster Chromosome Type From To Size (kb)
1* 3 saccharide 34964 928 35022 997 58.07
2% 3 putative 224389 443 224 482 504 93.06
3* 3 lignan 236 496 836 236 598 027 101.19
4% 6 terpene 176 324 438 176 408 280 83.84
5% 6 terpene 178 086 753 178 213 998 127.25
6* 7 putative 27 139 358 27 183 109 43.75
11 saccharide 142 878 219 142 925 777 47.56
12 putative 76 370 295 76 414 655 44.36
12 terpene 118 297 547 118 406 031 108.48

*Also found in T1 (Yabukita)
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dictions and have not been validated experimentally
in this study. While the presence of these clusters
may plausibly contribute to the distinct flavour and
aroma profiles of Yabukita and Clone 1.1.93, the direct
functional link between these specific genomic regions
and the observed sensory traits remains speculative.
Future integrated omics approaches — combining
transcriptomics, metabolomics, and sensory analysis
—are required to definitively correlate cluster activity
with metabolite production and the resulting sensory
attributes.

DISCUSSION

Plant profiles of Yabukita and clone I.1.93. In this
study, the use of Oxford Nanopore long-read sequenc-
ing facilitated the alignment and variant calling across
complex genomic regions, contributing to the high
mapping rates and detailed intergenic SNP profiles
observed (Table 1, Figure 2). However, it is important
to note that variant detection accuracy is influenced
by multiple factors, including sequencing error profiles
and bioinformatic parameters (Zverinova & Guryev
2022; Harvey et al. 2023). Both of the tea WGS results
are mapped well to the reference genome of Ca-
mellia sinensis genome assembly HZAU_G240_1.0,
indicated by higher than 90% of primary mapped
reads for both of the clones (Table 1). Based on the
previous study by Prayoga et al. (2022), the Yabukita
clone is superior in aroma and flavour profile, while
clone 1.1.93 has a good NUE profile, making the
plant grow with a bigger structural profile. At the
molecular level, the majority of the shared functional
enrichments, both GO and KEGG, indicated high
similarities (Figure 2) with only a few differences.
Comparable patterns were also observed for predicted
miRNAs (Table 6), and secondary metabolites gene
clusters (Table 7-8), but some unique data started
to get revealed. The whole genome data profiles
within the same species are nearly identical, with
some distinctive features caused by SNP differences
across the individual or cultivars, caused by muta-
tions (Xu & Bai 2015; Lozada et al. 2022; Singh et al.
2023). However, random mutations are not always
occurring within the gene exons, and could happen
on the introns, untranslatable regions (UTR) that
affect the gene promoters and terminators, or even
extragenic/intergenic (Aziz & Masmoudi 2025). Long
read whole genome sequencing allows the detection
of the SNP profile differences in greater details than
normal short read sequencing (Harvey et al. 2023).

The SNP profile differences, miRNA profiles,
and gene clusters. The SNP annotations revealed the
overall effect of SNP mutations within the genome
and their general distribution. The annotation re-
sults (Figure 1) indicated that a few differences in the
change rate per chromosome were detected between
the two clones, and the majority of the mutations
are both missense (top mutation) by 57-58% and
silent mutation by 40%, with only very few amounts
of nonsense mutations. Moreover, the mutations are
nearly all (93%) mutations are intergenic. Despite the
large number of missense mutations that occurred, the
fact that the majority of the mutations are intergenic
means all of these mutations may not have a direct
effect on gene expression. Within the intergenic re-
gions, there are transcriptional regulatory elements
and also the size of the intergenic regions might affect
the overall genomic architecture (Nelson et al. 2004).
The SNP annotation revealed that the vast majority
(> 93%) of variants occurred in intergenic regions
(Figure 2C). While these intergenic SNPs may not
directly alter protein sequences, they could potentially
influence gene regulation by affecting non-coding
regulatory elements (Nelson et al. 2004). In this study,
the functional consequence of these intergenic vari-
ants remains unknown and represents a limitation
of our variant-centric analysis without complementary
regulatory data (e.g., ATAC-seq or ChIP-seq).

Within the intergenic regions, one of the known
regulatory components in gene expression is mi-
croRNA or miRNA. The intergenic miRNAs could
be found as a singular miRNA gene or a cluster
of miRNA genes (Olena & Patton 2010). Although
the position of miRNA in tea is not yet well studied,
the miRNA in general could affect the overall profile
of the tea. Some miRNAs affect the flavour compound
biosynthesis in tea, e.g. mir169a and 169 h, mir171
and mir319 h induce nongallated catechin; mir156a,
mirl56c, and mirl56q inhibit biosynthesis of gal-
lated catechin; while mir166j, mir172b, and mir172
induce the biosynthesis of gallated catechin; mir58
and mir101 induce caffeine production; and mir171o,
mir71a, mir71b, mir71c, and mir7d induce linalool,
geraniol, and 2-phenylethanol production (Li et al.
2021). In a previous study that also involved in silico
identification (by using BLAST) and 47 452 expressed
sequence tags (EST) of the tea plant, 51 miRNAs were
identified (Zhu & Luo 2013). There are 31 shared
miRNAs that were identified from both clones, but
there is a single miRNA (mir530) that was detected
only in clone I.1.93 genome using the strictest miRNA
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detection cutoff method to avoid bias (Table 6). A no-
table finding was the in silico prediction of miR530
exclusively in Clone 1.1.93 (Table 6). While miR530
has been associated with stress response and sec-
ondary metabolism regulation in other plant spe-
cies (Srivastava & Singh 2018; Hossain et al. 2022),
its functional role in tea remains uncharacterized.
Therefore, we cannot conclude that miR530 explains
the flavour differences between the clones. Its dis-
covery merely identifies it as a candidate for future
functional studies to investigate its potential influ-
ence on metabolism and stress resilience. The other
previous studies showed that mir530 is a miRNA
detected on leaf organ, associated with secondary
metabolite regulation as it upregulates cycloarte-
nol synthase (CAS1), sterol delta-7 reductase 1,
CYP82@G, zeatin o-glycosyl transferase (UGTs), and
secoisolariciresinol dehydrogenase (ABA?2) that are
essential in withanolide (a steroid compound) bio-
synthesis in ashwagandha (Withania somnifera (L).
Dunal) (Srivastava & Singh 2018; Hossain et al. 2022).
As Yabukita is known to be more aromatic than clone
[.1.93, the upregulation of steroid compounds that
are less associated with tea aroma and flavour could
be the result. However, more studies to characterise
mir530 regulation on tea secondary metabolites
production are needed.

Other than miRNA, gene clusters for secondary
metabolites are distinct in both clones (Tables 7, 8).
Of which, in Yabukita, cluster 1 is responsible for
polyketide biosynthesis and cluster 8 for saccharide
(with glycosyltransferase), whereas in clone 1.1.93,
cluster 8 is responsible for dioxygenase putative and
cluster 9 for terpene. Poliketides are important in the
biosynthesis of flavonoids, e.g. naringenin, as found
in fungi (Zhang et al. 2022) and polyphenols (Valentic
et al. 2016). Also, terpenoids (Itoh et al. 2010) and
phenylpropanoids (Martin & Liras 2022) contribute
to aromatic compounds. Saccharide cluster contains
sets of 3 glucosyltransferases that are important for
carbohydrate production of dioxygenase enzymes
— wide functions, from hypoxia stress (Iacopino &
Licausi 2020), growth metabolism (Wei et al. 2021)
to pigment synthesis (Christinet et al. 2004). Both
clones have shared terpene clusters, which are in-
volved in aroma and flavour production (Pichersky
& Raguso 2018). However, it is unknown if the extra
terpene cluster in clone 1.1.93 might actually improve
or disrupt the tea flavour and aroma profile. Both
clones also shared terpene clusters, which are often
linked to aroma and flavour production (Pichersky &
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Raguso 2018). Nevertheless, these functional assign-
ments are predictive and derived from PlantiSMASH
annotations without direct biochemical validation.
Future studies integrating RNA-seq and metabolite
profiling are needed to confirm the activity and prod-
ucts of these clusters.

The implications for GO and KEGG differences.
Overall, there are high similarities in the shared GO
and KEGG of both clones (Figure 2). However, if both
clones have their non-shared genes put to analysis
to display each own GO and KEGG profiles, there
are prominent differences in the GO (Tables 2—4)
mainly in the stress response traits of BP (Table 2).
For KEGG pathways (Table 5), there are 3 genes in-
volved in carotenoid biosynthesis found in Yabukita,
while none in the unique genes of clone 1.1.93. On the
other hand, clone I.1.93 has folate biosynthesis genes
(4 genes). As carotenoid is involved in golden colora-
tion of plants, its derivative might also be involved
in distinct aroma profile (Winterhalter & Rouseff
2001). Meanwhile, folate or vitamin B9 is an impor-
tant cofactor (Hanson & Gregory 2011) and a key
in the synthesis of many important biomolecules, e.g.
amino acids, nucleic acids, and vitamin B5 (Gorelova
et al. 2017). Uniqueness in carotenoid genes might
be involved in Yabukita clone’s favourable aroma and
flavour, and the folate biosynthesis might explain the
higher NUE profile in clone 1.1.93.

Future directions for molecular breeding marker
selection for tea. These findings provide a founda-
tion for breeding programs aimed at improving tea
quality and resilience. Genomic regions and SNPs
associated with key pathways can serve as targets
for marker-assisted selection or genome editing,
fostering the development of superior tea varieties.
Further research, including experimental validation
and exploration of gene-environment interactions,
is essential to fully leverage these genetic insights for
practical applications in tea cultivation. Furthermore,
other studies also need more focus on validating
the roles of unique miRNAs and clusters through
functional assays, ensuring their applicability in im-
proving agricultural traits.

CONCLUSION

This study provides a comparative whole-genome
analysis of the tea clones Yabukita and 1.1.93, of-
fering insights into genomic variation, regulatory
mechanisms, and metabolic potential. Genome-wide
SNP profiling revealed distinct variation patterns,
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with Yabukita exhibiting a more uniform chromo-
somal SNP distribution, while clone 1.1.93 showed
higher SNP densities on specific chromosomes.
Functional annotations indicated a predominance
of silent mutations in Yabukita and missense muta-
tions in clone 1.1.93, suggesting greater potential
functional divergence in the latter.

GO and KEGG pathways analyses showed that both
clones shared highly similar core biological processes,
including photosynthesis and protein interaction
pathways. However, clone-specific enrichment pat-
terns were evident: Yabukita was primarily associated
with photosynthesis-related pathways, whereas clone
[.1.93 was enriched in stress-related processes, such
as salt stress response and seed dormancy. Differ-
ences in predicted miRNAs profiles further supported
this distinction, with several miRNAs, including the
clone-specific miR530, showing higher expression
in clone I.1.93 and potentially contributing to stress
resilience and productivity. In addition, the identi-
fication of secondary metabolite biosynthetic gene
clusters associated with terpenoid, polyketide, and
saccharide metabolism highlights the genetic basis
of tea quality traits, including flavour and aroma.
The predicted secondary metabolite gene clusters
identified here offer promising targets for future
research, though their roles in tea quality remain
to be validated through integrated omics and func-
tional studies.
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