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ABSTRACT

Duyun Maojian tea is a famous tea in China. In this study, the specific-locus amplified fragment (SLAF) sequen-
cing method was used to analyze the population structure and conduct a genome-wide association study (GWAS)
of 2 leaf traits of 123 tea plants in Qiannan, China. A total of 462,019 SLAF tags and 11,362,041 single-nucleotide
polymorphism (SNP) loci were obtained. The results of phylogenetic tree analysis, cluster analysis, and principal
component analysis showed that 123 tea germplasms were clustered into three groups, and the heterozygosity
rates for Groups I, II, and II were 0.206, 0.224, and 0.34, respectively. Generally, tea germplasms in a production
area are clustered in a group, indicating that tea germplasms in different production areas have certain genetic
diversity. The traditional Duyun Maojian tea core production areas, TS and DC-SJ, are clustered into Group I
and Group II respectively, while the ZY production area is relatively independent in Group III. Furthermore,
based on GWAS analysis, 11 candidate genes related to leaf apex and 7 candidate genes related to leaf shape were
obtained. This study clarified the genetic relationship among eight Duyun Maojian tea production areas and
obtained candidate genes related to leaf apex and leaf shape development. The results showed that population
structure and candidate genes are an effective basis for the breeding of Duyun Maojian tea germplasm.
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1 Introduction

Tea plant (Camellia sinensis (L.) Kuntze,2n = 30) is an important cash crop in the Camellia genus that is widely
planted in many countries, including Kenya, Sri Lanka, India, and China [1]. Tea has a long history of cultivation in
southwest China and there are a rich variety of tea plants [2]. Duyun Maojian tea is produced in Qiannan, Guizhou
Province, Southwest China, and it is a geographical landmark agricultural product. However, due to the lack of
resource identification and variety breeding, Duyun Maojian tea lacks distinguished high-quality tea varieties,
which has become one of the factors restricting the development of Duyun Maojian tea.

Specific-locus amplified fragment sequencing (SLAF-seq) is a simplified genome sequencing
technology that uses bioinformatics to analyze the reference genome and design a suitable enzymatic
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cleavage scheme. Then, SLAF libraries are constructed according to the digestion scheme, SLAF fragments of
specific length are selected for sequencing, and the information obtained from sequencing is compared with the
reference genome to develop a large number of single nucleotide polymorphic (SNP) loci with high stability
and specificity [3]. SLAF-seq has the advantages of high throughput, high accuracy, short cycle time and low
cost [4]. This technique has been widely used in genetic diversity analysis [5], high-density genetic map
construction [6], and germplasm resources identification [7]. At present, it has been widely used to develop
high-density molecular labels in plants that include tea plant [8,9], rice [10,11], maize [12,13], barley
[14,15], bean [16,17], rape [18,19], peanut [20,21], potato [22], soybean [23,24] and other plants.

Genome-wide association studies (GWASSs) use a large number of SNPs to conduct control analysis or
association analysis at the genome-wide level, screen the genetic variation most likely to affect a trait
according to the significance p value, and then mine the genes related to trait variation. At present, many
studies have used the molecular markers developed by SLAF-seq for GWAS analysis, and screened many
important functional genes in tea plant [8,9], rice [10,11], barley [14,15], rape [18,19] and soybean [23,24].

The leaf character of tea plant, which determines the quality of tea, is an important selection index of
breeding. Therefore, in order to understand the genetic relationship between 8 production areas of Duyun
Maojian tea in Qiannan of Guizhou Province and the related genes of tea leaf apex and leaf shape
development, we conducted population structure analysis and genome-wide association analysis on
123 tea plants from 8 production areas, hoping to provide a reference for further resource identification
and variety breeding of Duyun Maojian tea. In this study, a total of 462,019 SLAF tags were obtained by
SLAF-seq and 11,362,041 high-quality SNPs were developed. The obtained SNPs were used for
population structure analysis and genome-wide association analysis. The 123 tea plants were clustered
into 3 groups, and 11 and 7 genes related to leaf apex and leaf shape were obtained, respectively.

2 Materials and Methods

2.1 Plant Material and Phenotypic Statistics

A total 0of123 tea plants naturally grow in eight Duyun Maojian tea production areas in Qiannan (26.27°N,
107.52°E), Guizhou Province, Southwest China. Three mature and healthy leaves were collected from each tea
plant as experimental materials, and the tea leaves were put into a zipper plastic bag filled with silica gel and
preserved. The tea plant producing areas and two leaf characters, leaf apex and leaf shape, were recorded for
125 tea plants. According to the morphological classification standard of tea leaves, the leaf apex can be
divided into acuminate and obtuse. The leaf shape is determined according to the ratio of length to width of
leaf R: if R < 2.47 the shape is an ellipse, if 2.47 < R < 2.96 the shape is a long ellipse, and if R > 2.98 the
shape is lanceolate. N66 and D01 were used as external reference tea plants in this experiment. N66 was
Qian tea 8 (produced in Meitan County, Guizhou Province), and D01 was Longjing-changye (produced in
Qiannan, Guizhou). Experiments were conducted at the Crop Germplasm Resource Center, Institute of
Agricultural Bioengineering, Guizhou University (Guizhou, China).

2.2 DNA Isolation

The genomic DNA, of 123 tea samples were extracted by CTAB [25], using the following procedure: 1)
First, 0.5 g fresh tea leaves was placed into a 2-mL centrifuge tube, two sterilized steel balls were added, and
the tea leaves was frozen with liquid nitrogen and ground with a ball mill. 2) One milliliter of CTAB extract
preheated to 65°C and 2% mercaptoethanol were added, shaken, and mixed on a vortex oscillator to
completely suspend the sample. 3) The sample was placed in a 65°C oven warm bath for 40-60 min,
shaken well 2-3 times during the warm bath, and cooled to room temperature. The sample was
centrifuged at 12000 rpm for 5 min, then 900 pL. supernatant was added to a new 2-mL sterile centrifuge
tube with an equal volume of chloroform/isoamyl alcohol (24:1), mixed upside down, and centrifuged at
12000 rpm for 20 min. 4) Seven hundred microliters of supernatant was collected into a new 2-mL sterile
centrifuge tube, and an equal volume of chloroform isoamyl alcohol (24:1) was added, mixed upside
down, and centrifuged at 12000 rpm for 20 min. Then, 450 puL of supernatant was collected in a new
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1.5-mL sterile centrifuge tube, and 300 pL isopropanol and 45 puL of 3M sodium acetate, mix well, and place
at —20°C for 1 h. 5) The tube was centrifuged at 12000 rpm for 10 min, the supernatant was discarded, the
tube was centrifuged instantaneously, and the excess liquid at the gun head was removed and discarded. 6)
One milliliter of 75% ethanol solution was added to the precipitation and flicked until the precipitation was
suspended. It was then centrifuged at 12000 rpm for 5 min and the supernatant was discarded.
7) Instantaneous centrifugation was performed, the gun head absorbed and discarded the excess liquid, and
the centrifuge tube was opened and dried at room temperature for 3—5 min until the DNA precipitation
was translucent. 8) An appropriate amount of ultrapure water containing 10 ng/ul. RNaseA was added to
dissolve the DNA precipitation. 9) After DNA concentration and purity were detected by nanodrop
spectrophotometer (Thermo Scientific, USA) [26], it was stored in a —20°C refrigerator for standby.

2.3 SLAF-Seq Library Construction and High-Throughput Sequencing

Through the tea plant reference genome (http:/tpia.teaplant.org/download.html. Camellia sinensis var.
assamica (cultivar yunkang#10)), the electronic restriction enzyme digestion scheme was predicted by
restriction digest method, and the Haelll + EcoRV-HF ®enzyme digestion was selected. The genomic
DNA of the tea plants was digested with restriction endonuclease, and the sequences with lengths of
364-394 bp were defined as SLAF tags. The end of the enzyme slice was sequentially added with Poly
(A), ligated with dual-index adapter, and polymerase chain reaction amplification, purification, sample
mixing, and gel cutting were used to select the target fragments to construct the SLAF-seq library.
[lumina HiSeq X Ten system was used for paired-end sequencing.

2.4 SNPs Development

The reads obtained by sequencing were compared with the tea reference genome using the BWA-MEM-
M method of the BWA software (ver.0.7.15) [27]. Using GATK software (ver.3.8) [28] and SAMTOOLS
software [29] to develop SNPs, the SNPs intersection obtained by the two methods was used as the final
reliable SNPs data set. Using SnpEff software (ver.4.31) [30] to annotate the SNPs results.

2.5 Phylogenetic and Population Structure Analyses

Based on the SNPs obtained, the clustering of 123 samples was analyzed using the Admixture program
(ver.1.22) [31]. The number of clusters (K) was predefined as 1-10, and the clustering results were cross-
validated. According to the valley value of cross validation error rate, the optimal number of clusters was determined.

Using MEGA X software [32], based on the neighbor-joining method, the Kimura 2-parameter model was
used, and bootstrap was repeated 1000 times to construct the phylogenetic tree. Principal component analysis
(PCA) was carried out by EIGENSOFT software (ver.6.0) [33] to obtain the clustering of 123 tea plants.

2.6 Genome-Wide Association Analysis

The association analysis of leaf traits was carried out by using TASSEL software [34], the P value of
each SNP locus was obtained, and the SNP loci with P-value < 10°® were defined as significant
associations. The mixed linear model formula of TASSEL software was as follows: ¥ = Xa + Of+
Ku+ e. Among them, the sample population structure Q is calculated by Admixture, and the genetic
relationship K among samples was calculated by SPAGeDi software [35], and e was the residual term, X
was the genotype, and Y referred to the phenotype.

3 Results

3.1 Statistics of Tea Leaf Characters

The leaf traits of 123 tea samples were statistically analyzed. There were five phenotypes in leaf apex
and leaf shape (Fig. 1). The leaf apex is mainly acuminate (76%), and a small portion was obtuse (24%).
The leaf shapes were mainly divided into ellipse (32.8%) and long ellipse (56%), and a small portion was
lanceolate (11.2%) (Table S1).
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Figure 1: Leaf apex and leaf shape traits of tea plants. The leaf apex of 123 tea plants can be divided into
acuminate and obtuse, and the leaf shape can be divided into ellipse, long ellipse and lanceolate

3.2 SLAF-Seq and SNPs

A total 0f 355.89 MB of reading data were obtained by sequencing; the base-calling accuracy (Q score >
30) was 95.82%, and the average GC content was 43.69%. After comparison, a total of 462,019 SLAF tags
were obtained, of which 384,522 were polymorphic SLAF tags, with an average polymorphism rate of
83.23% and an average sequencing depth of 10.19x. The number of SLAF tags in each tea sample ranged
from 140,798 to 247,884, The distribution map of SLAF tags on some scaffolds was drawn (Fig. 2),
which revealed that the distribution of SLAF tags on scaffolds was uniform.
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Figure 2: Distribution of SLAF tags on scaffold. The abscissa is the length of scaffold, and each band
represents a scaffold. The genome is divided according to the size of 1 MB. The more SLAF tags in each
window, the darker the color, the less the number of SLAF tags, and the lighter the color; The darker the
area in the graph, the area where the SLAF tags are concentrated
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According to the sequence alignment between reads and the tea reference genome, a total of
11,362,041 SNPs were detected, with an average heterozygosity of 5.54%. The number of SNPs in each
tea plant ranged from 3,150,503 to 5,122,941. The SNPs distribution map on part of the scaffold was
drawn (Fig. 3), which showed that SNPs were uniformly distributed on the Scaffold.
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Figure 3: Distribution of SNPs on scaffold. The abscissa is the length of scaffold, and each band represents a
scaffold. The genome is divided according to the size of 1 MB. The more SNPs in each window, the darker
the color, the fewer SNPs, and the lighter the color; The darker the color is, the more SNPs are distributed

3.3 Population Structure Analyses

Total of 123 tea plants were analyzed by Population structure analysis, and the number of subgroups
(k value) was set as 1-10 in advance (Fig. 4). The results show that when & = 3, CV is the lowest
(Fig. 5), indicated that 123 tea plants should be divided into three groups. This finding was consistent
with the results of phylogenetic tree analysis (Fig. 6a) and PCA analysis (Fig. 6b). The heterozygosity
rates of Group I, Group II, and Group III were 0.206, 0.224, and 0.34, respectively. The heterozygosity
rate of Group I (including 66 tea plants) was the lowest, similar to that of Group II (including 33 tea
plants), indicating that the genetic diversity within the two groups was low. The heterozygosity of
Group III (including 24 tea plants) was the highest, reaching 0.34. Phylogenetic tree analysis (Fig. 6a)
showed that 55 tea plants from NiaoWang (NW), TuanShan (TS), LanDong (LD), and XinYang (XY)
and one tea plant from YangMeng (YM) constituted Group I, and N66 was clustered into Group 1. All
16 plants from DaCao-ShaoJiao (DC-SJ) and 17 tea plants from TieChang (TC) constituted Group II.
Twenty-three tea plants from ZenYa (ZY) and one tea plant from YM formed Group III, and D01 was
clustered into Group III. The results were consistent with the PCA results (Fig. 6b).
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Population Structure

Figure 4: Population structure analysis of 123 tea samples. The horizontal coordinates represent the 123 tea
samples in order, the vertical coordinates represent the number of subgroups K values (K = 1-10), and the
color corresponding to each sample and the color proportion represent which subgroup this sample belongs
to and what is the proportion of genetic material source

The analysis of eight Duyun Maojian tea production areas showed that the heterozygosity values of DC-
SJ, TS, TC and NW were 0.2559, 0.2341, 0.2427 and 0.2341, respectively. These values were lower than
those of LD, XY, YM and ZY, whose heterozygosity values were 0.3129, 0.2787, 0.3402 and 0.3428,
respectively. The results showed that the heterozygosity was lower in the NW and TC producing areas,
close to the two main producing areas, but higher in the XY, YM, LD, and ZY producing areas far away
from the two main producing areas (Fig. 6¢).

3.4 Analysis of Leaf Trait Associations

The SNPs were used to analyze the whole genome association of two leaf traits. When —log10 (P) > 6, it
is defined as a strong association between a gene and a trait. It was found that there were association signal
sites related to leaf apex development on scaffold 206, 214, 1305, 1441, 1614, 1618, 2907, 3498, 3690, 4133,
4356, and 5112 (Fig. 7a indicated by the blue arrow). There were association signal sites related to leaf shape
development on scaffold 206, 1441, 1614, 1618, 2564, 4319, 4356, and 6659 (Fig. 7b indicated by the blue
arrow). Combined with the previous research results, we selected 17 signal sites significantly associated with
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leaf apex development (Table 1) and 13 signal sites significantly associated with leaf shape development
(Table 2). Through the annotation of SwissProt database annotation, we obtained 11 candidate genes
related to leaf apex development, namely, GRFI1, MPK7, MMK?2, PINI, ARF19, IAA9, 14416, IAMT]I,
ABPI194, ARF18 and YUC4 (Table 3), and 7 candidate genes related to leaf shape development, namely,
GRF1, GRFS8, MPK7, BAM3, ARF19, ARF18 and ABP19A4 (Table 4).

0.58 |
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Figure 5: Analyses of cross-validation errors of clustering with a hypothetical k-value of 1-10. The x-axis
presents the k-value (1-10), while the y-axis presents the cross-validation error values

4 Discussion

Morphological characteristics, biochemical characteristics, and pedigree information are traditional
methods for germplasm identification, but they are easily affected by environmental conditions and
growth stages [36]. Molecular markers such as SNPs have higher reliability [37]. SNPs density is crucial
for population evolution and GWAS analysis. One previous study obtained 571,521 SNPs in rice [11], a
total of 31,561 high-quality SNPs were developed in maize [13], a total of 30,543 SNP markers were
developed in barley [14], another study obtained 32,812 SNP markers in common bean [17], and a total
of 139 SNPs were developed in rapeseed [18]. In tea, 30,282 SNPs were obtained in one study [9], and
9,436,394 high-quality SNPs were obtained in another [38]. In our study, 11,362,041 high-quality SNPs
were obtained from 123 tea plants, which laid a reliable foundation for follow-up research.

The results showed that the tea plants in the NW, XY, YM, LD, and TC producing areas were clustered
into Group I or Group II, which were closely related to the two main producing areas. This indicates that the
tea plants in the NW, XY, YM, LD, and TC producing areas may also be important for Duyun Maojian tea.
The ZY producing area is located at the boundary of Qiannan and is far away from the other seven producing
areas. This was consistent with our results that the tea plants of the ZY producing area are clustered into
Group III independently.

In the eight production areas, the heterozygosity of TS, DC-SJ, NW, and TC was low, indicating that the
germplasm resources in these four producing areas were relatively simple. The higher heterozygosity of XY,
YM, LD, and ZY indicates that the composition of tea resources in these four producing areas is more
complex and the level of genetic diversity is higher, which provides a reference for the further selection
of Duyun Maojian tea breeding materials. Moreover, the study found that the genetic diversity levels of
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the two production areas close to the two main production areas were low, while the genetic diversity levels
of the four production areas far away from the two main production areas were high. It is speculated that there
may be both artificial breeding and natural training in the process of Dunyun Maojian tea development.
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Figure 6: Phylogenetic tree analysis of 123 tea plants, principal component analysis and 8 Duyun Maojian
tea producing areas. (a) Phylogenetic tree analysis of 123 tea plants. Each branch represents a tea plant. A
total of 123 tea plants were also presented in Table S1. (b) Principal component analysis of 123 tea
plants. The PCA three-dimensional cluster diagram of 123 tea plants showed that PCI1 represented the
first principal component, PC2 represented the second principal component, and PC3 represented the
third principal component. A dot represents a tea plant and a color represents a group. (c) Location of
8 Duyun Maojian tea producing areas. 123 tea plants were collected from 8 producing areas in Qiannan

The character of tea is related to the quality of tea. The tea leaves made of Duyun Maojian tea should be
small and short, and the length should not exceed 2 cm. Research on the genes controlling leaf traits is of
great significance to the cultivation of Duyun Maojian tea. When —logl10 (P) > 6, we found 11 candidate
genes related to leaf apex development and 7 candidate genes related to leaf shape development. Some of
the associated signals found in this study were consistent with the genes reported in other studies. It has
been reported that AtGRF'I is an important regulatory protein in leaf and cotyledon cell proliferation in
Arabidopsis thaliana [39]. In addition, AtGRFs can regulate the cell division activity during the
differentiation of adaxial and abaxial cells in 4. thaliana leaves [40]. In this study, we also found that the
GRF1 gene was related to leaf apex and leaf shape development in tea plants. In addition, we found that
another member of the GRF family, GRFS8, was related to leaf shape development. In A. thaliana,
mutants of functional deletion alleles bamli, bam2 and bam3 showed leaf morphological defects, and
bam3 mutations seemed to aggravate the severity of baml and bam2 mutation phenotypes [41]. We also
screened BAM3 from the strong correlation signal sites of tea leaf shape development. PIN protein is an
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auxin efflux carrier that can participate in the transport of auxin between and within cells [42]. PIN usually
acts synergistically with auxin and participates in the development of plant leaves. For example, PINI can
mediate auxin transport to regulate the leaf shape of bryophyte gametophytes [43], regulate the sawtooth of
Arabidopsis leaves [44], and participate in the formation of Arabidopsis leaf veins [45]. It was found that
AtMKK2-AtMPK10 could regulate the complexity of leaf venation in A. thaliana. Leaves lacking
AtMKK?2 or AtMPK 10 activity were smaller and venation was simplified [46]. ARF is the key protein to
activate or inhibit transcription in auxin response. ARF is an important auxin response factor. In A.
thaliana, AtARF3 and AtARF4 can indirectly control leaf dorsal ventral development by controlling auxin
gradients [47]. In water ferns, CpARF4 is expressed in the abaxial region of leaf primordia at different
developmental stages [48]. The activation of IAMTI caused Arabidopsis plants to produce leaf roll
phenotypes [49,50]. In addition, [4ATM1 can also encode indole-3-acetic acid (IAA) carboxy
methyltransferase [51]. IAA in tea plants can change the growth and development of leaves to a certain
extent [52]. Auxin binding protein (ABP) is a kind of auxin receptor [53]. Studies have shown that the
decrease of ABPI1 activity will lead to serious leaf growth retardation in A4. thaliana [54]. And in
Arabidopsis, the triple mutant yucl yuc4 Pinl fails to form a leaf [55].
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Figure 7: GWAS of leaf apex and leaf shape of 123 tea plants. (a) Manhattan plots of the GLN for leaf apex
and quantile-quantile plot of the GLN. (b) Manhattan plots of the GLN for leaf shape and quantile-quantile
plot of the GLN. The abscissa represents the scaffold position, the ordinate represents the p value (—logl0
(P)), and the negative logarithm with the base of 10 is taken. The scattered points (or lines) on the graph
represent the —log10 (P) corresponding to each SNP loci. The blue horizontal dashed line corresponds to
—logl0 (P) = 6, which is the genome-wide significance threshold. The red horizontal dashed line
corresponds to —log10 (P) = 7, and the blue arrow shows the significant association signal peaks
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Table 1: Strong association signal sites and annotation information of leaf apex development

Chromosome Position Gene ID P-value Distance Base mutation
Scaffold206 450508 TEA027740.1 6.97 3’ 54298 A/G
Scaffold214 987062 TEA021759.1 9.05 3' 91777 G/A
Scaffold1305 126507 TEA009062.1 7.13 5' 14778 A/G
Scaffold1441 335224 TEA025245.1 7.55 5" 16385 G/A
Scaffold1614 1068198 TEA014228.1 6.86 3’ 31323 A/G
Scaffold1618 770420 TEA032724.1 7.85 3' 72796 C/A
Scaffold1618 770457 TEA032724.1 8.09 3’ 72759 C/A
Scaffold1618 794092 TEA032724.1 6.88 3’ 49124 A/G
Scaffold1618 797908 TEA032724.1 6.84 3’ 45308 G/A
Scaffold2907 227344 TEA032424.1 6.99 3' 47723 G/A
Scaffold2907 227595 TEA032424.1 6.99 3' 47974 T/A
Scaffold3498 620789 TEA032610.1 6.83 5’ 81577 T/C
Scaffold3690 1365127 TEA002126.1 6.82 5’ 48572 A/C
Scaffold4133 639509 TEA006379.1 8.11 3’ 31236 T/C
Scaffold4356 136129 TEA015310.1 7.19 3" 57607 A/C
Scaffold4356 136148 TEA015310.1 7.19 3’ 57626 A/G
Scaffold5112 877330 TEA020169.1 8.52 5" 11847 A/G

Note: Scaffold: sequence of SNP. Position: physical location of SNP. Gene ID: gene number. P-value: represents the degree of
association between traits and genes. Distance: the distance between SNPs (SNPs in the intergenic region) is 5’ or 3'. Base mutation:
Use/to divide, the first represents the original base type, and the second represents the mutated base type.

Table 2: Strong association signal sites and annotation information of leaf shape development

Chromosome Position Gene ID P-value Distance Base mutation
Scaffold206 450264 TEA027740.1 7.7 3’ 54054 C/T
Scaffold1441 335224 TEA025245.1 7 5’ 16385 G/A
Scaffold1614 1068198 TEA014228.1 7.31 3’ 31323 A/G
Scaffold1618 770457 TEA032724.1 8.98 3’ 72759 C/A
Scaffold1618 794092 TEA032724.1 7.37 3’ 49124 A/G
Scaffold1618 797908 TEA032724.1 7.38 3’ 45308 G/A
Scaffold1618 770420 TEA032724.1 8.83 3' 72796 C/A
Scaffold2564 262313 TEA001142.1 7.54 3’ 6546 T/C
Scaffold4319 324314 TEA021207.1 6.78 3’ 10644 T/A
Scaffold4356 135914 TEA015310.1 7.79 3’ 57392 A/G
Scaffold4356 136129 TEA015310.1 8.08 3’ 57607 A/C
Scaffold4356 136148 TEA015310.1 8.08 3’ 57626 A/G

Scaffold6659 201355 TEA024149.1 7.1 3" 27126 C/G




Phyton, 2022, vol.91, no.4

Table 3: Candidate genes related to the development of leaf apex

Candidate transcript

Corresponding candidate gene

TEA027740.1

GRF1

TEA014228.1 GRF1
TEA032724.1 MPK7
TEA021759.1 MMK?2
TEA009062.1 PINI
TEA025245.1 ARF19
TEA032424.1 IAMTI
TEA032610.1 1449
TEA002126.1 ABP19a
TEA006379.1 14416
TEAO015310.1 ARFI18
TEA020169.1 YUC4
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Table 4: Candidate genes related to the development of leaf shape

Candidate transcript Corresponding candidate gene

TEA027740.1 GRF1
TEA014228.1 GRF1
TEA001142.1 GRF8
TEA032724.1 MPK7
TEA021207.1 BAM3
TEA025245.1 ARF19
TEA015310.1 ARF18
TEA024149.1 ABP19a

In this study, we identified strongly associated signal loci for leaf development that had not been
reported. These regions have not reported genes related to leaf trait development, such as Scaffold206,
Scaffold1618, Scaffold3498, Scaffold3690, and Scaffold5112 (Fig. 7a, indicated by the red arrow).
Scaffold206, Scaffold1618, Scsfold2564, Scaffold4319 (Fig. 7b, indicated by the red arrow) this
experiment provides more reliable candidate genes for further study of leaf development. We believe that
these association results will contribute to the identification of genes related to tea leaf traits. However,
further studies are needed to verify it.

This study explored the genetic relationship and genetic diversity of germplasm resources in eight
Duyun Maojian tea production areas. It was found that the NW, XY, YM, LD, and TC production areas
were closely related to the materials of the two main production areas. It is speculated that the tea plants
in these five producing areas may also be important for making Duyun Maojian tea. The heterozygosity
in the ZY production area is the highest and is independently clustered into a group, indicating that the
tea plants in ZY region have rich genetic diversity. At the same time, 11 and 7 candidate genes related to
leaf apex and leaf shape development, respectively, were screened by GWAS analysis. We believe that
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these correlation results will help to identify genes related to tea plant leaf traits. However, further gene
cloning is needed to verify our results.

5 Conclusion

In this study, a total of 462,019 SLAF tags were obtained by SLAF-seq and 11,362,041 high-quality
SNPs were developed. Further analysis found that 123 tea plants were clustered into 3 groups. NW, XY,
LD, YM, and TC had closer genetic relationships with tea plants in the two main production areas. The
genetic diversity level of tea plants in the ZY production area was the highest and the genotypes were
more diverse. It is speculated that the tea plants in the NW, XY, LD, YM, and TC production areas may
also be important for making Duyun Maojian tea. At the same time, 11 and 7 candidate genes related to
leaf tip and leaf shape development, respectively, were obtained by GWAS analysis. The results provide a
reference for further selection and genetic breeding of Duyun Maojian tea.
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Samples N66 and D01 were external reference tea plants, among which N66 was Qian tea 8 and

D01 was Longjing-changye. 123 tea samples were collected from 8 areas in Qiannan Prefecture.
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Table S1: Basic information table of 123 tea plants
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Sample number Collection location Leaf apex Leaf shape Ratio of length to width
N66 MeiTan Acuminate Long ellipse 2.55+0.22
D01 QianNan Acuminate Ellipse 243 +£0.12
TSCO1 TuanShan Obtuse Long ellipse 2.56 £0.27
TSCO02 TuanShan Obtuse Ellipse 2.22 +£0.07
TSCO03 TuanShan Acuminate Ellipse 2.31 £0.10
TSC04 TuanShan Obtuse Ellipse 2.40 £0.10
TSCO05 TuanShan Obtuse Ellipse 2.22 +£0.40
TSC06 TuanShan Obtuse Ellipse 242 £0.27
TSCO07 TuanShan Acuminate Long ellipse 2.54+0.12
TSCO8 TuanShan Obtuse Long ellipse 2.70 £0.18
TSC09 TuanShan Obtuse Long ellipse 2.57£0.21
TSC10 TuanShan Acuminate Long ellipse 2.69 +£0.10
TSCl11 TuanShan Obtuse Long ellipse 2.90+0.15
TSC12 TuanShan Acuminate Ellipse 2.30+0.26
TSC13 TuanShan Obtuse Ellipse 2.19 +£0.27
TSC14 TuanShan Acuminate Ellipse 2.30+0.37
TSC15 TuanShan Obtuse Ellipse 226 +£0.25
TSC16 TuanShan Obtuse Long ellipse 2.60 £0.15
TSC17 TuanShan Obtuse Ellipse 2.05+£0.17
TSC18 TuanShan Obtuse Long ellipse 2.73 £0.20
TSC19 TuanShan Obtuse Ellipse 2.33 £0.18
TSC20 TuanShan Obtuse Long ellipse 2.82 £0.23
TSC21 TuanShan Acuminate Ellipse 245+041
DC-SJ22 Dacao-Shaojiao Acuminate Long ellipse 2.55+£0.23
DC-SJ23 Dacao-Shaojiao Acuminate Ellipse 2.27 £0.08
DC-SJ24 Dacao-Shaojiao Acuminate Lanceolate 3.19+0.23
DC-SJ25 Dacao-Shaojiao Acuminate Lanceolate 3.05=0.13
DC-SJ26 Dacao-Shaojiao Acuminate Long ellipse 2.63 £0.23
DC-SJ27 Dacao-Shaojiao Acuminate Long ellipse 2.63 +£0.10
DC-SJ28 Dacao-Shaojiao Acuminate Lanceolate 3.01 £0.25
DC-SJ29 Dacao-Shaojiao Obtuse Ellipse 2.35+£0.17
DC-SJ30 Dacao-Shaojiao Acuminate Long ellipse 2.58 £ 0.06
DC-SJ31 Dacao-Shaojiao Acuminate Long ellipse 2.47+0.27
DC-SJ32 Dacao-Shaojiao Obtuse Long ellipse 2.56 £0.27
DC-SJ33 Dacao-Shaojiao Acuminate Ellipse 2.42 +0.10
DC-SJ34 Dacao-Shaojiao Acuminate Long ellipse 2.81 £0.11
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Table S1 (continued)

Sample number Collection location Leaf apex Leaf shape Ratio of length to width
DC-SJ35 Dacao-Shaojiao Obtuse Ellipse 2.12+0.07
DC-SJ36 Dacao-Shaojiao Acuminate Long ellipse 2.62 +£0.13
DC-SJ37 Dacao-Shaojiao Acuminate Lanceolate 323+£0.19
NWC38 NiaoWang Acuminate Long ellipse 2.80+0.13
NWC39 NiaoWang Acuminate Long ellipse 271 £0.45
NWC40 NiaoWang Acuminate Long ellipse 2.60 £0.11
NWC41 NiaoWang Acuminate Long ellipse 2.74 +£0.16
NWC42 NiaoWang Acuminate Lanceolate 2.98 £0.29
NWC43 NiaoWang Acuminate Long ellipse 2.68 £0.28
NWC44 NiaoWang Acuminate Long ellipse 2.76 £0.25
NWC45 NiaoWang Acuminate Lanceolate 3.50 £ 0.08
NWC46 NiaoWang Acuminate Long ellipse 2.55+0.12
NWC47 NiaoWang Obtuse Ellipse 2.03 + 0.06
NWC48 NiaoWang Acuminate Ellipse 239 +0.17
NWC49 NiaoWang Acuminate Long ellipse 2.65+0.31
NWCS50 NiaoWang Acuminate Long ellipse 2.56 £ 0.14
NWCs1 NiaoWang Acuminate Ellipse 2.32+0.14
NWC52 NiaoWang Acuminate Long ellipse 2.62 +£0.32
NWC53 NiaoWang Acuminate Long ellipse 2.57+£0.18
NWC54 NiaoWang Acuminate Ellipse 2.06 = 0.03
NWCS55 NiaoWang Acuminate Long ellipse 2.66 £0.13
NWC56 NiaoWang Acuminate Ellipse 2.14 £ 0.05
NWC57 NiaoWang Acuminate Long ellipse 2.73 £0.02
NWC58 NiaoWang Acuminate Long ellipse 2.96 £ 0.10
NWC59 NiaoWang Obtuse Ellipse 2.03+£0.32
NWC60 NiaoWang Obtuse Ellipse 2.12+0.17
TCC61 TieChang Acuminate Lanceolate 3.13 £ 0.04
TCC62 TieChang Acuminate Lanceolate 3.03 £0.09
TCC63 TieChang Acuminate Long ellipse 2.60 +0.20
TCC64 TieChang Acuminate Long ellipse 2.62 £0.38
TCC65 TieChang Obtuse Long ellipse 2.52 £0.09
TCC66 TieChang Obtuse Ellipse 2.39 £ 0.09
TCC67 TieChang Acuminate Long ellipse 2.68 £0.29
TCC68 TieChang Acuminate Long ellipse 2.53 £0.07
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Table S1 (continued)

Sample number Collection location Leaf apex Leaf shape Ratio of length to width
TCC69 TieChang Acuminate Long ellipse 2.93+£0.38
TCC70 TieChang Acuminate Long ellipse 2.59 +£0.06
TCC71 TieChang Acuminate Lanceolate 3.18 £0.11
TCC72 TieChang Acuminate Long ellipse 2.78 £ 0.44
TCC73 TieChang Obtuse Ellipse 2.00 £ 0.26
TCC74 TieChang Acuminate Long ellipse 2.78 £0.36
TCC75 TieChang Acuminate Long ellipse 2.81 +£0.17
TCC76 TieChang Obtuse Ellipse 222 +£0.17
TCC77 TieChang Acuminate Long ellipse 2.59 £0.20
ZYC78 ZenYa Acuminate Lanceolate 3.11 £0.21
ZYC79 ZenYa Acuminate Lanceolate 3.01 £0.13
ZYC80 ZenYa Acuminate Long ellipse 2.99 £0.12
ZYC81 ZenYa Acuminate Long ellipse 2.87 £0.16
ZYC82 ZenYa Acuminate Long ellipse 2.74+0.14
ZYC83 ZenYa Acuminate Lanceolate 3.04 £0.15
7YC84 ZenYa Acuminate Long ellipse 2.98 £0.08
7ZYC85 ZenYa Acuminate Long ellipse 2.68 £ 0.09
ZYC86 ZenYa Acuminate Ellipse 2.43+0.19
ZYCS87 ZenYa Acuminate Lanceolate 3.04 + 0.04
7YC88 ZenYa Acuminate Long ellipse 2.71 £0.07
7YC89 ZenYa Acuminate Ellipse 2.05+0.02
ZYC90 ZenYa Acuminate Ellipse 2.19 +£0.04
7ZYCo1 ZenYa Acuminate Lanceolate 3.32+0.35
7YC92 ZenYa Acuminate Ellipse 2.40 +£0.02
7ZYC93 ZenYa Acuminate Ellipse 2.14 +£0.09
7YC9% ZenYa Acuminate Long ellipse 2.68 +£0.06
ZYC95 ZenYa Acuminate Long ellipse 2.67 £0.05
7YC96 ZenYa Acuminate Long ellipse 2.69 + 0.03
7YC97 ZenYa Acuminate Long ellipse 2.65 +0.09
7YC98 ZenYa Acuminate Ellipse 243 +0.17
ZYC99 ZenYa Acuminate Long ellipse 2.57 £0.04
ZYC100 ZenYa Acuminate Long ellipse 2.83 £0.19
YMCI101 YangMeng Acuminate Long ellipse 2.70 £0.29
YMC102 YangMeng Acuminate Long ellipse 2.90 £ 0.04
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Table S1 (continued)

Sample number Collection location Leaf apex Leaf shape Ratio of length to width
YMC103 YangMeng Acuminate Long ellipse 2.62 +0.04
YMC104 YangMeng Acuminate Long ellipse 2.70 £ 0.27
YMC105 YangMeng Acuminate Long ellipse 291 +0.16
YMC106 YangMeng Acuminate Ellipse 2.21 £0.06
YMC107 YangMeng Acuminate Long ellipse 2.79 £ 0.06
LDC108 LanDong Acuminate Long ellipse 2.86 £ 0.04
LDC109 LanDong Acuminate Long ellipse 2.64 +£0.20
LDC110 LanDong Acuminate Long ellipse 2.93 £0.12
LDCI111 LanDong Obtuse Long ellipse 2.78 £0.61
LDC112 LanDong Obtuse Ellipse 2.26 £0.07
LDC113 LanDong Acuminate Long ellipse 2.92+0.29
LDC114 LanDong Obtuse Ellipse 2.22 £0.10
LDCI115 LanDong Obtuse Ellipse 1.66 + 0.05
XYC116 XinYang Acuminate Long ellipse 2.87 £0.08
XYC117 XinYang Acuminate Ellipse 2.12 £ 0.26
XYC118 XinYang Acuminate Ellipse 2.27+0.08
XYC119 XinYang Obtuse Ellipse 2.07 £ 0.07
XYC120 XinYang Acuminate Long ellipse 2.90 £ 0.06
XYC121 XinYang Acuminate Ellipse 2.26 £0.13
XYC122 XinYang Acuminate Long ellipse 2.83 +£0.34
XYC123 XinYang Acuminate Long ellipse 2.78 £0.17

Note: Samples N66 and D01 were external reference tea plants, among which N66 was Qian tea 8 and D01 was Longjing-changye.
123 tea samples were collected from 8 areas in Qiannan Prefecture.
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