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Abstract: Guizhou is one of the centers of origin for the tea plant (Camellia sinensis (L.) Kuntze). The
location contains highly diverse ancient tea plant germplasms in its Sandu Aquarium Autonomous
County. After a prolonged course of continuous evolution, these ancient plants have gained a wealth
of genetic diversity. Their resources could be harnessed for the selection and breeding of fine varieties
of tea plant, as well as for the effective utilization and protection of germplasm resources. In this
study, the specific locus-amplified fragment (SLAF) sequencing method was used to analyze the
population structure and conduct a genome-wide association study (GWAS) for the three traits of
125 ancient tea plants in the Sandu County of Guizhou province, China. A total of 807,743 SLAF tags
and 9,428,309 population single-nucleotide polymorphism (SNP) tags were obtained. The results
of the phylogenetic tree analysis, cluster analysis, and principal component analysis showed that
125 germplasms were clustered into four groups, and the heterozygosity rates for groups I, II, III, and
IV, were 0.211, 0.504, 0.144, and 0.192, respectively. Additionally, GWAS analysis suggested that seven
candidate genes were related to altitude at the origin of the plants, eight were related to tree shape,
and three were associated with leaf color. In this study, we clarified genetic relationships between
four ancient tea plant-producing areas in Sandu County and obtained candidate genes related to
their development associated with altitude, tree shape, and leaf color. The study provides useful
information for tea plant-breeding development and molecular identification.

Keywords: traits of Sandu ancient tea plants; SLAF-seq; SNP; genetic structure; GWAS

1. Introduction

The tea plant (Camellia sinensis (L.) O. Kuntze) is China’s most important woody
economic crop. Guizhou is one of the centers of origin of the tea plant [1]. Ancient tea
plant germplasm refers to a tea tree that is more than 100 years old [2]. Sandu Aquarium
Autonomous County, Guizhou, China, is known to be rich in diversity of ancient tea plant
germplasms. This county is located on the Yunnan-Guizhou Plateau, where geographical
factors such as high altitude and lower latitude, as well as environmental conditions
associated with low sunshine, provide a suitable habitat for the ancient germplasm of the
tea plant [3]. After a prolonged evolution, these ancient tea plants might have retained some
unique biochemical components and several desirable genes, such as tolerance to drought
and cold, as well as resistance to diseases and insects. Therefore, these are important
genetic resources of the tea plant and a treasure house for the development of new tea
products, and they have high scientific, cultural, and economic value [4]. Ancient tea
plants are often conserved and enriched through germplasm resource identification and
variety selection. However, traditional classification and identification methods have not
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been sufficient to advance the research and development of these plant resources due to
their complex genetic background, including frequent modification of traits associated
with long-term genetic hybridization. With the development of molecular markers such
as RAPD [5], RFLP [6], AFLP [7], SSR [8], ISSR [9], and EST-SSR [10], rapid progress is
reflected in germplasm resources and the varietal identification of tea, as well as assessment
of their genetic diversity, relationship, and evolution.

Specific-locus amplified fragment sequencing (SLAF-seq) is a simplified and effective
genome sequencing technology that utilizes bioinformatics to analyze a reference genome
and design a suitable enzymatic cleavage scheme. In the process, SLAF libraries are con-
structed according to the digestion scheme. SLAF fragments of a specific length are selected
for sequencing, and the information obtained from sequencing is compared with the refer-
ence genome to develop a large number of single-nucleotide polymorphism (SNP) sites
with high stability and specificity [11]. SLAF-seq is cost-effective and offers the advantages
of high throughput with precision and a short cycle time [12]. This technique has been
widely used in genetic diversity analysis [13,14], high-density genetic map construction,
and germplasm resource identification [15-17]. In this context, genome-wide association
studies (GWASSs) perform control or association analyses using a large number of SNPs
to screen genetic variants that are most likely to affect a trait at the genome-wide level,
followed by mining the genes associated with the trait variation. Many important func-
tional genes have been screened in Camellia sinensis [4,18], Oryza sativa L. [19,20], Hordeum
vulgare L. [21,22], Vitis vinifera L. [23,24], Picea crassifolia Kom. [25], and Glycine max (Linn.)
Merr [26,27], using the molecular markers developed by SLAF-seq for GWAS analysis.

The tea plant’s genomes are characterized by weak self-compatibility, high heterozy-
gosity, and large size. However, screening and functional analysis of the genes related
to important agronomic traits in tea plants are rather limited so far. This study used the
SLAF-seq technology to analyze the phylogeny and population structure of 125 ancient tea
plants from four ancient tea-producing areas in Sandu County, including Zenya, Yangmeng,
Gugqi, and Landong Village. The obtained SNPs were further used for GWAS analysis of
ancient tea plant-related traits. The study provides a necessary framework for revealing
ancient tea plants’ genetic basis and molecular mechanisms of important traits. A reference
for the identification of germplasm resources is also obtained, together with a basis for the
selection of the varieties of ancient tea plants.

2. Materials and Methods
2.1. Plant Material and Phenotypic Statistics

A total of 125 individual plants were selected from the groups identified as ancient
tea plants by forestry staff in Sandu County. Tender buds with one bud and one leaf
or one bud and two leaves were picked and placed in a self-sealed bag and then filled
with dried silica gel. The fifth mature and fully developed leaf of the germplasm of each
ancient tea plant was collected and brought to the laboratory for assessing phenotypic
characterization statistics. Meanwhile, three traits were recorded, including altitude at
origin, tree shape, and leaf color, from these 125 ancient tea plants. According to the
“Tea Germplasm Resources Description Specification and Data Standard” [28], the tea
plant type includes shrubs, trees and small trees, and the leaf color, which is divided
into dark green, green, yellow-green, etc. The height of shrub-type tea plants is between
1.0-3.0 m, the tree-type tea plants are more than 6 m high, and the small tree-type tea
plants are between them. According to China’s macro-geomorphic zoning scheme [29],
altitudes are generally divided into five categories: low altitude (<1000 m), medium altitude
(1000-2000 m), middle-high altitude (2000-4000 m), high altitude (4000-6000 m), and very
high altitude (>6000 m). This experiment used the ancient tea plants from Pu’an County,
TuanShan County, SanQiao County, Dejiang Village, and ShiPing Village as external refer-
ence tea plants. Experiments were carried out at the Tea College of Guizhou University and
the Crop Germplasm Resource Center, Institute of Agricultural Bioengineering, Guizhou
University (Guizhou, China).
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2.2. DNA Isolation

Genomic DNA from 125 tea samples was extracted by CTAB using the following
procedure: (1) 0.5 g fresh tea leaves were placed into a 2 mL centrifuge tube, frozen with
liquid nitrogen, and ground with a ball mill. (2) One milliliter of CTAB extract was pre-
heated to 65 °C and added with 2% mercaptoethanol. The mixture was shaken and mixed
on a vortex oscillator to suspend the sample completely. (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
later cooled down to room temperature. It was then centrifuged at 12,000 rpm for 5 min.
An amount of 900 uL supernatant was added to a new 2 mL sterile centrifuge tube with
an equal volume of chloroform/isoamyl alcohol (24:1), mixed by inverting the centrifuge
tube several times, and centrifuged at 12,000 rpm for 20 min. (4) An amount of 700 uL 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 by inverting the centrifuge tube
several times, and centrifuged at 12000 rpm for 20 min. Then, 450 uL of supernatant
was collected in a new 1.5 mL sterile centrifuge tube and mixed with 300 pL isopropanol
and 45 pL of 3M sodium acetate, mixed well, and placed at —20 °C for 1 h. (5) The tube
was centrifuged at 12,000 rpm for 10 min, and the supernatant was discarded. The tube
was instantaneously centrifuged again, and excess liquid at the gun head was 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 12,000 rpm for 5 min, and
the supernatant was discarded. (7) Instantaneous centrifugation was performed, the gun
head was absorbed and the excess liquid discarded, 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/puL RNaseA was added to
dissolve the DNA precipitation. (9) DNA concentration and purity were determined by
a nanodrop spectrophotometer (Thermo Scientific, Waltham, MA, USA) and stored in a
—20 °C refrigerator as a standby [30].

2.3. SLAF-Seq Library Construction and High-Throughput Sequencing

Through the tea plant reference genome (ftp:/ /ftp.ncbi.nlm.nih.gov/genomes/all/
GCF/004/153/795/GCF_004153795.1_AHAU_CSS_1/, accessed on 15 April 2019), the
electronic restriction enzyme digestion scheme was predicted by restriction digest method,
and the Haelll + EcoRV-HF®(Biomarker Biotechnology Co., Ltd., Beijing, China) enzyme
digestion was selected. The genomic DNA of the tea plants was digested with a restriction
endonuclease, and sequences of 364-394 bp length were defined as SLAF tags. The 3'-
end of the enzyme slice was sequentially added with Poly(A), ligated with a 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 [31].
[lumina HiSeq X Ten system was used for paired-end sequencing. Oryza sativa ssp. japonica
(http:/ /rapdb.dna.affrc.go.jp/, accessed on 2 June 2019) was selected as a control for
sequencing to evaluate the accuracy of the digestion experiment. This part was assigned to
Biomarker Biotechnology Co., Ltd., Beijing, China.

2.4. SNPs Development

Biomarker Biotechnology Co., Ltd. used the BWA-MEMM method of the BWA soft-
ware (ver.0.7.15, Illumina, Inc., San Diego, CA, USA) [32] to compare the reads obtained
by sequencing with the tea reference genome. GATK (ver.3.8, Illumina, Inc., San Diego,
CA, USA) [33] and SAMTOOLSs software (ver.1.4, Illumina, Inc., San Diego, CA, USA) [34]
were used to develop SNPs. The SNPs intersection obtained by these two methods was
used as the final reliable SNPs dataset. To annotate SNPs results, the company used SnpEff
software (ver.4.3i, lllumina, Inc., San Diego, CA, USA) [35].


ftp://ftp.ncbi.nlm.nih.gov/genomes/all/GCF/004/153/795/GCF_004153795.1_AHAU_CSS_1/
ftp://ftp.ncbi.nlm.nih.gov/genomes/all/GCF/004/153/795/GCF_004153795.1_AHAU_CSS_1/
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2.5. Phylogenetic and Population Structure Analyses

Based on the obtained SNPs, the clustering of 125 samples was analyzed using Admix-
ture software (ver.1.22, Illumina, Inc., San Diego, CA, USA) [36]. The number of clusters
(K) was predefined as 1-10, and the clustering results were cross-validated. We determined
an optimal number of clusters based on the value of the cross-validation error rate.

Based on the neighborhood connection method and using MEGA X software (MEGA
X, Molecular Evolutionary Genetics Analysis, State College, PA, USA) [37], the Kimura
2-parameter model was used, and the bootstrap was repeated 1000 times to construct the
phylogenetic tree of each sample. Principal component analysis (PCA) was carried out
by EIGENSOFT software (ver.6.0, Harvard Genetics Department and the Broad Institute,
Cambridge, MA, USA) [38] to obtain the clustering of 125 ancient tea plants.

2.6. Genome-Wide Association Analysis

The association analysis of the traits was carried out using GEMMA (The National
Institutes of Health, Maryland, MD, USA) [39], FaST-LMM (Microsoft Research, Los An-
geles, CA, USA) [40], and EMMAX (Center for Statistical Genetics, Los Angeles, CA,
USA) [41] software. The p-value of each SNP locus was obtained, and the SNP loci with a
p-value < 10~° were defined as significant associations. The mixed linear model formula
of GEMMA software is y = Wx + x3 + u + e. Here, the genetic relationship pu between
samples calculated by GEMMA software is used as a random effect. If there is a covariate,
the covariate W is used as a fixed effect, X is the genotype, and Y is referred to as the
phenotype. Therefore, each variation locus can obtain an association result.

3. Results
3.1. Descriptive Statistics of Ancient Tea Plant Traits

The traits of 125 ancient tea plant samples were statistically analyzed. There were
six phenotypes of tree shape and leaf color (Figure 1). The leaf colors were divided into
yellow-green (21.6%), green (38.4%), and dark green (40.0%). The tree shapes were mainly
tree-type (48.9%) and shrub-type (37.5%), and a few were small tree-type (13.6%). Most of
the tea plants (62.4%) were located in low-altitude areas below 1000 m, and the rest (37.6%)
were located in middle-altitude areas between 1000-2000 m (Table 1).

Table 1. Basic information about 125 ancient tea plants.

Sample Number Collection Location  Altitude(m) Tree Shape Leaf Color
GQ-B-1 Gugqi 680 shrub yellow-green
GQ-B-3 Gugqi 680 shrub dark green
GQ-B-4 Gugqi 680 shrub dark green
GQ-B-5 Gugqi 690 shrub dark green
GQ-B-7 Gugqi 680 shrub green
GQ-B-9 Gugqi 630 shrub dark green
GQ-B-11 Gugqi 690 shrub dark green
GQ-B-13 Gugqi 680 shrub dark green
GQ-B-14 Gugqi 700 shrub green
GQ-B-16 Gugqi 690 shrub green
GQ-B-18 Gugqi 710 shrub green
GQ-B-19 Gugqi 710 shrub green
GQ-B-20 Gugqi 710 shrub dark green
GQ-B-21 Gugqi 710 shrub green
LD-B-1 Landong 970 shrub dark green
LD-B-2 Landong 990 shrub dark green
LD-B-3 Landong 990 shrub dark green
LD-B-4 Landong 990 shrub dark green
LD-B-5 Landong 1000 shrub dark green
LD-B-6 Landong 1000 shrub dark green
LD-B-7 Landong 1000 shrub dark green

LD-B-8 Landong 990 shrub dark green
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Table 1. Cont.

Sample Number Collection Location  Altitude(m) Tree Shape Leaf Color
LD-B-9 Landong 990 shrub dark green
LD-B-10 Landong 990 shrub green
LD-B-12 Landong 990 shrub green
LD-B-13 Landong 980 shrub dark green
LD-B-14 Landong 980 shrub dark green
LD-B-15 Landong 980 shrub dark green
YM-T-1 Yangmeng 890 shrub dark green
YM-T-3 Yangmeng 890 shrub green
YM-T-4 Yangmeng 880 shrub dark green
YM-T-5 Yangmeng 880 shrub dark green
YM-T-7 Yangmeng 880 shrub dark green
YM-T-9 Yangmeng 880 shrub dark green
YM-B-10 Yangmeng 880 tree dark green
LD-T-1 Landong 980 small tree yellow-green
LD-T-2 Landong 960 small tree yellow-green
LD-T4 Landong 1010 tree green
LD-T-6 Landong 1000 small tree dark green
LD-T-7 Landong 980 small tree green
LD-T-9 Landong 980 small tree yellow-green
LD-T-10 Landong 980 small tree green
LD-T-11 Landong 1000 tree green
LD-T-12 Landong 990 tree green
LD-T-13 Landong 930 tree yellow-green
LD-T-16 Landong 920 tree green
LD-T-18 Landong 910 tree green
LD-T-19 Landong 910 tree yellow-green
LD-T-20 Landong 920 tree green
LD-T-22 Landong 920 tree green
LD-T-23 Landong 900 tree yellow-green
LD-T-25 Landong 920 tree yellow-green
LD-T-28 Landong 860 tree green
LD-T-29 Landong 850 tree green
LD-T-30 Landong 870 tree yellow-green
LD-T-32 Landong 850 tree green
LD-T-34 Landong 870 tree green
LD-T-36 Landong 830 tree green
LD-T-38 Landong 840 small tree green
LD-T-39 Landong 860 small tree yellow-green
LD-T-40 Landong 800 tree dark green
LD-T-41 Landong 830 tree yellow-green
LD-T-42 Landong 830 tree yellow-green
LD-T-44 Landong 810 tree yellow-green
ZY-T-A Zenya 1320 tree dark green
ZY-T-C Zenya 1310 tree dark green
ZY-T-E Zenya 1310 tree dark green
ZY-T-H Zenya 1300 tree green
ZY-T-] Zenya 1326 tree green
ZY-T-L Zenya 1340 tree dark green
ZY-T-O Zenya 1300 tree dark green
ZY-T-P Zenya 1300 small tree green
ZY-T-R Zenya 1290 tree green
ZY-T-T Zenya 1290 tree green
ZY-T-W Zenya 1250 tree yellow-green
ZY-T-X Zenya 1250 tree yellow-green
ZY-T-1 Zenya 1250 tree green
ZY-T-4 Zenya 1280 tree green
ZY-T-8 Zenya 1270 tree yellow-green
ZY-T-10 Zenya 1270 tree green

ZY-T-13 Zenya 1270 tree dark green
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Table 1. Cont.

Sample Number Collection Location  Altitude(m) Tree Shape Leaf Color
ZY-T-15 Zenya 1300 tree dark green
ZY-T-31 Zenya 1300 tree green
ZY-T-35 Zenya 1300 tree dark green
ZY-T-37 Zenya 1330 tree green
ZY-T-40 Zenya 1300 small tree dark green

PA-T-1-R Pu’an 1210 tree yellow-green
PA-T-2N-R Pu’an 1230 tree yellow-green
TS-B-29-R Tuanshan 1117 shrub dark green
TS-B-46-R Tuanshan 1192 shrub green
TS-B-50-R Tuanshan 1190 shrub dark green
SP-R Shiping 880 shrub dark green
DJ-R Dejiang 990 shrub yellow-green
GC-R Sangiao 960 shrub green
12-R Sangiao 1080 tree green
LD-T-27 Landong 720 tree dark green
GQ-B-8 Gugqi 680 shrub dark green
GQ-B-12 Gugqi 680 shrub green
GQ-B-17 Gugqi 710 shrub dark green
GQ-B-22 Gugqi 710 shrub dark green
LD-B-11 Landong 990 shrub dark green
YM-T-2 Yangmeng 890 tree dark green
YM-T-6 Yangmeng 880 tree yellow-green
YM-T-8 Yangmeng 890 tree yellow-green
LD-T-3 Landong 1010 small tree green
LD-T-5 Landong 1010 small tree yellow-green
LD-T-8 Landong 980 tree green
LD-T-15 Landong 990 small tree dark green
LD-T-21 Landong 900 tree green
LD-T-24 Landong 940 small tree dark green
LD-T-31 Landong 850 tree dark green
LD-T-37 Landong 840 tree dark green
LD-T-43 Landong 820 tree yellow-green
ZY-T-G Zenya 1300 tree green
ZY-T-Y Zenya 1250 tree green
ZY-T-Z Zenya 1250 tree yellow-green
ZY-T-2 Zenya 1280 tree green
ZY-T-12 Zenya 1270 tree green
ZY-T-18 Zenya 1380 tree dark green
ZY-T-19 Zenya 1380 tree green
ZY-T-20 Zenya 1380 tree yellow-green
ZY-T-22 Zenya 1300 tree green
ZY-T-26 Zenya 1300 tree yellow-green
ZY-T-50 Zenya 1300 tree yellow-green

()

yellow-green green dark green Tree-type ancient tea plant small tree-type ancient tea plant  shrub-type ancient tea plant

Figure 1. Leaf color and tree shape of ancient tea plants. (a) The leaf colors of 125 ancient tea plants
were categorized into yellow-green, green, and dark green. (b) The tree shapes included tree, small
tree, and shrub types.



Forests 2022, 13, 1885

7 of 17

3.2. SLAF-Seq and SNPs

A total of 352.33 MB of reading data were obtained by sequencing; the base-calling
accuracy (Q score > 30) was 93.53%, and the average GC content was 43.27%. After com-
parison, 807,743 SLAF were obtained, out of which 716,810 were polymorphic SLAF tags,
with an average polymorphism rate of 88.74% and an average sequencing depth of 10.16x.
SLAF tags in each ancient tea sample ranging from 137,364 to 257,487. The distribution map
of SLAF tags on some chromosomes (Figure 2) revealed a uniform distribution pattern.

The number of SLAFs within 0.1Mb window size
OMb 0.8Mb 1.6Mb 2.4Mb 3.2Mb 4Mb 4.8Mb 5.6Mb 6.4Mb 7.2Mb
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Figure 2. Distribution of SLAF tags on the chromosomes. The abscissa is the length of the chromo-
somes, and each band represents a chromosome. The genome is divided according to the size of
0.1MB. The more SLAF tags in each window, the darker the color. Fewer SLAF tags are indicated in a
lighter color. The darker area is the area where SLAF tags are concentrated.

According to the alignment of the sequence between the reads and the reference
genome of the tea plant, a total of 9,428,309 population SNPs were detected, with an average
heterozygosity of 5.82%. The number of SNPs in each tea plant ranged from 2,418,538
to 4,167,257. Furthermore, the SNPs distribution map on the part of the chromosomes
(Figure 3) showed that the SNPs were uniformly distributed on the chromosomes.

The number of SNPs within 0.1Mb window size
OMb 0.8Mb 1.6Mb 2.4Mb 3.2Mb 4Mb 4.8Mb 5.6Mb 6.4Mb 7.2Mb
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Figure 3. Distribution of SNPs on the chromosomes. The abscissa is the length of chromosomes, and
each band represents a chromosome. The genome is divided according to the size of 0.1 MB. The
more SNPs in each window;, the darker the color. Fewer SNPs are indicated in a lighter color. The
darker area is the area where SNPs are concentrated.
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3.3. Population Structure Analyses

A total of 125 ancient tea plants were analyzed by population structure analysis, where
several subgroups (K value) were pre-set as 1-10 (Figure 4a). The results showed that when
K =4, CV is the lowest (Figure 4b), indicating that 125 tea plants should be divided into
four groups. This finding was consistent with the results of phylogenetic tree analysis
(Figure 5a) and PCA analysis (Figure 5b).

Population Structure

°
&

Cross-Validation (CV) errors
° °
& 8

°
8

-
N
w
&
o«
L
~
o«
©
B

K value

Figure 4. Population structure analysis and cluster cross-validation error analysis of 125 ancient tea
samples. (a) The horizontal coordinates represent 125 ancient tea samples in order, and the vertical
coordinates represent the number of subgroups K values (K = 1-10). Different colors represent
subgroups with different gene frequencies in the 125 ancient tea plant samples, and ancient tea
plants in the same subgroup are closely related. The color corresponding to each sample and the
color proportion represent the subgroup this sample belongs to and the proportion of the source of
genetic material. (b) The x-axis represents the K-value (1-10), and the y-axis is the cross-validation
error values.
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(b)

\\
A

PC2(3.57%)

PC3H(2.84%)

: GuQi Village

: LanDong Village

: YangMeng Village
: ZenYa Village

Group IT

Figure 5. Phylogenetic tree analysis, principal component analysis, and four ancient tea-producing
areas in Sandu County. (a) Phylogenetic tree analysis of 125 ancient tea plants. Each branch represents
an ancient tea plant. The 125 ancient tea plants were also presented in Table 1. (b) Principal
component analysis of 125 ancient tea plants. PCA three-dimensional cluster diagram of 125 ancient
tea plants showing PC1 (first principal component), PC2 (second principal component), and PC3
(third principal component). A dot represents an ancient tea plant. (c) The location map of four ancient
tea plant-producing areas in Sandu County. The red dot represents Guqi Village, the orange dot
represents Lankan Village, the blue dot represents Yangmeng Village, and the yellow dot represents
Zenya Village.

The heterozygosity rates of groups I, 11, III, and IV were 0.211, 0.504, 0.144, and 0.192,
respectively. The heterozygosity rate of group III (including 10 ancient tea plants) was
the lowest, and the heterozygosity of group I (including 40 ancient tea plants) was similar
to that of group IV (including 21 ancient tea plants), indicating that the genetic diversity
within the two groups was similar and both were low. Group II (containing 54 ancient tea
plants) had the highest heterozygosity, indicating a high genetic diversity within the group.
The results of the phylogenetic tree analysis (Figure 5a) showed that 40 ancient tea plants
from Landong (LD) constituted group I, and 21 ancient tea plants from Zenya (ZY) were
clustered into group IV. All 18 ancient tea plants from Gugqi (GQ), ten from Yangmeng (YM),
15 plants from Landong (LD), two from Zenya (ZY), and nine external reference tea plants
constituted group II. Ten ancient tea plants from Zenya (ZY) were clustered into group III.
These results were consistent with the PCA results (Figure 5b).

The analysis of four ancient tea plant production areas suggested average heterozy-
gosity values of GQ, LD, YM, and ZY as 0.125, 0.153, 0.177, and 0.144, respectively. All
of these were lower than their average expected heterozygosity values, which indicated
an inbreeding phenomenon in the ancient tea population to a certain extent, resulting in
excess homozygotes. Furthermore, the level of genetic diversity of ancient tea populations
in LD and YM production areas was higher, whereas that in the GQ production area was
the lowest (Figure 5c¢).

3.4. Association Analysis with Altitude at Origin of Plants

The SNPs were used to analyze the whole genome association of three traits in the
ancient tea plant. A —logjo(P) > 6 represented a strong association between a gene and a
trait. It was found that there were association signal sites related to altitude on chromosome
NW_021024511.1, NW_021024514.1, NW_021024776.1, NW_021024867.1, NW_021024952.1,
NW_021025062.1, NW_021025419.1, NW_021025653.1, NW_021025692.1, NW_021025778.1,
NW_021026109.1, NW_021028633.1, and NW_021028891.1 (Figure 6 indicated by the ar-
rows). Combined with the previous research results of others, 17 significantly associated
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signal sites were selected in this study (Table 2) [42-45]. Through the SwissProt database
annotation (https:/ /www.expasy.org/resources/uniprotkb-swiss-prot, 1 July 2022), seven
candidate genes were obtained related to ancient tea plants” altitude. These were: WDL3,
MYBP1, ERF4, GST, HSP70, bZIP18, and MMK?2 (Table 3).
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Figure 6. Manhattan plot (a) and quantile-quantile plot (b) for the altitude of 125 ancient plants. The
abscissa represents scaffold position, and the ordinate represents p-value (—logo(P)), with a negative
logarithm (base 10). Scattered points (or lines) on the graph represent —logo(P) corresponding to each
SNP loci. The green horizontal dashed line corresponds to —logo(P) = 5, the red horizontal dashed
line corresponds to —logy(P) = 7, and the blue horizontal dashed line corresponds to —logo(P) =7.5.
Red arrows indicate candidate gene loci obtained by screening, and blue arrows show the significant
association signal peaks.

Table 2. Strong association signal sites and annotation information of altitude.

Chr Pos Gene ID —logio(P) Distance Allele
NW_021024511.1 1773825 gene-LOC114306566 7.89 3/_7454 G/A
NW_021024511.1 1773907 gene-LOC114306051 7.57 3/_6491 C/T
NW_021024514.1 254831 gene-LOC114307084 8.11 3'_42943 C/A
NW_021024514.1 254900 gene-LOC114307084 8.20 3/_43012 G/A
NW_021024776.1 114996 gene-LOC114306513 6.28 3'.96230 A/G
NW_021024867.1 495842 gene-LOC114309362 9.23 5'_37266 C/T
NW_021024867.1 495876 gene-LOC114309362 7.86 5'_37300 C/G
NW_021024952.1 420845 gene-LOC114311926 7.10 5'_37614 C/T
NW_021025062.1 271971 gene-LOC114315782 6.43 5'_28419 G/A
NW_021025062.1 271975 gene-LOC114315782 6.03 5'_28423 T/C
NW_021025419.1 765188 gene-LOC114256993 6.85 5'_39798 T/C
NW_021025653.1 768001 gene-LOC114262091 6.99 5'_33301 A/G
NW_021025692.1 1703135 gene-LOC114262751 6.13 3/_28405 T/A
NW_021025778.1 70220 gene-LOC114264616 8.28 5'_88872 C/T
NW_021026109.1 1237022 gene-LOC114271509 8.73 3/_66332 G/A
NW_021028633.1 425237 gene-LOC114298253 9.09 5'_58469 G/A
NW_021028891.1 183040 gene-LOC114299252 6.23 3/_41369 C/T

Chr, Chromosomes. Pos, Physical position of SNP. Gene ID, gene number. —logjo(P) represents the degree of
association between traits and genes. Distance, the distance between SNPs (SNPs in the intergenic region) is 5 or
3. Allele, allele (major allele/minor allele).

Table 3. Candidate genes related to altitude.

Candidate Transcript Corresponding Candidate Gene SwissProt Annotation Species Name
gene-LOC114307084 ERF4 Ethylene-responsive transcription factor 4 Nicotiana tabacum
gene-LOC114306513 WDL3 Protein Wave-dampende 2-like 3 Arabidopsis thaliana
gene-LOC114309362 MMK2 Mitogen-activated protein kinase homolog MMK2 Medicago sativa
gene-LOC114262751 bZIP18 bZIP transcription factor 18 Arabidopsis thaliana
gene-LOC114271509 MYBP1 Transcription factor MYBP1 Oryza sativa subsp. japonica
gene-LOC114298253 GTS Glutathione S-transferase Arabidopsis thaliana
gene-LOC114299252 HSP70 Heat shock protein 70 Helianthus annuus
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3.5. Association Analysis of Tree Shape

There were association signal sites related to tree shape development on chromosome
NW_021024493.1, NW_021024659.1, NW_021024683.1, NW_021024972.1, NW_021025124.1,
NW_021025474.1, NW_021025626.1, NW_021025987.1, NW_021026130.1, NW_021026834.1,
NW_021028036.1, NW_021028084.1, and NW_021026995.1 (Figure 7, indicated by the
arrows). Combined with the previous research results of others, 13 significantly associated
signal sites were selected in this study (Table 4) [46-50]. Through the SwissProt database
annotation, eight candidate genes were related to tree shape development: GLP1, THIS1,
SWC4, GA200x2, PMEI28, SGL, GRDP2, and ERFS (Table 5).
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Figure 7. Manhattan plot (a) and quantile-quantile plot (b) for tree shape of 125 ancient plants.
The abscissa represents scaffold position, and the ordinate represents p-value (—logio(P)), with
a negative logarithm (base 10). Scattered points (or lines) on the graph represent the —logo(P)
corresponding to each SNP loci. The green horizontal dashed line corresponds to —logo(P) =5,
the red horizontal dashed line corresponds to —log;o(P) = 7, and the blue horizontal dashed line
corresponds to —logjo(P) =7.5. Red arrows indicate candidate gene loci obtained by screening, and
blue arrows show the significant association signal peaks.

Table 4. Strong association signal sites and annotation information of tree shape development.

Chr Pos Gene ID —log1o(P) Distance Allele
NW_021024493.1 2051435 gene-LOC114313670 7.23 5' 17193 C/T
NW_021024659.1 976560 gene-LOC114280177 7.55 3'_18973 C/T
NW_021024683.1 2219147 gene-LOC114287420 7.10 3'_97898 C/T
NW_021024972.1 976930 gene-LOC114312788 8.23 5/_29338 C/G
NW_021025124.1 1428384 gene-LOC114317453 6.01 3/_83111 C/T
NW_021025474.1 716828 gene-LOC114258021 7.02 5'_74073 G/A
NW_021025626.1 1177505 gene-LOC114261209 6.27 5’94084 C/A
NW_021025626.1 1177505 gene-LOC114261210 6.27 5'_38692 C/A
NW_021025626.1 1177505 gene-LOC114261212 6.27 5'_33377 C/A
NW_021025987.1 742920 gene-LOC114269018 7.70 33237 G/A
NW_021026130.1 1127861 gene-LOC114271953 7.21 5'_91916 G/A
NW_021026834.1 1782507 gene-LOC114283035 6.66 5'_3360 T/C
NW_021028036.1 538795 gene-LOC114295371 6.16 358473 C/T
NW_021028084.1 154517 gene-LOC114295649 6.53 3'_65378 G/A
NW_021026995.1 2509736 gene-LOC114285221 6.43 3'_16206 G/A

Chr, chromosomes. Pos, pphysical position of SNP. Gene ID, gene number. —logo(P) represents the degree of
association between traits and genes. Distance, the distance between SNPs (SNPs in the intergenic region) is 5’ or
3. Allele, allele (major allele/minor allele).
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Table 5. Candidate genes related to the development of tree shape.

Candidate Transcript

Corresponding Candidate Gene

SwissProt Annotation Species Name

gene-LOC114280177
gene-LOC114261209
gene-LOC114261210
gene-LOC114261212
gene-LOC114271953
gene-LOC114283035
gene-LOC114295649
gene-LOC114285221

GLP1 Germin-like proteinl Oryza sativa
THIS1 A putative lipase Oryza sativa
SWC4 SWR1-complex protein 4 Arabidopsis thaliana
GA200x2 Gibberellin 20-dioxygenase 2 Pisum sativum
PMEI28 Pectinesterase inhibitor 28 Arabidopsis thaliana
SGL Kinesin-like protein SGL Gossypium hirsutum
GRDP2 Glycine-rich domain protein 2 Arabidopsis thaliana
ERF8 Ethylene-responsive transcription factor 8 ~ Arabidopsis thaliana

—logyy(P)

3.6. Association Analysis of Leaf Color

It was found that there were association signal sites related to the development of leaf
color on chromosomes NW_021024756.1, NW_021025169.1, and NW_021026114.1 (Figure 8,
indicated by the arrows). In combination with previous research results of others, five
significantly associated signal sites were selected (Table 6) [51,52]. Three candidate genes
related to leaf color development, including ABCI7, bHLH, and SIG2A, were obtained from
the annotation of the SwissProt database (Table 7).
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Figure 8. Manhattan plot (a) and quantile-quantile plot (b) for the leaf color of 125 ancient plants. The
abscissa represents scaffold position, and the ordinate represents p-value (—logo(P)), with a negative
logarithm (base 10). Scattered points (or lines) on the graph represent —logo(P) corresponding to each
SNP loci. The green horizontal dashed line corresponds to —log(P) = 5, the red horizontal dashed
line corresponds to —log(P) = 7, and the blue horizontal dashed line corresponds to —log;o(P) =7.5.
Red arrows indicate candidate gene loci obtained by screening, and blue arrows show the significant
association signal peaks.

Table 6. Strong association signal sites and annotation information of leaf color.

Chr Pos Gene ID —logio(P) Distance Allele
NW_021024756.1 56383 gene-LOC114306063 6.08 3'_13784 G/A
NW_021025169.1 2005114 gene-LOC114318750 6.08 5'_88588 C/T
NW_021026114.1 386575 gene-LOC114271560 6.13 5’94608 G/T
NW_021026114.1 386575 gene-LOC114271592 6.13 3'_5585 G/T
NW_021026114.1 386575 gene-LOC114271595 6.13 3'_79759 G/T

Chr, chromosomes. Pos, physical position of SNP. Gene ID, gene number. —logo(P) represents the degree of
association between traits and genes. Distance, the distance between SNPs (SNPs in the intergenic region) is 5’ or
3'. Allele, allele (major allele/minor allele).
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Table 7. Candidate genes related to the development of leaf color.

Candidate Transcript Corresponding Candidate Gene SwissProt Annotation Species Name
gene-LOC114271560 ABCI7 Protein ABC transporter 17 Arabidopsis thaliana
gene-LOC114271592 bHLH Basic helix-loop-helix type transcription factor Oryza sativa
gene-LOC114271595 SIG2A Nuclear-encoded sigma (o) factor 2A Oryza sativa

4. Discussion

SNPs are the markers of choice for many applications in population ecology, evolution,
and conservation genetics, and they are particularly useful for GWAS analysis. This study
obtained a total of 807,743 SLAF tags by SLAF-seq, and 9,428,309 high-quality SNPs were
developed. Based on developed SNPs, candidate genes related to three traits of the ancient
tea plant, i.e., altitude at origin, tree shape, and leaf color, were screened. Interestingly, most
of the seven candidate genes related to altitude are also related to the plant responses under
abiotic stress. The factors causing these stress responses included temperature, humidity,
rainfall, solar radiation, and soil conditions. Temperature increases can alter the content
of taste-related compounds, including catechin and L-theanine [53,54]. Further, both solar
radiation intensity and quality modulate the catechin and aroma compound compositions
and contents [55,56]. This indicated that changes in tea quality components at different
altitudes were related to the corresponding stress response. In this study, the AP2/ERF
and bZIP transcription factors screened played important roles in plant responses to abiotic
stress [57-59]. Recently, it has been identified that ethylene-responsive transcription factor
4 (ERF4) is an important regulator of low-altitude adaptation in Rhododendron species. In
contrast, mitogen-activated protein kinase MMK2 was a key regulator of high-altitude
adaptation in Rhododendron species [42]. CsbZIP6 [43] and CsbZIP18 [44] were found to be
involved in ABA-mediated abiotic stress response. Again, microtubule-binding protein
WDLS3 participated in ABA-induced stomatal closure by interacting with the microtubule
skeleton and Ca?* [45]. Thus, both contributed to adaptation to high-altitude cold and
drought-prone environments. It is known that under drought conditions, the main bioac-
tive components of tea plants, such as polyphenols (especially catechins), flavonoids,
caffeine, theanine, and other free amino acids accumulate, thereby reducing the quality
of the tea [60]. In response to low-temperature stress, tea catechins, anthocyanins, and
soluble sugar increased significantly with temperature decrease [61]. These physiological
and ecological differences in tea plants are caused by the combined effects of various
environmental factors (such as topography, temperature, water, and radiation) in different
altitude gradients. Further, in different altitude areas, the effects of various environmental
factors are significantly different, so plants show a diversity of physiological and ecological
characteristics with changes in altitude [62,63]. Based on these findings, we speculate that
plants have evolved different regulatory mechanisms to cope with biotic and abiotic stresses
in different ecological environments created due to altitudinal differences. However, few
studies focus on the tea plant’s functional aspect of ERF4, MMK2, bZIP18, and WDL3 genes.
In addition, the association between these genes and the altitude of the tea plant is also
poorly understood.

Phytohormones are critical in many aspects of plant growth and development [64].
Synthesis analysis has suggested that alterations in hormone synthesis, regulation, percep-
tion, or signaling have the potential to induce changes in tree architecture [65]. A recent
study confirmed that the manipulation of MdIAAs can control the architecture of the apple
tree [66]. In our study, some candidate genes selected for the development of tree shape
were found to be associated with phytohormone. It has been also found that AtGRDP2
modulated the expression of auxin-related genes, and overexpression of the AtGRDP2
gene could accelerate growth [46]. A new ERF gene, TiERF8-2B, was identified in wheat,
which was related to wheat height and heading date [47]. In barley, the deletion of 7-bp
in the HvGA20o0x2 gene resulted in a decrease of about 13 cm plant height [48]. The above
results suggest that phytohormones might affect tree shape development by regulating
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plant height. Studies have reported that the shape and growth of plants were affected by
the activity of PMEIs, and it was generally believed that specific PME /PMEI pairs regulated
the degree of methyl esterification in cell-wall microdomains [67-69]. Further research has
indicated that overexpression of OsPMEI28 caused dwarfing in rice [49]. THIS1 has also
been related to plant height, encoding a class Il lipase, and its rice mutant aa (this1) has the
most striking phenotype of tiller height, reduced height, and sterile spikelets [50]. Some
genes with THIST function are believed to be regulated during shrub evolution, making
shrubs clustered and dwarfed. Therefore, GRDP2, ERF8, GA200x2, PMEI28, and THIS1
genes may be related to the tree shape of tea plants, but their specific functions in tea plants
have not yet been determined.

The leaf color of tea plants is an important factor in determining the fate of tea products,
which is mainly influenced by the chlorophyll and anthocyanin content [70]. In Arabidopsis,
chloroplast-localized AtABCI10 and AtABCI11 (AtNAP14) proteins participated in regu-
lating chloroplast metal homeostasis, and the loss of these gene products led to impaired
chloroplast biogenesis. It deregulated metal homeostasis [71,72]. Furthermore, a single
base substitution followed by a 6-bp deletion in OsABCI7 was found to result in chlorotic
and necrotic leaves in rice characterized by degradation of the thylakoid membrane, chloro-
phyll breakdown, and impairment of photosynthesis [51]. The bHLH proteins were critical
transcriptional regulators in the anthocyanin pathway [52]. Analysis of the protein profiling
of purple and green leaves of Zijuan tea showed the abundance of transcription factors
bHLH and HY5, which regulate anthocyanin biosynthesis at the transcriptional level [73].
Therefore, it was highly likely that ABCI protein and the bHLH transcription factor could
affect leaf color development by regulating chloroplast metal homeostasis and anthocyanin
biosynthesis. However, their specific roles in the development of tea leaf color have not yet
been characterized.

5. Conclusions

This study obtained 807,743 SLAF tags by SLAF-seq, and 9,428,309 high-quality SNPs
were developed. The population structure analysis suggested that 125 ancient tea plants
could be clustered into four groups. The average observed heterozygosity values of GQ,
LD, YM, and ZY were lower than their average expected heterozygosity values, indicating
probable incidences of inbreeding in the ancient tea population. This resulted in an excess
of homozygotes. The genetic diversity level of ancient tea plant populations in the LD and
YM production areas was higher, whereas it was lowest in the GQ production area. GWAS
analysis indicated seven candidate genes related to altitude, eight candidate genes related to
tree shape development, and three candidate genes associated with leaf color development.
Our results provide a reference for further resource identification and selection of ancient
tea plants from Sandu County.
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