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Abstract

Gastrodia elata Bl. is an important cultivated medicinal plant in China. To analyze the genetic diversity
and evolutionary relationship of the germplasm resources of G. elata, specific Single nucleotide
polymorphism (SNP) markers were developed. SLAF analysis was used to compare 28 samples of the
same G. elata cultivar. Plants from 4 different varieties or different habitats were collected to explore
intraspecific variation and to lay a foundation for resource protection. This will facilitate improved variety
breeding in future. In this study, Single nucleotide polymorphism (SNP) genetic variation and
differentiation of G. elata f. glauca, G. elata f. viridis, and G. elata f. elata were analyzed using Specific-
Locus Amplified Fragment Sequencing (SLAF-seq). A total of 75.95M reads with an average sequencing
depth of 19.32 x and a mean Q30 of 91.71% were obtained. Based on the 19,675 polymorphic SLAF tags,
60,238 SNPs were identified and a subset of 22,737 SNPs with minor allele frequency >0.05 and integrity
>0.5 were selected. A model-based analysis divided the accessions into two groups, wild type G. elata f.
glauca and G. elata f. viridis groups. Phylogenetic analysis also clustered the samples into the two major
groups. G. elata has high genetic diversity. Population diversity was highest in G. elata f. elata and lowest
in G. elata f. viridis. Analysis of molecular variance (AMOVA) revealed significant variations within
individuals (92.23%). This study provides new insights into the genetic variation and differentiation of G.
elata, which can be exploited to improve existing commercial cultivars.

Introduction

G. elatais a perennial Chinese medicinal plant belonging to the Orchidaceae family. Dried tubers of the
plant species are precious traditional Chinese medicinal materials. These have been used as food and
medicine for at least two thousand years. The product is believed to have several therapeutic effects,
including alleviating epilepsy convulsion, headache, dizziness, rheumatic arthralgia, and tetanus. Its other
beneficial effects include dispelling wind and dredging collaterals, translating liver yang, calming wind,
and stopping spasm [Pharmacopoeia of the People's Republic of China. Part I. 2020]. G. elata is mainly
distributed in Yunnan, Sichuan, Guizhou, northwest and northeast China, Japan, and South Korea [Chen
et al. 1999].

In recent years, excessive mining of wild G. elata has made it has become increasingly scarce. Therefore,
in order to ensure sufficient abundance of G. elata, artificial cultivation has become the main source of G.
elata medicinal materials. In China, the national G. elata planting area is stable at about 40000 hectares,
with an annual output of about 100,000 tons of fresh G. elata. Its output value is about 5 billion yuan,
and the export turnover is 5 million dollars and is gradually increasing. About 200 tons of G. elata are
exported overseas (Zhaotong Tianma specialty bureau). In addition, some G. elata products such as G.
elata wine, G. elata powder, G. elata tea, etc., have been developed for industrial use [Wang 2016].

There are thirteen known species of Gastrodia in China [Xu 1993], namely Gastrodia elata, G. javanica, G.
gracilis, G. angusta, G. tuberculata, G. flabilabella, G. hiemalis, G. menghaiensis, G. autumnalis, G.
peichatieniana, G. confusa, G. appendiculata and G. fontinalis. Only G. elata is listed in Pharmacopoeia
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of the People's Republic of China. Various G. elata varieties are widely cultivated and distributed in China
with minor phenotypic differences, such as flower color, tuber shape, and stem color. Currently, there are
five G. elata varieties that include G. elata f. elata, G. elata f. glauca S. Chow, G. elata f. viridis Mak, G.
elata f. alba S. Chow, and G. elata f. flavida S. Chow [Zhou 2013]. G. elata is rich in bioactive components
such as gastrodin, p-hydroxybenzaldehyde, p-hydroxybenzyl alcohol, vanillin, parishin, and plant
polysaccharides [Yu et al. 2016)]. G. elata f. glauca contains the highest levels of gastrodin, followed by G.
elata f. viridis, G. elata f. elata and G. elata f. flavida [Li et al. 2007]. Traditional breeding mainly depends
on the selection of plant phenotype, which is influenced by many factors such as the environment,
genetics, and the interactions between these two. G. elata is mainly cultivated for its active ingredients,
which vary between its different varieties. Therefore, it is necessary to analyze and characterize the
germplasm of G. elata.

The wild germplasms of G. elata are currently on the verge of extinction due to over-exploitation.
Moreover, mass cultivation of the few G. elata varieties has led to low genetic diversity. Biodiversity
conservation is one of the keys to protect species. More specifically, it protects the genetic diversity or
evolutionary potential of species. The richer the genetic diversity or variability within a species, the greater
the adaptability of the species to environmental changes, and the greater its evolutionary potential. This
will help protect the diversity of the species and the entire ecosystem or slow down the extinction process
caused by adaptation and evolution [Shi 1990]. Only by mastering the knowledge about the species
diversity and the genetic structure of the population can we formulate effective protection strategies and
measures. Analysis of DNA fragments among organisms can reveal the molecular variations underlying
their phenotypic traits. Molecular markers have been extensively applied to analyze the genetic diversity
of germplasm resources [Li et al. 2019; Huang et al. 2018; Yousef et al. 2018; Yang et al. 2019; Arif et al.
2011], construct genetic maps [Chang et al. 2018; Su et al. 2017; Mishra 2014], and map quantitative trait
loci (QTL) [Wen et al. 2020; Lv et al. 2021]. Commonly used DNA molecular markers include Restriction
Fragment Length Polymorphism (RFLP)[ Liang et al. 2019], Single Nucleotide Polymorphism (SNP) [Yang
et al. 2020], Random Amplified Polymorphic DNA (RAPD) [Kazemeini et al. 2020], Simple Sequence
Repeat (SSR) [He et al. 2020], Amplified Fragment Length Polymorphism (AFLP) [Sorkheh et al. 2019],
Sequence-related Amplified Polymorphism (SRAP) [Ma et al. 2021], Inter-simple Sequence Repeat (ISSR)
[Luc et al. 2010] and DNA barcode [Lou et al. 2010]. Genetic diversity of G. elata has been analyzed using
AFLP, RAPD, and ISSR [Wang et al. 2019; Wang et al. 2019; Zou et al. 2006; Zhao et al. 2008] markers.
SNP has many advantages, such the ability to locate many loci, wide distribution, genetic stability,
representativeness, and exists in the form of biallelic polymorphism [Brookes 1999]. In this study, third-
generation molecular marker SNP was used to analyze the genetic diversity of G. elata f. glauca, G. elata
f. viridis and G. elata f. elata for the first time. We aimed to examine levels of genetic variation and
differentiation in G. elata for protection and utilization of G. elata germplasm resources. These can be
exploited to improve the existing commercial cultivars in Yunnan province, China and beyond.

Materials And Methods
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Plant materials

Samples from four G. elata populations were collected from Yiliang, Weixi, Yunnan, and Yichang regions
in Hubei, China. The Weixi population (Ww) was G. elata f. glauca; the Yiliang population (W) was G.
elata f. glauca; the other Yiliang population (L) was G. elata f. viridis, and the Yichang population (H) was
G. elata f. elata (Figs. 1 and 2). The Weixi population (Ww) is a wild-type G. elata, whereas the other
populations are cultivated varieties (Table 1).

Table 1
Details of the G. elata samples used in this study
Code Variety Origin Sample Longitude Latitude  Altitude(m) Type
size
(E) (N)
Ww Gastrodia  Weixi, Diging, 7 27.2713 99.2774 2700 wild
elata f. Yunnan
glauca
W G. elata f. Yiliang, 7 27.7926 104.2656 1716 cultivated
glauca Zhao
tong,
Yunnan
L G. elata f. Yiliang, 7 27.7926 104.2656 1716 cultivated
viridis Zhao
tong,
Yunnan
H G. elata f. Yiling, 7 30.9599 111.1670 88 cultivated
elata. Yichang,
Hubei

Genomic DNA extraction and SLAF sequencing

Genomic DNA was extracted from rhizomes of G. elata using the CTAB method with minor modification
[Murray et al. 1980]. The quality and concentration of the extracted DNA samples were determined using
a NanoDrop-2000 spectrophotometer (Thermo Fisher Scientific, US). The concentrations of the DNA
samples were then standardized to 50 ng/pL.

Subsequently, genomic DNA was digested using Haelll restriction enzyme (new England laboratory,
Nebraska). A poly-adenine tail was added to the digested DNA fragments using Klenow (3'~5'
exonuclease) and dATP at 37°C. A double-labeled sequencing adapter (PAGE separation and purification,
American Life Technology Company) was then connected to the DNA fragment at the poly A tail by T4
DNA ligase. The digested samples were then diluted and ligated. Subsequently, PCR was performed using
dNTP Q5 high-fidelity DNA polymerase, and PCR primers: AATGATACGGCGACCACCGA and
CAAGCAGAAGACGGCATACG (PAGE separation and purification, American life technology company). The
PCR products were purified and enriched by agt AM Pure XP magnetic beads and separated by 2%
agarose gel electrophoresis. Fragments ranging from 400-450 bp were isolated and purified using rapid

Page 5/24



gel extraction kit (QIA quick Gel Extraction, QIAGEN). The gel purified products were sequenced on
lllumina HiSeq2500 platform (lllumina company, San Diego, California, USA).

SNP calling and data analysis

SNPs were called using BWA software package [Li et al. 2009]. The data were filtered according to the
workflow of "the most effective method" proposed by McKenna et al [McKenna et al. 2010]. The most
labeled samples were used as references. Variable sites were detected using GATK [McKenna et al. 2010]
and SAMTOOLS [Li et al. 2009]. SNP markers identified by both methods were shortlisted, and the results
were considered as the final and reliable SNP marker data set.

Data processing and analysis

The genetic diversity of the population was measured based on the conventional percentage of
polymorphic loci (p), Nei's gene diversity index, and Shannon diversity index using POPGENE [Yeh et al.
1999; Yeh et al. 1997; Nei 1987]. The population structure of G. elata was constructed using Admixture
software. Phylogenetic analysis was performed using MEGA 7 software [Kumar et al. 2016]. AMOVA
analysis was performed using AMOVA software [Excoffier et al. 2007] and the genetic variation among
and within populations was calculated. PCA analysis was performed using smart software [Patterson et
al. 2006].

Results
Identification of SLAF Tag and SNP Marker

SLAF tags were screened in 28 samples of G. elata. A total of 471,001 SLAF tags were obtained, of which
19,675 were polymorphic with a sequencing depth of 63,772,545 reads. The sequencing depth was 13.28
~26.5 X for a single sample, with an average sequencing depth of 19.32x (Table 1). Further analysis
showed that each sample had 21848 ~ 45240 SNP markers with integrity of 18.34 ~ 54.43% (25.69%
average) and heterozygosity rate of 36.26% ~ 75.1% (47.58% average). After considering MAF and
integrity, 60,238 SNPs were finally obtained and further utilized to analyze the genetic background of the
population (Table 2).

Page 6/24



Table 1
The SLAF labels of G. elata

Number Sample SLAF tag Total depth of Average sequencing
number number sequencing depth
1 Ww1 123,112 2,166,004 17.59
2 Ww2 258,203 3,429,227 13.28
3 Ww3 125,828 2,432,004 19.33
4 Ww4 121,818 1,683,874 13.82
5 WwS 119,236 2,780,116 23.32
6 Wwo6 120,653 2,576,764 21.36
7 Ww7 124,873 2,607,156 20.88
8 W1 138,733 2,690,240 19.39
9 W2 123,457 2,126,627 17.23
10 W3 113,944 2,545,067 22.34
11 W4 120,016 2,265,255 18.87
12 W5 127,430 2,689,731 21.11
13 W6 130,228 2,702,234 20.75
14 W7 112,327 2,144,808 19.09
15 L1 101,658 1,936,550 19.05
16 L2 109,983 2,728,377 24.81
17 L3 109,128 2,892,365 26.50
18 L4 112,211 2,899,183 25.84
19 LS 108,604 2,554,627 23.52
20 L6 103,507 2,013,389 19.45
21 L7 95,970 1,436,508 14.97
22 H1 104,180 1,753,314 16.83
23 H2 103,075 2,038,579 19.78
24 H3 94,673 1,471,044 15.54
25 H4 129,323 1,748,843 13.52
26 H5 102,510 1,644,827 16.05
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Number Sample SLAF tag Total depth of Average sequencing
number number sequencing depth

27 Hé 107,770 2,035,052 18.88

28 H7 98,702 1,780,780 18.04

Ww, Weixi population of G. elata f. elata; W, Yiliang population of G. elata f. elata; L, Yiliang population of
G. elata f. viridis, H, Yiling population of G. elata f. elata.
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Table 2

Details of SNPs in G. elata

Number

O© 00 N o o & W DN

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26

Sample

num
Ww1
Ww2
Ww3
Ww4
Wwb
Wwb6
Ww7
W1
W2
W3
W4
W5
W6
W7
L1
L2
L3
L4
L5
L6
L7
H1
H2
H3
H4
HS

er

Total number of
SNPs

60,238
60,238
60,238
60,238
60,238
60,238
60,238
60,238
60,238
60,238
60,238
60,238
60,238
60,238
60,238
60,238
60,238
60,238
60,238
60,238
60,238
60,238
60,238
60,238
60,238
60,238

Corresponding SNP
number

33,146
45,240
34,722
34,799
30,332
30,492
23,766
35,189
30,950
28,021
32,037
31,067
32,205
29,590
24,774
25,817
25,825
28,603
26,251
24,444
22,567
24,678
24,884
21,848
27,951
23,091
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SNP
integrity

26.29
54.43
23.97
26.01
26

24.05
18.34
28.78
25.87
23.48
25.74
24.72
25.54
25.33
22.21
2422
25.75
24.55
25.16
22.16
21.49
25.46
24.47
22.55
2211
27.81

SNP
heterozygosity

55.02
75.1

57.64
57.76
50.35
50.61
39.45
58.41
51.37
46.51
53.18
51.57
53.46
49.12
41.12
42.85
42.87
47.48
43.57
40.57
37.46
40.96
41.3

36.26
46.4

38.33




Number Sample Total number of Corresponding SNP SNP SNP

number SNPs number integrity heterozygosity
27 H6 60,238 27,742 25.06 46.05
28 H7 60,238 22,596 27.7 37.51

Ww, Weixi population of G. elata f. elata; W, Yiliang population of G. elata f. elata; L, Yiliang population of
G. elata f. viridis, H, Yiling population of G. elata f. elata.

Genetic structure analysis

The SNP markers from 60,238 samples were developed by SLAF-seq. The population structure of G. elata
was constructed based on the different K values (1-10) and the minimum CV error related to K values
was computed using admission software. The results showed that four G. elata germplasms mainly
originated from two different primitive ancestors (K = 2) (Fig. 3). Specifically, wild G. elata f. glauca and G.
elata f. viridis were from two different original ancestors (Q1 and Q2). On the other hand, some samples
of cultivated G. elata f. glauca and G. elata f. elata were in Q1, and the others were in Q2 (Table 3).

Page 10/24




The relationship between sample and population of 28 G. elata samples.

Number

O© 00 N o o & W DN

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27

Sample number
Ww1
Ww2
Ww3
Ww4
Ww5
Wwb6
Ww7
W1
W2
W3
W4
W5
W6
W7
L1
L2
L3
L4
L5
L6
L7
H1
H2
H3
H4
HS
H6

Q1

0.999990
0.999990
0.999990
0.999990
0.999990
0.999990
0.999990
0.999990
0.589848
0.999990
0.221396
0.209159
0.545204
0.633856
0.000010
0.000010
0.000010
0.000010
0.000010
0.000010
0.000010
0.312125
0.313867
0.999990
0.964960
0.999990
0.558055
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Q2

0.000010
0.000010
0.000010
0.000010
0.000010
0.000010
0.000010
0.000010
0.410152
0.000010
0.778604
0.790841
0.454796
0.366144
0.999990
0.999990
0.999990
0.999990
0.999990
0.999990
0.999990
0.687875
0.686133
0.000010
0.035040
0.000010
0.441945

Group
Q1
Q1
Q1
Q1
Q1
Q1
Q1
Q1
Q1
Q1
Q2
Q2
Q1
Q1
Q2
Q2
Q2
Q2
Q2
Q2
Q2
Q2
Q2
Q1
Q1
Q1
Q1




Number Sample number Q1 Q2 Group
28 H7 0.436665 0.563335 Q2

Notes

Ww, Weixi population of G. elata f. elata; W, Yiliang population of G. elata f. elata; L, Yiliang population of
G. elata f. viridis, H, Yiling population of G. elata f. elata. Q1, Possibility from the first primitive ancestor;
Q2, Possibility from the second primitive ancestor.

Phylogenetic analysis

MEGA7 software was used to screen for MAF >0.05 with integrity >0.5. A total of 22,737 SNPs were
obtained for further analysis. A phylogenetic tree comprising 28 samples was constructed to analyze the
evolutionary genetic relationships (Fig. 4). Seven Ww (wild G. elata f. glauca) samples, 3 W (cultivated G.
elata f. glauca) samples, and 3 H (G. elata f. elata) samples were clustered into one group. Meanwhile, 7
L (G. elata f. viridis) samples, 4 W samples, and 4 H samples were clustered into another group. These
results further confirm that wild type G. elata f. glauca (Ww) and G. elata . viridis (L) came from two
different original ancestors (Q1, Q2), consistent with the results of genetic structure analysis.

Population genetic diversity

To evaluate the genetic diversity of the four inferred groups, genetic parameters including Nei's genetic
diversity index (N), observed heterozygosity, PIC, Shannon Wiener index (I), and MAF were estimated
separately. (Table 4). The average effective allele (Ae) of the four populations was 1.5852. The
percentage of polymorphic loci varied from 14.2 to 30.51%, with an average of 20.94%. The average Nei's
genetic diversity (H) was 0.3059, while Shannon's polymorphic information index (I) was 0.3885. Genetic
diversity of G. elata f. elata. is the highest PIC=0.3051, N=0.4547,1=0.5666, and G. elata. f. viridis is the
lowest with P=0.1420, N=0.2067, 1= 0.2632.

Table 4

Summary statistics of genetic variation in G. elata population-based
on SNP markers

Code Ho Ae N MAF | PIC

W 0.2681 1.6933 0.4547 03214 0.5666 0.3051
H 0.2291 1.7123 0.3275 0.3330 0.4234 0.2283
L 0.2160 1.4315 0.2067 0.3623 0.2632 0.1420

Ww 0.2139 1.5037 0.2347 0.3420 0.3007 0.1621

Genetic differentiation analysis Notes
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Ho: observed heterozygosity; Ae, mean number of alleles per locus; N, Nei's genetic diversity index; MAF,
minor allele frequency; I, Shannon Wiener index; PIC, polymorphic information content.

**indicates significant difference in genetic diversity at 0.01 level between the entire and core germplasm
set collection as revealed by t-test.

Analysis of molecular variance (AMOVA) indicated that 14.31% of the total variation was distributed
between populations, 6.54% among individuals within populations, and 92.23% within individuals.
Variation among individuals (92.23%) was significantly higher than among populations (14.31%). The
fixed coefficient FST=0.14310 (P<0.05) indicated that the genetic differentiation among different
populations of G. elata was not significant (FST <0.25) (Table 5).

Table 5
Results of AMOVA between the core collection and the remaining collection
Source of variation DF SS VvC Percentage of variation

Among populations 3 28898.250 493.20493 14.31
Among individuals 24  65469.143 -225.39881 -6.54
within populations

Within individuals 28 89003.000 3178.67857 92.23
Total 55 94367.393 267.80612

Notes
DF, degree of freedom; SS, sum of square; VC, Variance components.

These variances were statistically significant at P <0.001.

Genetic distance analysis

Nei's unbiased genetic distance was used to calculate the average genetic distance and genetic identity
among populations (Table 6). The results showed that the maximum genetic distance was 0.007
between L and H, while the minimum genetic distance was 0.003 between H and Ww. Meanwhile, the
maximum genetic identity was 0.548 between H and W, while the minimum genetic distance was 0.406
between L and Ww.
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Table 6

Matrix of pairwise Nei’s genetic distance and genetic
distance of the four inferred groups.

W H L Ww
W 0.006 0.005 0.005
H 0.548 0.007 0.003
L 0.507 0.461 0.006
Ww 0.479 0.430 0.406

Notes
Below diagonal Nei’s genetic identity; above diagonal genetic distance.

Principal component analysis

The first three principal coordinates (the first, second, and third principal coordinates) explained 44.52%
of the total variation (Fig. 5). Specifically, the first, second, and third principal coordinates explained
11.79,11.88, and 20.85% of the total variation, respectively. PCA was used to evaluate the genetic
evolution of 28 G. elata samples. WW and L populations were divided into two groups, while W and H
populations were scattered over the WW and L populations. The results of PCA analysis were consistent
with those of genetic structure and phylogenetic tree analyses.

Discussion

Molecular markers have been widely used to characterize traditional Chinese medicinal plants [Sun et al.
2017; Mir et al. 2021; Ma et al.2021; Agyenim-Boateng et al. 2019]. High-throughput DNA sequencing
technology has promoted gene discovery and genome exploration, providing a new strategy for SNP
genotyping. Genome-wide resequencing strategy can be used to identify genotypic variations among
samples. SLAF sequencing technology has been applied to screen specific SNP loci in many plant
species [He et al. 2017; Chen et al. 2022; Chang et al. 2019; Du et al. 2019; Zhao et al. 2019]. Molecular
marker density directly affects population heredity. In this study, high-density SNP markers were used to
analyze the population and genetic diversity of G. elata. SLAF-seq can be used to develop SNP markers
with high density, efficiency, and consistency and has been widely applied to analyze genetic variation
among populations. Chen and others [Chen et al. 2022] constructed a phylogenetic tree involving 50
germplasms based on SNPs and grouped three Miscanthus species into two clades: one clade comprised
M. sinensis alone, while the other included the offspring M. lutarioriparius, and M. sacchariforus. Wang
and others [Wang et al. 2020] analyzed the genetic diversity of 234 taro accessions from 16 provinces of
China using 132,869 SNP markers identified by SLAF-seq and categorized the accessions into eight
groups. AMOVA analysis showed that the variation among the eight inferred groups was higher than
within groups, while a relatively small variance was found among the two morphological types and the
16 collection regions. SLAF-seq was applied to create a high-density genetic map for asparagus bean.
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Subsequently, 55,437 polymorphic SLAF markers were developed and utilized to mine SNP markers.
Comparative genome analysis was also performed, which revealed that asparagus bean is more related
to adzuki bean than soybean, common bean, and mung bean [Huang et al. 2018]. SLAF-seq is a fast,
accurate, efficient, and cost-effective strategy for de novo SNP discovery and genotyping of large
populations [Sun et al. 2013].

There has been limited genetics and genomics research on G. elata. However, research on the genetic
diversity of G. elata has been conducted using various markers, including AFLP [Tsai et al. 2014; Guan et
al. 2013; Xie et al. 2007], RAPD [Zou et al. 2006], ISSR [Chen et al. 2007], SRAP [Chai et al. 2014], and ITS
[Wang et al. 2010]. Guan and others [Guan et al. 2013] analyzed the polymorphism among G. elata
accessions using ISSR and AFLP molecular markers. Chen et al. [Chen et al. 2007] revealed significant
genetic differences between wild and cultivated G. elata; notably, the degree of genetic variation between
G. elata f. elata and G. elata f. flavida S. Chow was less than that between G. elata f. glauca and G. elata
f. viridis. Chai and others used SRAP molecular marker to assess the genetic diversity of three G. elata
germplasm resources and found that the genetic traits of G. elata f. elata were relatively stable. They also
found that there was a lack of gene communication between G. elata f. viridis, G. elata f. glauca, and G.
elata f. glauca variants with very little genetic diversity. However, the variants of G. elata f. glauca and G.
elata f. viridis had high genetic diversity. Existing reports have diverse views on the causes of genetic
variations among G. elata varieties. Guan et al. [Guan et al. 2013] believe that the environment exerts
significant influence on the genetic diversity of G. elata, arguing that the genetic of G. elata in the same
area is obviously different. Other factors have also been shown to affect the genetic variation in G. elata,
including genetics [Xie et al. 2007], genetic background, and heredity [Chai et al. 2014; Wang et al. 2010].

In this study, AMOVA analysis showed that genetic variation among G. elata populations was mainly
among individuals of the same population. The variation between populations was small, and genetic
differentiation between populations was not significant (FST = 0.14310, P < 0.05). Chai et al. [Chai et al.
2014] analyzed genetic diversity of G. elata using SRAP molecular markers and revealed that the
variation within G. elata populations was greater than between G. elata populations, but there was great
genetic differentiation among G. elata populations. Zhou et al. [Zhou et al. 2018] analyzed molecular
variance among G. elata populations and showed that 38.18% of the variation came from the variants,
17.68% from the populations within the variants, and the variation within the populations accounted for
44.14%. Notably, the genetic differentiation among G. elata populations was strong (FST = 0.5586), which
may be related to their geographical origin, sample size, and the technical methods adopted.

Genetic evolution analysis performed in this study showed that four groups of G. elata probably came
from two different primitive ancestors. The most representative of these two primitive ancestors were
wild G. elataf. glauca and G. elataf. viridis. This may reveal the evolutionary route of the three varieties
of G. elata and is consistent with the planting conditions of the various G. elata varieties. G. elataf.
glauca and G. elata f. elata were scattered between two primitive ancestors based on the genetic
structure and phylogenetic analysis, suggesting that W population has mixed genetic origins. These may
be related to many "Wuhong Tianma" hybrids between G. elata f. glauca and G. elata f. elata in Zhao
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tong, Yunnan, China (a major trading market of G. elata in China for the last 20 years). Wang and others
[Wang et al. 2010] identified genetic variations among G. elata f. flavida, G. elata f. viridis and G. elata f.
glauca using ITS and showed that G. elata f. glauca was an older type than G. elataf. flavida and G. elata
f. viridis. This suggested that contrary to our findings, G. elata f. flavida and G. elataf. viridis evolved
from G. elata f. glauca. G. elata variety may have originated from two different original ancestors: wild G.
elataf. glauca and G. elataf. viridis. Samples of G. elata from the two provinces are distributed, between
these two ancestors but the environmental conditions of the two provinces are different. Although there
are different variants of black, red, and green, the effect of the environment in their generation cannot be
ruled out. Transcriptomics and genomics studies can verify the findings of this study.
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Figure 1

Geographical location of G. elata accessions used in present study. (Maps sources: NGCC). Ww, Weixi

population of G. elata f. elata; W, Yiliang population of G. elata f. elata; L, Yiliang population of G. elataf.
viridisl H, Yiling population of G. elataf. elata.

Figure 2
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Morphology of samples collected from different G. elata populations.
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Figure 3

Cluster graphs of K=1-10 with 28 samples. Each color in the left figure represents a cluster, with each
row representing a cluster value. In the right figure, AK is the value that corresponds to each K value. AK
was minimized when K=2
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Figure 4

A maximum likelihood phylogenetic tree of the 28 G. elata accessions based on 60238 SNPs.
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Figure 5

Principal component analysis was performed on 28 G. elata individuals based on highly consistent
population SNPs.
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