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Abstract: Understanding genetic diversity and population structure is essential for the conservation
and utilization of germplasm. Ginkgo biloba L. is a medicinal, edible and ornamental tree species.
Detailed knowledge of genetic variability and diversity in different Ginkgo germplasm resources
is still scarce. In this study, a total of 173,160 Expressed Sequence Tag Simple Sequences Repeat
(EST-SSR) loci were derived from 43,073 Unigenes of the Ginkgo genome. A total of 43,731 pairs of
specific primers were designed for the EST-SSR loci, with sequence lengths >20 bp, and 100 of the SSR
primers were randomly selected. Among these, 20 EST-SSR markers were verified and used to assess
the genetic diversity of 101 Ginkgo individuals collected from different regions. The average values
for Shannon’s diversity index (I, 0.993), expected heterozygosity (0.566) and Nei’s genetic diversity
index (H, 0.563) indicate a high level of genetic diversity of Ginkgo populations. Based on the EST-SSR
markers, a core collection of Ginkgo germplasm comprising 27 genetic resources was constructed.
The retention rates of the number of resources, the number of alleles, the number of effective alleles,
the I index, the H index and the percentage of polymorphic loci of the constructed core collection
are 26.73%, 95.29%, 103.43%, 102.25%, 102.91% and 100.00%, respectively. The molecular markers
developed in this study are an effective tool for Ginkgo genetic diversity analysis and will facilitate
the future breeding of this species.
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1. Introduction

Ginkgo biloba L. is an endangered species endemic to China. It is a long-lived dioecious
tree that is distributed in extremely small populations. Ginkgo is the only member of its
family that has no close relatives. The size of the Ginkgo genome is 10.61 Gb [1]. The
strong adaptability of Ginkgo to various environmental stresses makes it a popular species
worldwide [2,3]. As a relict species, Ginkgo germplasm resources are extremely valuable.
Ginkgo resources have potential for medicinal, edible and ornamental uses. The leaves and
seeds of Ginkgo are used as important raw materials for traditional medicines with phar-
maceutical value, such as anti-inflammatory [4], photoprotective [5], liver-protective [6],
cardioprotective [7] and antioxidant medicines [8]. However, in view of environmental
threats, Ginkgo resources are gradually decreasing. There is an urgent need to strengthen
the resource conservation and genetic breeding of this species [9].
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Although several molecular marker techniques, such as RAPD, ISSR and PCR-RFLP,
used to analyze the population structure and reconstruct the phylogeographic history of
Ginkgo have been reported [10-12], the findings are still limited due to insufficient popu-
lation sizes and the limitations of genetic markers or related techniques. Previous results
based on RAPD [11] and AFLP [13] have shown that high levels of genetic variation exist in
Ginkgo populations, and the genetic diversity and differentiation of Ginkgo populations in
China were higher than those in Korea and North America [11]. In addition, RAPD markers
showed that the highest genetic diversity exists in the Ginkgo populations distributed in
Southwest China [11]. These results are consistent with those obtained through PCR-RFLP
and ISSR-PCR analysis in smaller Ginkgo populations. These efforts indicated that the
genetic diversity in the populations located in Guizhou and Hubei Provinces (Southwest
China) is much higher than that in Zhejiang Province (East China) [10,12]. Differently,
using SSR markers, Zhou et al. (2020) proposed that the highest genetic diversity and allelic
richness exist in a Ginkgo population located in East China [14]. The difference in these
results might be attributed to the genetic background discrepancy between refuge and cul-
tivated populations. Refuge populations are expected to have higher genetic variation than
cultivated ones because the latter generally represent a part of the original gene pool [15]. A
number of studies have described the genetic structure and inferred possible glacial refuges
of Ginkgo in China based on molecular markers, including isozyme electrophoresis [16],
random amplified polymorphic DNA (RAPD) [11,17] and inter-simple sequence repeat
(ISSR) analysis [10]. For example, Shen et al. (2005) examined the genetic structure of
eight Ginkgo populations in China and suggested that the Ginkgo refugium is located in
Southwest China, and the populations located in the Jinfou Mountain across Nanchuan,
Chonggqing and Guiyang City are probably the most primitive natural relicts of Ginkgo [12].
In addition, a single haplotype was found in the population located in the West Tianmu
Mountain, Zhejiang Province. Among existing molecular markers, SSRs have become
the most preferred because they are typically codominant, reproducible, cross-species
transferable and highly polymorphic [18]. SSR markers are widely used for core collection
construction [19,20] and genetic diversity analysis in many crop species [21].

The construction of a germplasm repository fully preserving genetic resources is
critical for comprehensive conservation programs for endangered species [22]. Developing
core collections requires both morphological data and molecular markers. Morphological
traits are easy to observe and measure. However, they are variable, subject to many
limitations and particularly depend on the environment [23,24]. On the contrary, molecular
markers are independent of environmental factors and have been effectively applied
in plant breeding and gene resource assessment [25]. It has been widely reported that
the diversity of molecular markers, e.g., microsatellites, could be a good indicator of
plant adaptation potential [26]. Conservation studies often infer adaptive potential from
neutral molecular marker data [27]. Such studies will enhance the value of regionally
adapted germplasm [28] and allow for better utilization and management of regional
challenges, such as tolerance to abiotic stresses [29], disease resistance [30] and product
quality traits [31].

A detailed molecular evaluation of the Ginkgo accessions will provide insights into
the genetic diversity and relationships among different accessions. Consequently, it is
imperative to clarify the genetic variation and population structure of Ginkgo germplasm
resources. This effort will facilitate the establishment of the gene pool and understanding of
the effect of domestication on genetic diversity and aid the breeding of new varieties [3,32].
In this study, EST-SSR loci identified based on transcriptome data were used to analyze
the composition, distribution and characteristics of Ginkgo populations. The EST-SSR
markers were designed and their polymorphism levels in Ginkgo individuals representing
ten distribution regions were analyzed, and a core collection of Ginkgo germplasm has
been constructed based on these EST-SSR markers.
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2. Materials and Methods
2.1. Plant Material and Prospected Provinces

A total of 101 Ginkgo individuals from nine provinces of China, including Guangxi (5),
Guizhou (8), Hubei (4), Jiangsu (41), Liaoning (3), Shandong (20), Shaanxi (3), Zhejiang (4)
and Hunan (11), and 2 individuals from Japan were sampled (Figure 1 and Table S1).
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Figure 1. Map of sampling sites for the 99 samples of Ginkgo germplasm across nine provinces of
China and 2 samples of Ginkgo germplasm from Japan.

2.2. SSR Extraction from Transcriptome Data and Primer Design

The EST-SSR loci were screened based on 11 transcriptome databases of Ginkgo,
including leaves, stems and flower buds. The MISA (microsatellite) software (https://
webblast.ipkgatersleben.de/misa/index.php?action=1 (accessed on 8 April 2020)) was
used to screen the repeat sequence sites in the Ginkgo transcriptome. Potential SSR markers
were selected according to the criteria that the number of repetitions for mono-, di-, tri-,
tetra-, penta-, and hexanucleotides were 10, 6, 5, 5, 5 and 5, respectively. The Primer 5.0
software was used to design SSR primers with sequence lengths > 20 bp, the GC content
was between 40% and 60%, and the annealing temperature was between 55 °C and 75 °C.
A total of 43,731 pairs of specific primers were successfully designed for 173,160 SSR loci.
In order to verify the effectiveness of the SSR primers, 100 pairs of primers were randomly
selected for synthesis (Table S2).

2.3. PCR and Polyacrylamide Gel Electrophoresis

A total of 25 g fresh leaves for each sample was collected and dried in allochronic
silica gel for DNA extraction. Genomic DNA was extracted using the CTAB (Cetyltrimethy-
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lammonium Ammonium Bromide) method [33]. The quality of DNA was detected by
1% agarose gel electrophoresis, and the concentration and purity of DNA were detected
using an ultraviolet spectrophotometer (756 PC, American). Each sample was diluted to a
concentration of 40ng/pL and stored at —20 °C.

Polymerase chain reaction (PCR) was performed in a 10 pL volume containing 5 uL
Premix Taq™ (Tsingke Biomedical Technology, Beijing, China), 1 pL forward primer, 1 pL
reverse primer, 1 ug DNA and 2 pL ddH;O. PCR amplification was performed using the
following steps: initial denaturation at 96 °C for 2 min, denaturation at 96 °C for 10s,
optimal gradient annealing for 30 s, 30-35 cycles of extension at 72 °C for 1 min and finally
an elongation step at 72 °C for 1 min. The PCR product was detected by 2%-3% agarose
electrophoresis, and the primers with clear bands at 50-500 bp were selected to characterize
the polymorphism. The amplified products were electrophoresed on 8% polyacrylamide
gels in 5 x TBE bulffer at a voltage of 200 V for 2 h. Electrophoresis gels were stained with
Silver Nitrate acid dye solution.

For the 100 pairs of SSR markers selected, the PCR results showed that 50 pairs of
primers generated clear and reproducible amplification products with high amplification
efficiencies (Figure S1). Polymorphic primer bands of the above 50 primers were screened
using 101 Ginkgo germplasm genomic DNA samples, and 20 polymorphic primers were
obtained. Moreover, their PCR products showed polymorphisms in the tested germplasms
(Figure S2). Reproducible and consistent PCR results for SSR primers were recorded
separately as present (1) or absent (0) in a binary matrix for the 20 polymorphism loci.

2.4. Molecular Data Analysis

Based on the characterization of a matrix, the POPGENE 32 software [34] was used to
evaluate the parameters of population genetic diversity, including number of alleles (Na),
effective number of alleles (Ne), observed heterozygosity (Ho), expective heterozygosity
(He), Nei’s genetic diversity index (H), genetic differentiation coefficient (Gst), gene flow
(Nm) and Shannon’s diversity index (I). The percentage of polymorphic loci (P) and locus
polymorphism information content (PIC) were calculated using the PowerMarker v3.25
software [35].

To infer population structure, Bayesian clustering analysis was conducted in the
STRUCTURE version 2.3.4 software [36]. The number of groups (K) was set from 1 to 11,
with 10 independent runs, using an admixture ancestry model and 10,000-step Markov
Chain Monte Carlo (MCMC) replicates after a 10,000-step burn-in for each run. The best
K value was inferred by delta K in the STRUCTURE HARVESTER software [37] and the
CLUMPP1.1.2 software [38]. The results were plotted using the DISTRUCT 1.1 software [39].
A cluster analysis based on genetic distance was performed by the unweighted pair-group
method with the arithmetic mean (UPGMA) approach in the MEGA 7.0.14 software [40].
Principal component analysis (PCA) was calculated using the GenAlEx v6.502 software [41].

2.5. Construction of the Core Collection

A total of 72 germplasm groups were obtained by random combination of two grouping
principles (ten groups according to geographical origins (random non-grouping method)),
and four sampling ratios within groups (simple proportional (P strategy), logarithmic pro-
portion (L strategy), square-root proportion (S strategy) and genetic diversity proportion (G
strategy)) and two sampling methods (the locus-first stepwise clustering method, stepwise
clustering random sampling method) were used (Tables S4-1-54-5). The PowerMarker
v3.25 software was used to compare the differences between sampling methods for core col-
lection construction [35]. The sampling ratios were set to 5%, 10%, 15%, 20%, 25%, 30%, 35%
and 40%. According to the simulated annealing algorithm, the core collection of Ginkgo
germplasms was constructed based on the maximizing allelic richness. The POPGENE 32
software [34] was used to calculate the genetic diversity parameters of the core varieties,
which were evaluated by calculating the retention rates of genetic diversity parameters
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and t-tests (Tables S5-58). PCA was used to confirm the reliability of the constructed core
collection.

3. Results
3.1. EST-SSR Distribution in the Gingko Genome

There are 43,073 SSR sequences with a total length of 1,150,995,496 bp. The occurrence
rate of SSRs throughout the Ginkgo genome is 35.23% (Table 1). There are six types of
identified SSRs. The mononucleotide repeats are most abundant (87,017), with a proportion
of 50.25%, followed by di- (69,835, 40.33%), tri- (11,923, 6.89%), tetra- (3843, 2.22%), hexa-
(161, 0.09%) and pentanucleotide (381, 0.22%) repeats. The mono-, di- and trinucleotide
repeats account for 97.47% of the total. There are 112,003 SSRs with a number of repeats
higher than ten, accounting for 64.68% of all the SSR loci (Table 2).

Table 1. Distribution characteristics of SSR sites in nuclear transcriptome of Ginkgo.

SSR Locus Characteristics Number
Total number of Unigene sequences 43,073
Total length of Unigene sequences (bp) 1,150,995,496
Number of SSRs 173,160
SSR mean distance (bp) 6647.01
Unigenes containing more than one SSR locus 10,147
Number of SSRs in complex form 29,416

Table 2. Statistics of repeat times of SSR sites with different repeat types.

Nucleotide Types Repeat Types Total Percentage (%)
5 6 7 8 9 10 >10

Mononucleotide 37,749 78,880 50.25%

Dinucleotide 17,608 11,602 9366 7517 5370 32,886 40.33%

Trinucleotide 8127 2378 809 332 134 62 125 6.89%

Tetranucleotide 2399 800 353 162 69 32 44 2.22%

Pentanucleotide 137 17 3 1 1 0 4 0.09%

Hexanucleotide 190 67 40 20 15 15 64 0.22%

Total 10,853 20,870 12,807 9881 7736 43,228 112,003 100.00%

3.2. SSR Type of the Ginkgo Genome and Validation of the SSR Markers

The SSR repetition type and frequency were determined in the Ginkgo genome. The
frequencies of A/T and G/C were 82,238 and 4779, accounting for 94.51% and 5.49%
of the mononucleotide repeats, respectively. Four types of dinucleotide repeats were
found in the Ginkgo transcriptome. The most dominant dinucleotide is AT /AT, account-
ing for 52.24% of the total repeats, followed by AG/CT (25.24%) and CG/CG (0.13%).
Ten types of trinucleotide repeats were found, among which the frequencies of AAG/CTT,
ATC/GAT and AAT/ATT account for 32.01%, 24.16% and 20.63%, respectively. There
were 25 types of tetranucleotides identified, among which ACAT/ATGT and AGAT/ATCT
are enriched, accounting for 40.70% and 23.47%, respectively. In addition, the most com-
mon types of pentanucleotide (23) and hexanucleotide (69) repeats were AAGAT/ATCTT
(36.65%), AAAAG/CTTTT (9.32%), AAAAT/ATTTT (9.32%), ACATAT / ATATGT (33.33%),
AGATAT/ATATCT (17.06%), ACCATC/GATGGT (8.40%) and AAAGCT/AGCTTT (5.77%)
(Figure 2).
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Figure 2. Distribution of SSR repeat motif types in transcriptome of Ginkgo.

The sequence length of SSR loci ranged from 10 to 1736 bp, with an average length of
23.31 bp, among which 113,282 loci were mainly in the range of 10 to 20 bp, accounting for
78.81% of the total (Figure S3).

3.3. Allelic Richness of the SSR Loci

The 50 candidate primer pairs were screened in the Ginkgo germplasm resources,
and 20 of them with clear product polymorphism were selected for further analysis. A
total of 85 alleles were detected using these 20 EST-SSRs in the 101 Ginkgo germplasms.
The number of alleles (Na) observed at each locus in the dataset ranged from 2 (loci Gb-
SSR27072 and GbSSR34776) to 8 (GbSSR27860), with an average of 4.250. The average
values representing the number of effective alleles (Ne) and the polymorphic locus per-
centage (PPL) are 2.504 and 0.951, respectively. The average observed heterozygosity
and expected heterozygosity are 0.809 and 0.566, respectively. The Shannon’s diversity
index (I) ranges from 0.662 (GbSSR05243) to 1.975 (GbSSR27860), with an average value of
0.993. The polymorphism information content (PIC) varies between 0.430 (GbSSR05243)
and 0.838 (GbSSR27860), with an average of 0.589 (PIC > 0.5), indicating a high level of
polymorphism and wide genetic variation in the 101 Ginkgo germplasm resources (Table 3).
These results suggested that the loci containing a considerable amount of genetic informa-
tion can be used for genetic diversity analysis.
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Table 3. Genetic diversity parameters of 20 pairs of SSR primers in the 101 germplasm resources.

SSR Locus Na Ne PPL PIC Ho He H I Gst Nm
GbSSR04447 4 2.160 1.000 0.536 0.951 0.540 0.537 0.854 0.003 101.479
GbSSR05243 4 1.671 1.000 0.430 0.535 0.404 0.402 0.662 0.060 3.902
GbSSR10422 5 2.074 1.000 0.531 0.818 0.521 0.518 0.868 0.028 8.686
GbSSR02181 4 2.400 0.956 0.632 0.874 0.586 0.583 1.040 0.026 9.226
GbSSR16030 5 2.563 0.967 0.653 0.979 0.613 0.610 1.119 0.074 3.131
GbSSR21240 4 2.435 0.878 0.564 0.828 0.593 0.589 1.002 0.255 0.731
GDbSSR13689 6 2.269 1.000 0.602 0.830 0.562 0.559 1.034 0.067 3.504
GbSSR05999 6 2.747 0.989 0.717 0.900 0.639 0.636 1.276 0.052 4.526
GbSSR21429 3 1.694 0.900 0.507 0.511 0.412 0.410 0.732 0.159 1.326
GbSSR25769 5 2.175 0.989 0.555 0.850 0.543 0.540 0.918 0.050 4.790
GDbSSR29168 4 2.054 0.989 0.542 0.770 0.516 0.513 0.850 0.041 5.837
GbSSR27072 2 1.998 1.000 0.475 0.970 0.502 0.500 0.693 0.001 275.569
GbSSR27825 3 2.245 0.978 0.581 0.899 0.557 0.555 0.900 0.018 13.796
GDbSSR31776 3 2.182 0.989 0.571 0.840 0.544 0.542 0.885 0.031 7.796
GbSSR34776 2 1.980 0.911 0.473 0.900 0.498 0.495 0.688 0.255 0.732
GbSSR31083 4 2.132 1.000 0.534 0.890 0.534 0.531 0.862 0.018 13.681
GbSSR27860 8 6.716 1.000 0.838 0.880 0.855 0.851 1.975 0.098 2297
GbSSR01538 5 3.734 0.744 0.797 0.539 0.737 0.732 1.414 0.180 1.138
GbSSR00112 4 2.748 0.933 0.667 0.837 0.640 0.636 1.128 0.148 1.441
GbSSR10214 4 2.105 0.789 0.581 0.586 0.529 0.525 0.969 0.110 2.016
Mean 4.25 2.504 0.951 0.589 0.809 0.566 0.563 0.993 0.084 2.671

Note: Na, number of alleles; Ne, number of effective alleles; PPL, polymorphic locus percentage; PIC, polymorphic
information content; Ho, observed heterozygosity; He, expected heterozygosity; H, Nei's genetic diversity index; I,
Shannon'’s diversity index; Gst, gene differentiation coefficient; Nm, gene flow.

3.4. Genetic Diversity of the Collected Ginkgo Germplasm

Genetic variation at 20 EST-SSR loci was assessed in the 101 Ginkgo germplasm
resources collected from 10 geographical origins. The results indicated that the Ginkgo
populations possess high genetic diversity, which is supported by the values for Na (from
2.2632 to 3.2105), Ne (from 1.9100 to 2.5544), H (from 0.4420 to 0.5797), I (from 0.7355
to 0.9266), He (from 0.5494 to 0.6930) and Ho (from 0.7606 to 0.9411) (Table 4). Among
all populations, the Guizhou population had the highest genetic diversity (He = 0.6930,
H = 0.5797), while the Liaoning population had the lowest (He = 0.5494, H = 0.4420)
(Table 4). The genetic diversity of the Ginkgo populations in Southwest China (including
the Guizhou, Hubei, Guangxi and Hunan populations) is the highest, followed by those in
East China (including the Jiangsu, Shandong and Zhejiang populations). The populations
with the lowest genetic diversity are located in Northwest China (including the Shaanxi
and Liaoning populations). The gene flow of Ginkgo populations is high (Nm ranges from
0.731 to 275.569, with an average value of 2.671) (Table 3). This suggests that the Ginkgo
populations are genetically similar.
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Table 4. Genetic diversity of 101 Ginkgo germplasm resources in different populations based on the
20 polymorphic EST-SSR loci.

Population Location Size Na Ne Ho He H I

Hunan Southwest 11 2.7500 2.3553 0.8550 0.6296 0.5432 0.8755
Guangxi Southwest 2.8500 2.3782 0.8708 0.6319 0.5462 0.8953
Guizhou Southwest 3.2105 2.5544 0.9411 0.6930 0.5797 0.7592
Hubei Southwest 4 2.4000 2.4479 0.9333 0.6633 0.5761 0.8104
Jiangsu East 41 2.8000 2.3476 0.8100 0.6244 0.5120 0.8990
Liaoning Northwest 3 2.8500 1.9100 0.7698 0.5494 0.4420 0.7457
Shandong East 20 3.0000 2.3291 0.8013 0.6058 0.5080 0.9266
Shaanxi Northwest 3.1500 2.0008 0.7749 0.5582 0.4711 0.8890
Zhejiang East 4 2.2632 2.0233 0.7846 0.5965 0.4898 0.7355
Japan 3.2000 2.0042 0.7606 0.5537 0.5384 0.9068
Mean 2.8474 2.2351 0.8301 0.6106 0.5207 0.8443

Note: Na, number of alleles; Ne, number of effective alleles; Ho, observed heterozygosity; He, expected heterozy-
gosity; H, Nei’s genetic diversity index; I, Shannon’s diversity index.

3.5. Genetic Relationship between Genotypes of Ginkgo Germplasms

The AMOVA results show that the highest genetic variation (96%) occurs within
populations, while only 4% genetic variation was observed among populations (Table S3).
The clustering pattern based on the analysis of the EST-SSR profiles revealed the formation
of two (best delta K, Figure 3) main clusters among the selected 101 Ginkgo germplasm
resources from ten geographical origins. Half of the genetic resources in each individual are
grouped into one class. When K = 3, one third of the genetic resources of each individual
are grouped into one category.

The PCA showed that the three principal components accounted for 87.24% of the
total genetic variation. The first principal component accounted for 48.35%, which di-
vided the 10 Ginkgo populations into two groups (the first group includes the Guangxi,
Guizhou, Shaanxi, Hubei, Hunan and Japan subgroups; the second group includes the
Zhejiang, Jiangsu, Shandong and Liaoning subgroups). The second principal compo-
nent accounted for 22.99% of the variance and divided the Ginkgo populations into
four groups (the first group includes the Guangxi, Guizhou, Shaanxi and Hubei subgroups;
the second group includes the Zhejiang, Jiangsu and Shandong subgroups; the third group
includes the Liaoning subgroup; the fourth group includes the Japan and Hunan sub-
groups). The third main component accounted for 15.90% and divided the 10 Ginkgo
populations into three groups (the first group includes the Guangxi, Guizhou, Shaanxi,
Hubei, Zhejiang, Jiangsu, Shandong and Hunan subgroups; the second group includes the
Liaoning subgroup; the third group includes the Japan subgroup).

Individual PCA divided the 101 Ginkgo biloba resources into three categories. The
majority of the Ginkgo groups were gathered together, except for the Jiangsu subgroup.
Among them, the Guangxi, Guizhou and Hunan subgroups were closely clustered, indicat-
ing that their genetic relationship is relatively close. The population in Jiangsu is relatively
dispersed, and some individuals are distant from other populations, indicating that the
genetic relationship between them is distant. This may be due to the large differences
between individuals, the phenomenon of gene exchange or remote introduction.

The UPGMA method was used to perform cluster analysis. The cluster results show
that the 10 Ginkgo populations can be divided into two categories and three subpopu-
lations at a genetic distance of 0.08, which was consistent with the results of the genetic
structure analysis (K = 3) and PCA. The first group includes the Jiangsu, Shandong, Hunan,
Hubei, Guangxi, Guizhou, Shaanxi and Liaoning populations. The Liaoning population is
classified as a single subpopulation, indicating that the genetic relationship between the
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Liaoning population and the other populations is distant, while the Jiangsu and Shandong
populations are grouped together, indicating that their genetic relationship is the closest.
The second category includes only the Japan population, indicating that it has the most
distant genetic relationship with respect to the other populations.

A Deltak = mean(|L"(K)|) / sd(L(K))
20
15
af
8
g10
05
0.0
2 a 6 8 10
B K

K=2

O Y 1 0 Y Y VY S VR L L VS L v

S T N e (el 0t T 00 T
P Y i, T 0 G, o S 2, W3,

GX GZ HuB JS LN SD SXZJJPN HN

Figure 3. The distribution of AK and the cluster plot based on STRUCTURE analysis. (A) The best
K was estimated from the AK statistics using Structure Harvester for the ten Ginkgo populations.
Population structure bar plots from transcriptome data showed two clusters (best delta K = 2).
(B) Genetic structure of Ginkgo accessions in ten different populations. Each vertical bar indicates an
individual, and the height of each colored bar represents the proportion of assignment to that cluster.
Population abbreviations: GX, Guangxi Province; GZ, Guizhou Province; HB: Hubei Province; JS:
Jiangsu Province; LN: Liaoning Province; SD: Shandong Province; SX: Shaanxi Province; Z]: Zhejiang

Province; JPN: Japan; HN: Hunan Province.
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The 101 germplasm resources of Ginkgo can be divided into three categories, which is
consistent with the results of the PCA. However, the categories are not clustered strictly
according to their geographical provenances. The first, second and third categories in-
clude 7, 21 and 73 Ginkgo germplasm resources, respectively. The results of the PCA
(Figures 4A and 5B), UPGMA (Figure 4B) and phylogenetic tree (Figure 5A) jointly con-
firmed the genetic structure of these Ginkgo populations obtained with K = 3 (the third top
delta K, Figure 3). These results indicate that there is extensive gene exchange between
Ginkgo populations, which is consistent with the results for population genetic differentiation.

A
* JPN
LN

. e W
= e =~y T —. -
o ¢Z]

! * J5 v

| *G7 HB ¢ i

h"'-.._‘_‘,‘hG"‘l{ '. S}: E]Jj‘;‘,-"
T Coord. 1
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——>5SD

HN
HB
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SX
Z)

4 LN
JPN

L 1 I 1
L] T L 1

0.08 0.06 0.04 0.02 0.00

Figure 4. (A) PCA and (B) UPGMA dendrograms show the relationships between the ten Ginkgo
germplasm resource populations studied by 20 polymorphic EST-SSRs. For population abbreviations,
please see Figure 3.
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Figure 5. Phylogenetic tree and PCA of 101 Ginkgo germplasm resources based on EST-SSRs.
(A) Maximum-likelihood (ML) tree illustrates genetic relationships between the 101 Ginkgo
germplasm resources. For individuals’ abbreviations, please see Table S1. (B) Principal coordi-
nate analysis of the 101 individuals from the ten Ginkgo populations, assessed with 20 EST-SSR

markers. For population abbreviations, please see Figure 3.
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3.6. Core Collection Construction of the Ginkgo Germplasms

Shannon’s diversity index (I) and Nei’s gene diversity index (H) values among the
72 germplasm groups and the original germplasm were tested by t-tests. The results
showed that the genetic diversity of the 70 groups was not significantly different from that
of the original germplasm (p > 0.05), except for C9 (individual codes: 31, 52, 79 and 100)
and C17 (individual codes: 13, 22, 81 and 92) (p < 0.05), which indicated that most of the
sampling schemes in this study could meet the conditions of the Ginkgo core collection
construction (Table S5).

Different core collections constructed by four different sampling strategies (p, L, S and
G strategies) and a random non-grouping method were compared. Using the locus-first
clustering method (I = 0.994, H = 0.570) and random clustering (I = 0.956, H = 0.528), the
genetic diversity of the core germplasm obtained with the genetic diversity proportion (the
G strategy) was the highest, while that obtained with the random non-grouping method
was the lowest (I = 0.927, H = 0.490). These results indicate that the grouping strategy
according to origin is better for the construction of the core germplasm of Ginkgo (Table S6).

The genetic diversity index of the core collection was constructed using eight different
overall sampling ratios (5%, 10%, 15%, 20%, 25%, 30%, 35% and 40%) and the results were
compared. The results show that the average Shannon’s diversity index (I) and Nei’s gene
diversity index (H) values of the core collection germplasm obtained by the locus-first
clustering method under the other seven overall sampling ratios were higher than those
obtained by the random clustering sampling method, except for 5%, indicating that the
genetic diversity of the core germplasm obtained by the locus-first clustering method was
higher. According to the I and H values, the genetic diversity of the core germplasm was
the most abundant when the total sampling proportion was 25% (Table S7).

The optimal sampling scheme (grouped according to origin, sampled within the group
according to the genetic diversity proportion and the locus-first clustering method, and
with the overall sampling proportion being 25%) was determined through the comparative
analysis of different sampling schemes. To provide an overview of the whole genetic
diversity of the germplasm, a core collection (C29, individual codes: 3,4, 5,7, 8,13, 15,16, 17,
22,30, 48, 60,61,79, 80,81, 82,83, 84, 85,87, 83, 89, 90, 92 and 95) that contained 26.73% of the
101 Ginkgo individuals was constructed. The core collection includes Ginkgo individuals
from the Guangxi (3), Guizhou (3), Hubei (3), Jiangsu (3), Liaoning (2), Shandong (3),
Shaanxi (3), Zhejiang (3), Hunan (2) and Japan (2) populations (Table S8). The results
of the core collection evaluation demonstrate that the retention rates of the number of
resources, Na, Ne, I, H and PPL (%) were 26.73%, 95.29%, 103.43%, 102.25%, 102.91%,
and 100.00%, respectively, indicating that the core collection can represent the genetic
diversity of the original germplasm (Table 5). The PCA results for the core germplasm
and the original germplasm (Figure S4) show that the core germplasm basically spread
throughout the whole coordinate map, indicating that the constructed core germplasm has
good representability.

Table 5. Genetic diversity evaluation of core collection.

Ggrl;irﬁiila?m Coﬁgz:ion Retention (%) Clzfliil;;,(‘:n Retention (%)
Size 101 27 26.73 74 73.27
Na 4.25 4.05 95.29 4 94.12
Ne 2.504 2.59 103.43 2.432 97.12
I 0.993 1.019 102.25 0.969 97.52
H 0.563 0.58 102.91 0.553 98.19
PPL 100 100 100 98.52 98.52

Note: Na, number of alleles; Ne, number of effective alleles; I, Shannon’s diversity index; H, Nei’s genetic diversity
index; PPL, polymorphic locus percentage.
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4. Discussion

Ginkgo is an ancient medicinal tree species; the various parts of the tree can be used
to treat diseases due to the Ginkgo-specific bioactive compounds they contain [42]. SSRs
were used for the genetic diversity study of the germplasm, genetic map construction,
kinship identification and core germplasm collection due to their codominant inheritance
and rich polymorphism [43]. We assessed the genetic diversity and population structure
of 101 Ginkgo germplasm across China and Japan using 20 EST-SSR markers. Shannon’s
diversity index, expected heterozygosity and Nei’s genetic diversity index values revealed
that the Ginkgo populations have a high level of genetic diversity. The collection, preserva-
tion, evaluation and utilization of Ginkgo germplasm resources are of great significance for
high tree quality and the breeding of new varieties [44]. Based on the 20 EST-SSR markers, a
core collection of Ginkgo including 27 genetic resources was constructed. This study gives
insight into the choice and use of the most variable Ginkgo accessions, which are identified
here as potential resources for future breeding programs of new and more productive
varieties.

4.1. SSR Locus Analysis of the Ginkgo Transcriptome

Polymorphic markers are important tools for studying population inheritance at the
genomic level [45]. The effective amplification rates observed in our study are between
60% and 90%, as recommended by Saha et al. (2004) [46]. EST-SSR markers have relatively
high amplification rates because the sequence data used for primer design come from a
relatively highly conserved transcribed region rather than a randomized whole-genome
library. A higher effective amplification rate is one of the criteria used for the development
of high-quality EST-SSR markers. In this study, 173,160 SSR loci were obtained from
15,176 Unigenes by screening the sequences of 43,073 Unigenes in the Ginkgo transcriptome.
The frequency of SSRs was 35.23%, which was much higher than in previous studies
(5.95%) [47] and the results for another endangered species, Abies alba (0.45%) [48]. These
results were in agreement with those reported by Fan et al. (2021) [47], who revealed that
all microsatellite loci were polymorphic and displayed significant spatial differentiation of
genetic variation in Ginkgo. Differences in the genomes of species lead to differences in
SSR loci in different plant transcriptomes, and the adopted methods or screening criteria
may also affect the frequency of SSR loci [49].

The number of single nucleotide repeats in the Ginkgo transcriptome is the largest
(50.25%), but it is relatively easy for mismatch to occur, which leads to sequencing failure, so
it is rarely used in practice. In addition, dinucleotide and trinucleotide repeats dominated,
accounting for 47.22% of the total number of SSRs, which was consistent with the results of
previous studies [47], indicating that short repeats were more prone to mutation. Among
the six nucleotide repeat types, the number of SSR sequences containing A /T bases was
the largest, which may be due to the fact that the number of complementary hydrogen
bonds of A/T was less than that of G/C and the frequency of fluctuation, which took place
relatively easily. Another explanation is that this situation is caused by the insertion of
polyA at the 3’ end into the genome and the conversion of methylated C residues into
T residues [50]. The AT/AT repeat is the most common type of dinucleotide repetition,
accounting for 52.24%. The most common type of trinucleotide repetition is AAG/CTT,
accounting for 32.01%. This distribution characteristic is consistent with most tree species,
such as Taxus fuana [51] and Firmiana danxiaensis [52], indicating that AT/ AT and AAG/CTT
belong to the dominant and highly frequent gene sequences in different species. In this
study, the length of SSR sequences in the transcriptome of Ginkgo was mainly in the range
of 10-20 bp, and there were 30,462 SSR loci with sequence lengths greater than 20 bp,
accounting for only 21.19% of the total number, indicating that low-length SSR sequences
were more prone to variation in Ginkgo [53]. These SSR loci with lengths greater than 20 bp
usually have high polymorphism, which is of great significance for the development of
molecular markers.
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4.2. Development of SSRs in the Ginkgo Transcriptome

The developed SSR molecular markers in different species are distinctive, which can
be attributed to their genomic properties. In this study, 50 pairs of effective SSR primers
were screened, and finally 20 pairs of primers with a polymorphism percentage of 40% and
an average PIC value of 0.594 were obtained, ensuring that the developed primers were
polymorphic in the Ginkgo germplasm resources and can be used for genetic diversity
analysis of Ginkgo [54]. Through SSR primer validity verification and polymorphism
screening, the 20 SSR molecular markers with good stability and high polymorphism were
successfully developed, which provided stable and reliable results for the genetic diversity
analysis and core germplasm construction of Ginkgo.

4.3. Genetic Diversity and Population Structure of the 101 Ginkgo Germplasm Resources

The observed heterozygosity of Ginkgo populations was higher than the expected
heterozygosity at the majority of loci (19). We only observed lower heterozygosity at
one locus (GbSSR01538) compared to the expected heterozygosity. These results suggest
that there are frequent gene exchange events occurring in the ten ginkgo populations,
confirming the genotype hybridization of Ginkgo germplasm resources. The PIC value
indicates the level of polymorphism information provided, as well as the usefulness of the
microsatellite primers for genotyping, gene mapping, molecular breeding and germplasm
evaluation. In this sense, the most suitable locus for genetic characterization of the analyzed
set of Ginkgo genotypes was GbSSR27860, which showed PIC values equal to or higher
than 80% [55].

EST-SSR markers have been extensively developed for multiple purposes, like genetic
diversity analysis [56], genetic improvement [57], species delimitation [58] and marker-
assisted breeding [59]. In this study, Ginkgo germplasm resources showed high genetic
diversity (I = 0.993, Ho = 0.809, He = 0.566, H = 0.563) compared with other endangered
species, such as Isoetes yunguiensis (mean Ho = 0.475, He = 0.463, I = 0.782 for EST-SSRs [60])
and economically important plants, e.g., Camellia reticulata (mean Ho = 0.242, He = 0.457
for EST-SSRs [61]), and the results on Ginkgo from other studies (H = 0.2408, I = 0.3599
for ISSR [62]; H =0.21, I = 0.34 for AFLP [63]; H =0.12, I = 0.19 for AFLP [64]; He = 0.3159,
I = 0.4489 for RAPD [11]; He = 0.808 for SSR [14]). Thus, the methods (e.g., SSR, ISSR
and RAD) and the number of loci used to calculate genetic diversity can influence values
of genetic diversity. For example, endemic species showed lower genetic diversity (Ho
and He) within populations than regional or widespread species using STMS (Sequence
Tagged Microsatellite Site)-based data, while no difference between them was found when
RAPD (Random Amplified Polymorphic DNA)-based data were used [65]. In addition, the
genetic diversity of different species also depends on their life form, breeding system and
geographic range [65].

The genetic structure of species is affected by the interaction of multiple factors, such
as the transmission model of seeds and pollen, population demographic history, geological
events, geographical or ecological barriers, and divergent selection for environmental
factors [66]. The Ginkgo accessions in the present study were clustered into three groups
based on PCA, UPGMA and STRUCTURE analyses. The results of the PCA and analysis of
molecular variance showed a wide range of variability among our Ginkgo groups (among
populations = 98%, within populations = 2%). Our results are in line with previous studies
(among populations = 73.57%, within populations = 26.43%), suggesting that most variation
was maintained among Ginkgo populations [67]. The reason for the high genetic variation
and low genetic differentiation in Ginkgo populations may be related to the gene exchange
between the populations (Nm = 2.671), which can overcome genetic drift to a certain
extent [68]. Germplasm resources are the most basic and key materials in breeding, and
genetic variation mainly comes from artificial selection, which is more significant for the
genetic improvement of Ginkgo. The results of this study further demonstrated the long-
term artificial selection of Ginkgo germplasm resources, such as grafting, cross breeding
and remote introduction to cultivation places (such as the introduction of Ginkgo plants
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from Tianmu Mountain in Zhejiang Province to Hunan Province). Breaking through the
geographical restrictions will produce more frequent gene exchange events, thus making it
difficult for Ginkgo to follow an independent evolutionary route. Therefore, it is necessary
to cultivate new varieties that can adapt to complex environmental conditions and present
excellent comprehensive phenotypes to meet the requirements of different regions.

4.4. Construction of the Core Germplasm of Ginkgo

At present, the data sources for core germplasm construction mainly include pheno-
typic trait and molecular marker data. The data of phenotypic traits can directly reflect the
phenotypic characteristics of crops, but it is easy for these to be affected by the environment,
which is relatively suitable for Oryza sativa, Gossypium spp., Glycine max and other crops
with a short growth cycle [28]. Molecular marker data are the expression of DNA molecular-
level variation, which is not affected by the environment and the growth and development
stage of the crop itself and is applicable to Cunninghamia lanceolata, Castanea mollissima,
Prunus armeniaca and other perennial trees [28]. For plants with large population sizes,
performance data and molecular marker data are combined to construct core germplasms,
which can not only retain the phenotypic characteristics of crops, but also reflect the genetic
characteristics of crops at the molecular level, making them more representative. Although
this study collected phenotypic trait data on the basis of previous studies, for tall perennial
trees like Ginkgo, long-term investigation is needed to provide a more complete and ob-
jective data basis, and the germplasm resources of Ginkgo are limited. Therefore, in this
study, relatively stable EST-SSR molecular marker data were used to construct the core
germplasm of the Ginkgo germplasm resources.

It was found that the diversity index of the core germplasm grouped by origin
was higher than that of the core germplasm without grouping, indicating that group-
ing was more representative than non-grouping. This is consistent with existing research
findings [69]. The results showed that the core germplasm constructed according to the
proportion of genetic diversity and the locus priority cluster sampling method had the
best representation. For example, Raamsdonk and Wijnker (2000) used genetic diversity
strategies to construct a tulip core germplasm [70]. The minimum genetic resources and
genetic duplication represent the maximum genetic diversity of the original germplasm [71].
At present, in most studies of core germplasm, the overall sampling proportion is between
5% and 40%. Therefore, when constructing the core germplasm of different germplasm
resources, sampling should be carried out according to their resource quantity and genetic
characteristics.

According to the above analysis, the optimal sampling scheme was obtained, which
included grouping by origin, sampling by the proportional strategy of genetic diversity
within groups and the priority clustering method for loci, and the overall proportion was
25%. Finally, 27 core germplasm resources for Ginkgo were constructed. The genetic
diversity parameters of the core germplasm, original germplasm and retained germplasm
were compared. The number of resources, number of alleles (Na), number of effective
alleles (Ne), Shannon’s diversity index (I), Nei’s genetic diversity index (H) and percentage
of polymorphic loci (PPL) retention rates of the core germplasm were 26.73%, 95.29%,
103.43%, 102.25% and 102.91% and 100.00%, respectively. These results can represent the
maximum genetic diversity of the original germplasm with the least number of resources,
which conforms to the principle of core germplasm construction. The results of the PCA
also showed that the core germplasm covered the whole distribution area of the original
germplasm, indicating that the core germplasm constructed in this study was successful.
However, the retained germplasm may also retain genetic information and phenotypic traits
missing from the core germplasm, which should not be ignored in the actual utilization of
germplasm resources. In subsequent studies, phenotypes of Ginkgo germplasm resources
in different growth cycles can be investigated and collected to further evaluate and confirm
the constructed core germplasm.
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5. Conclusions

In this study, we assessed the genetic diversity, population structure and relationships
of 99 Ginkgo germplasm samples across nine provinces of China and 2 samples from Japan
using 20 EST-SSR markers. The SSR loci were found to be significantly polymorphic and
effective for differentiation among the accessions studied. The results of this study showed
that Ginkgo germplasm resources had a high level of genetic diversity (the mean values of
I, He and H were 0.993, 0.566 and 0.563, respectively), revealing that there are differences in
the levels of genetic diversity among populations. Based on the EST-SSR data, the optimal
sampling scheme was screened out, and the core collection was well representative (PCA
results, Figure S4). Our results provide a reference for the genetic improvement, resource
protection and utilization of Ginkgo.

Supplementary Materials: The following supporting information can be downloaded at:
https:/ /www.mdpi.com/article/10.3390/f14112155/s1, Figure S1: PCR electrophoresis diagram of
Partial primers of SSRs; Figure S2: Polymorphism map of GbSSR01538 in 101 Ginkgo germplasm
resources; Figure S3: Length distribution of SSR in Ginkgo transcriptome; Figure S4: Principal compo-
nent analysis of the core collection and the initial collection of Ginkgo; Table S1: Sample information
of germplasm resources in Ginkgo; Table S2: Primer sequence and product sizes of 100 SSR markers
for analyzing genetic diversity; Table S3: Analysis of molecular variance of Ginkgo populations;
Table S4-1: Ginkgo core collection constructed based on simple proportional sampling; Table S4-2:
Ginkgo core collection constructed based on square root proportion; Table S4-3: Ginkgo core col-
lection constructed on logarithmic proportion; Table S4-4: Ginkgo core collection constructed by
genetic diversity proportion; Table 54-5: Ginkgo core collection constructed by random non-grouping
method; Table S5: Tests for core collection of Ginkgo; Table S6: Comparison of different sampling
strategies; Table S7: Comparison of different sampling ratio in group; Table S8: Ginkgo core collection.
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