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Abstract: Xanthoceras sorbifolium is one of the most important species of woody oil. In this study,
whole genome re-sequencing of 119 X. sorbifolium germplasms was conducted and, after filtering,
105,685,557 high-quality SNPs were identified, which were used to perform population genetics and
core collection development analyses. The results from the phylogenetic, population structure, and
principal component analyses showed a high level of agreement, with 119 germplasms being classified
into three main groups. The germplasms were not completely classified based on their geographical
origins and flower colors; furthermore, the genetic backgrounds of these germplasms were complex
and diverse. The average polymorphsim information content (PIC) values for the three inferred
groups clustered by structure analysis and the six classified color groups were 0.2445 and 0.2628,
respectively, indicating a low to medium informative degree of genetic diversity. Moreover, a core
collection containing 29.4% (35) out of the 119 X. sorbifolium germplasms was established. Our results
revealed the genetic diversity and structure of X. sorbifolium germplasms, and the development of a
core collection will be useful for the efficient improvement of breeding programs and genome-wide
association studies.

Keywords: Xanthoceras sorbifolium; elite germplasm; genetic diversity; core collection; single-nucleotide
polymorphism

1. Introduction

Xanthoceras sorbifolium is a deciduous shrub or small tree that belongs to the Sapin-
daceae family and the monotypic genus Xanthoceras, and is widely distributed in arid and
semiarid regions in northern China. The geographic distribution of X. sorbifolium in China
spans from 28◦34′ N to 47◦20′ N in latitude and from 73◦20′ E to 120◦25′ E in longitude. It
is found in North China, East China and the Northwest of China, including Beijing, Hebei,
Inner Mongolia, Liaoning, Shanxi, Shaanxi, Shandong, Henan, Anhui, Gansu, Ningxia,
Qinghai, Xinjiang, and Tibet, in 14 provinces (municipalities and autonomous regions) in
total. The Inner Mongolia, Hebei, Henan, Shanxi, Shaanxi, and Gansu provinces have the
most planted resources [1] (Figure 1a). It is widely adaptable to various growth conditions,
such as drought, low temperature, salt, alkali, and other conditions [2,3]. It is one of the
most important species of woody oil [4]. The oil content of its seed kernel can be as high as
67%, of which 85–93% is unsaturated fatty acids, including 37.1–46.2% linoleic acid and
28.6–37.1% oleic acid, which are essential dietary fatty acids [5]. Notably, an essential nutri-
ent for brain growth and maintenance, nervonic acid, which is rarely contained in plants,
can account for as much as 3.04% of the seed oil of X. sorbifolium [6]. The species is also
known for possessing functional ingredients used in traditional Chinese medicines, due to
its diverse bioactive compounds [7]. For example, xanthoceraside, which is extracted from
the husks of X. sorbifolium, has been reported to have antitumor effects and the potential to
treat Alzheimer’s disease [8,9].
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Figure 1. (a) The distribution and collection locations of X. sorbifolium. The radius of the circles rep-
resents the number of collected germplasms, and the colors represent the subgroup clustered by 
population structure analysis at K = 3 (see also Figure 2. The red dotted lines of province boundaries 
indicates there is geographic distribution of X. sorbifolium in these provinces (municipalities and 
autonomous regions). (b) Phylogenetic tree of all 119 X. sorbifolium elite germplasms based on 
105,685,557 SNPs built by the neighbor-joining method with 1000 bootstrap replications in MEGA 
6.0 software. 

 

Figure 1. (a) The distribution and collection locations of X. sorbifolium. The radius of the circles
represents the number of collected germplasms, and the colors represent the subgroup clustered by
population structure analysis at K = 3 (see also Figure 2. The red dotted lines of province boundaries
indicates there is geographic distribution of X. sorbifolium in these provinces (municipalities and
autonomous regions). (b) Phylogenetic tree of all 119 X. sorbifolium elite germplasms based on
105,685,557 SNPs built by the neighbor-joining method with 1000 bootstrap replications in MEGA
6.0 software.

In addition, this species is also an important plant for urban landscapes in northern
China due to its beautiful shape, with a wide crown, long flowering duration, and colorful
flowers [10,11]. Due to its high oil content and important economic value, it has received
increased scientific and conservation attention, and special support has been provided by
the Chinese government to aid the development of X. sorbifolium. At least 5 × 105 ha of
X. sorbifolium have been cultivated, up to the year 2020 [12]. Due to its wide distribution
and growth in a range of environmental conditions, as well as long-term extensive cross-
pollination, there is abundant phenotypic variation and diversity in X. sorbifolium, providing
abundant resources for further breeding. More than 40 varieties have been registered over
the last five years, and there are still many new strains and plus trees to be explored. The
collection and preservation of germplasms of X. sorbifolium has also been carried out by
researchers [13]. Screening large germplasm collections for traits of interest is laborious and
costly. Establishing core collections, which represent the diversity of the whole collection,
makes screening more practical [14]. In order to understand the genetic diversity and
establish a core collection of X. sorbifolium, morphological traits and molecular marker
techniques, i.e., random amplified polymorphic DNA (RAPD), restriction fragment length
polymorphism (RFLP), inter-simple sequence repeats (ISSR), and simple sequence repeats
(SSR) markers have been applied [15–22]. However, single nucleotide polymorphisms have
been less frequently applied in X. sorbifolium.
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Figure 2. Population structure analysis of 119 X. sorbifolium elite germplasms. (a) The ADMIXTURE 
estimation of the number of subgroups for K values ranging from 2 to 5. The K value with the lowest 
CV error represents the suggested cluster number. (b) Q-plot showing clustering of 119 X. sorbifo-
lium elite germplasms based on analysis of genotypic data using STRUCTURE, where each color 
represents one subgroup, namely Q1, Q2, and Q3. The x-axis indicates different germplasms. The y-
axis quantifies the membership probability of germplasms belonging to different groups. The dot 
colors in the bottom row represent the six groups on the basis of flower color. 
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SNPs have the characteristics of a ubiquitous presence, uniform distribution, high 
heritability, and bi-allelic nature, which make them a widely accepted molecular marker 
for use in high-throughput screening [23]. SNPs are the best choice for genomic studies 
and have been widely used for studying the population structure and genetic diversity of 
germplasms [24–28]. A comparative study between SNPs and SSRs for studying popula-
tion structure and genetic diversity showed that SNPs can be a more valuable tool for 
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Figure 2. Population structure analysis of 119 X. sorbifolium elite germplasms. (a) The ADMIXTURE
estimation of the number of subgroups for K values ranging from 2 to 5. The K value with the
lowest CV error represents the suggested cluster number. (b) Q-plot showing clustering of 119 X.
sorbifolium elite germplasms based on analysis of genotypic data using STRUCTURE, where each
color represents one subgroup, namely Q1, Q2, and Q3. The x-axis indicates different germplasms.
The y-axis quantifies the membership probability of germplasms belonging to different groups. The
dot colors in the bottom row represent the six groups on the basis of flower color.

SNPs have the characteristics of a ubiquitous presence, uniform distribution, high
heritability, and bi-allelic nature, which make them a widely accepted molecular marker
for use in high-throughput screening [23]. SNPs are the best choice for genomic studies
and have been widely used for studying the population structure and genetic diversity of
germplasms [24–28]. A comparative study between SNPs and SSRs for studying population
structure and genetic diversity showed that SNPs can be a more valuable tool for genomics
approaches and crop improvement [23]. In 2019, the complete genomic sequences and
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annotation information of X. sorbifolium were released, which provide a valuable dataset
for genetic and molecular research on this species [29,30]. In this study, the whole genome
re-sequencing of 119 germplasms was conducted, the genetic diversity and structure of
X. sorbifolium germplasms were analyzed, and the core germplasms were selected using
the genome-wide SNP set. The objectives of this work were to (1) to estimate the levels
of genetic diversity and population structure of the X. sorbifolium germplasms; (2) to
create a core collection that captures the species’ whole genetic diversity; (3) to provide
groundwork for future genomic selection in X. sorbifolium breeding programs and genome-
wide association studies.

2. Materials and Methods
2.1. Plant Materials

In total, 119 elite germplasms (Table S1) of X. sorbifolium were obtained from the
germplasm plot of X. sorbifolium in Yinchuan Botanical Garden (Yingchuan, Ningxia,
China; coordinates: 38◦28′ N, 106◦16′ E), with these germplasms being collected from
the planted populations of the main planted area of X. sorbifolium and primarily comprising
registered new cultivars, improved cultivar, strains, and plus trees (Figure 1a). The origin
of some germplasms show in Table S1 may not represent their actual origin, because in
the long-term selection process, germplasms from different provinces were introduced or
exchanged. These 119 germplasms were also classified into six groups on the basis of five
different flower colors and one double flower group (the white-flowered group contains
42 germplasms(35.29%), the compound-flowered group contains 46 germplasms (38.66%),
the red-flowered group contains 16 germplasms (13.45%), the pink-flowered group contains
9 germplasms (7.56%), the yellow-and pink-flowered group contains 4 germplasms (3.36%),
and the double-flowered group contains 2 germplasms (1.68%)).

2.2. DNA Extraction and Genotyping

Fresh, healthy leaves from each germplasm were sampled, frozen in liquid nitrogen
immediately and stored at −80 ◦C until DNA extraction. Genomic DNA was extracted
using a CTAB (cetrimonium bromide) method. The concentration and quality of the total
genomic DNA were measured using a NanoDrop Spectrophotometer. DNA libraries for
Illumina sequencing were constructed and re-sequencing was carried out on an Illumina
HiSeq XTen platform by a commercial service (Biomarker Technologies, Beijing, China),
with 150-bp read lengths used.

Raw reads were filtered based on the following criteria: (1) removing reads contain-
ing adapter; (2) removing reads with an N content exceeding 10% (3) removing reads in
which more than 50% of the bases had Phred quality scores less than 10. The published
genome sequence of X. sorbifolium [29] was used as a reference genome. Sequence align-
ment was performed between the re-sequencing data and the reference genome using
BWA software [31]. SNP calling was performed using Genome Analysis Toolkit (GATK)
software [32]. Duplicate reads were removed using Picard Tools [33]. All SNPs were called
using the HaplotypeCaller module in GATK and were filtered with the following parame-
ters: QD < 2.0||FS > 60.0||MQ < 40.0||QUAL < 30.0|| clusterSize 2-clusterWindowSize
5; SNPs with a minor allele frequency (MAF) lower than 5% andintegrity lower than 0.8 in
the germplasm were discarded. As the linkage disequilibrium (LD) of this species decayed
rapidly (Figure S1), we did not further filter SNPs according to LD [34]. SNP annotation
was performed using snpEff software [35].

2.3. Phylogenetic and Population Structure Analysis

To analyze the phylogenetic relationships of the 119 germplasms, an unrooted phyloge-
netic tree was constructed using the neighbor-joining method with the Kimura 2-parameter
model in MEGA X software [36], with 1000 bootstrap replicates used. Population structure
was examined using ADMIXTURE [37]. The number of populations (K) was set from
1 to 10, and the K optimum was selected based on the cross-validation error compared to



Forests 2022, 13, 338 5 of 14

other K values. Principal component analysis (PCA) was performed using the EIGENSOFT
software package [38].

2.4. Genetic Diversity Analysis

Assessments of genetic diversity, including minor allele frequency (MAF), expected
allele number (Ne), expected heterozygous number (He), Nei diversity index (H), number
of polymarkers (A), observed allele number (Na), observed heterozygous number (Ho),
polymorphism information content (PIC), and Shannon–Wiener index (I) were calculated
based on the whole-genome SNP data using calculation scripts developed by Biomarker
Technologies Corporation.

2.5. Core Collection Establishment and Evaluation

Core Hunter is a multi-purpose core subset selection tool that uses local search al-
gorithms to generate subsets relying on one or more metrics, including several distance
metrics and allele richness [39]. Core Hunter II software was used to establish a core
collection according to the SNP data which, with high diversity, maximally represented the
individual accessions from the entire collection. Comparisons of genetic diversity, allele
percentages, MAFs, and PCA between the entire collection and the core collection were
performed to evaluate the core collection.

3. Results
3.1. Sequencing of X. sorbifolium among 119 Elite Germplasms

The sequence information on the genomes of 119 elite germplasms of X. sorbifolium
is shown in Table S2. We obtained 916,477,939 clean reads, and the Q30 reached 93.37%,
while the GC content was 35.89%. We performed sequence alignment against the reference
genome. The average mapping rate was 97.95%, the average coverage depth was 3×,
and average coverage was 81.11%. Finally, 105,685,557 high-quality SNPs (Table S3) were
identified, which were used to perform the following analyses. Among these high-quality
SNPs, the number of SNPs belonging to base transitions (73,971,318) was 2.33 times the
number of SNPs belonging to base transversions (31,714,239), indicating that most of the
SNPs were of the base transition type; The average SNP heterozygosity ratio was 38.67%.

3.2. Phylogenetic Analysis

Using the SNP set, a neighbor-joining analysis was performed, and the 119 germplasms
were classified into three main groups, designated as groups G1, G2 and G3 (Figure 1b).
The distribution of the different flower colors of the X. sorbifolium germplasms in the
inferred groups is shown in Table S6. The first main group (G1) included 42 germplasms,
consisting of 10 white-flowered, 11 compound-flowered, 15 red-flowered, 4 pink-flowered,
1 yellow- and pink-flowered, and 1 double flowered germplasm. The second main group
(G2) included 48 germplasms, consisting of 17 white-flowered, 22 compound-flowered,
1 red-flowered, 5 pink-flowered and 3 yellow- and pink-flowered germplasms. The third
main group (G3) included 29 germplasms, consisting of 15 white-flowered, 13 compound-
flowered, and 1 double flowered germplasm. The red-flowered germplasms were mainly
distributed in G1; the yellow- and pink-flowered germplasms were mainly distributed in G2;
the pink-flowered germplasms were mainly distributed in G2 and G3. The white-flowered
and compound-flowered germplasms were distributed among the three main groups. From
a geographic origin perspective, some of the germplasms from the same geographic origin
clustered in the same group (Table S7), e.g., the germplasms from Wuzhong, Ningxia
and Minqin, Gansu were clustered in G1; germplasms from Chifeng, Inner Mongolia and
other regions were clustered in G2. However, the germplasms from Fuxian, Shaanxi were
distributed in G2 and G3, and the germplasms from Yinchuan, Ningxia were distributed
across the three cluster groups. This shows that the three groups classified by phylogenetic
analysis contained germplasms from different geographical locations.
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3.3. Population Structure Analysis

Population structure analysis revealed that three subgroup clusters (K = 3) represented
the optimal model (Figure 2a,b). The correspondence subgroups of the 119 germplasms
are described in Table S4. The three subgroups were designated as Q1, Q2, and Q3
(indicated in blue, red, and green, respectively, in Figure 2b), which consisted of 19, 38, and
62 germplasms, respectively. Admixture occurred between clusters, indicating that there
was a certain degree of gene exchange among the populations. The concordance between
the phylogenetic analysis and structure results was observed to be 68.07% (Table S8). The
19 germplasms of Q1 all corresponded to G1; 35 out of 38 germplasms of Q2 corresponded
to G2; 29 out of 62 germplasms of Q3 corresponded to G3. The test germplasms were
not completely clustered according to their flower color, especially the white-flowered
and compound-flowered germplasms, which is consistent with the results of phylogenetic
analysis (Table S6). In the population structure analysis, the germplasms from Yinchuan,
Ningxia were also more scattered than others, which could be clearly visualized in Q1, Q2,
and Q3, indicating that the genetic backgrounds of these germplasms were more complex
and diverse (Table S7).

3.4. Principal Component Analysis

Principal component analysis (PCA) was performed using the data of the SNPs identi-
fied in the 119 X. sorbifolium germplasms (Figure 3, Table S5). A three-dimensional graph
based on the value of each sample in the first (PC1), second (PC2), and third (PC3) principal
components is shown in Figure 3a. The first, second, and third principal components
explained 3.88%, 3.03%, and 2.54% of the total variance, respectively. The first two PCs
(PC1 and PC2) clustered the 119 germplasms into three clusters (Figure 3b), designated as
S1, S2, and S3, which consisted of 20, 40, and 59 germplasms, respectively. This result was
very consistent with the structure analysis, and the percent concordance was as high as
93.25% (Table S8). The germplasms were not completely clustered according to their color
of flower, and each of the three clusters contained X. sorbifolium germplasms from different
geographical locations (Tables S6 and S7). These results further confirmed the results of the
phylogenetic analysis and population structure analysis.

3.5. Genetic Diversity Analysis

A summary of the genetic diversity of the inferred groups, which were clustered by
population structure, and the genetic diversity of the inferred groups, which were classified
by the flower color, is shown in Table 1. The MAF, expected allele numbers (Ne), expected
heterozygous numbers (He), Nei diversity index (H), observed heterozygous numbers (Ho),
PIC values, and the Shannon–Wiener index (I) for Q1 were the highest and for Q3 were
the lowest among the three subgroups. Taken together, these results suggested that Q1
had the highest genetic diversity among the three subgroups, and Q3 showed the lowest
genetic diversity. According to these genetic diversity parameters, the double-flowered
group showed the highest genetic diversity among the six groups, and the second- and
third-highest genetic diversity was among the yellow- and pink-flowered group, and red-
flowered group, respectively. The pink-flowered group and white-flowered group were
the fourth and fifth, respectively, and the compound-flowered group showed the lowest
genetic diversity.
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Figure 3. Principal component analysis (PCA) of 119 X. sorbifolium elite germplasms using EIGEN-
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(b) PCA plot of the first two components (PC1 and PC2) of the 119 germplasms. Each dot represents
a germplasm, each color represents a group classified by the flower color.

The results for the genetic diversity of the three inferred population structure groups
and six classified color groups were consistent. The genetic diversity of Q1 was the highest
among the three subgroups, and Q1 mainly consisted of red-flowered germplasms, which
had higher diversity; Q3 had the lowest genetic diversity among the three subgroups, and
Q3 mainly consisted of white-flowered and compound-flowered germplasms, with these
two color groups having the lowest genetic diversity.
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Table 1. Summary of genetic diversity of the three inferred groups classified by population structure analysis and the six groups classified by the flower color.

Group No. MAF Ne He H A Na Ho PIC I

Q1 19 0.2157 ± 0.1267 1.4948 ± 0.2876 0.3063 ± 0.1303 0.3155 ± 0.1343 535,470 2 0.2115 ± 0.1446 0.2509 ± 0.0912 0.4734 ± 0.1569
Q2 38 0.2045 ± 0.1194 1.4687 ± 0.2719 0.2968 ± 0.1218 0.3014 ± 0.1237 677,676 2 0.1539 ± 0.1033 0.2454 ± 0.0846 0.4638 ± 0.1454
Q3 62 0.1950 ± 0.1186 1.4468 ± 0.2719 0.2858 ± 0.1237 0.2886 ± 0.1248 788,843 2 0.1649 ± 0.1016 0.2373 ± 0.0865 0.4501 ± 0.1486

Average/Total 119 0.2051 ± 0.1190 1.4701 ± 0.2737 0.2963 ± 0.1276 0.3018 ± 0.1282 667,330 2 0.1768 ± 0.0896 0.2445 ± 0.0905 0.4624 ± 0.1552
White-flowered 42 0.1904 ± 0.1174 1.4360 ± 0.2694 0.2808 ± 0.1234 0.2847 ± 0.1251 751,227 2 0.1528 ± 0.1039 0.2337 ± 0.0867 0.4439 ± 0.1487
Double flowered 2 0.3500 ± 0.1225 1.7600 ± 0.1960 0.4250 ± 0.0612 0.5667 ± 0.0816 282,886 2 0.3766 ± 0.2911 0.3328 ± 0.0344 0.6147 ± 0.0641

Compound-flowered 46 0.1896 ± 0.1184 1.4335 ± 0.2713 0.2792 ± 0.1241 0.2828 ± 0.1257 874,440 2 0.1523 ± 0.1003 0.2325 ± 0.0871 0.4419 ± 0.1495
Yellow- and

pink-flowered 4 0.2581 ± 0.1247 1.5874 ± 0.2664 0.3519 ± 0.1088 0.4022 ± 0.1244 333,550 2 0.2722 ± 0.2074 0.2841 ± 0.0714 0.5304 ± 0.1240

Red-flowered 16 0.2103 ± 0.1234 1.4817 ± 0.2799 0.3017 ± 0.1250 0.3128 ± 0.1296 657,812 2 0.1755 ± 0.1341 0.2484 ± 0.0866 0.4692 ± 0.1489
Pink-flowered 9 0.2092 ± 0.1274 1.4789 ± 0.2882 0.2985 ± 0.1317 0.3174 ± 0.1401 560,379 2 0.1871 ± 0.1491 0.2453 ± 0.0927 0.4638 ± 0.1594
Average/Total 119 0.2346 ± 0.1190 1.5296 ± 0.2737 0.3229 ± 0.1276 0.3611 ± 0.1282 576,715 2 0.2194 ± 0.0896 0.2628 ± 0.0905 0.4940 ± 0.1552

No., number of germplasms; MAF, minor allele frequency; Ne, expected allele number; He, expected heterozygous number; H, Nei diversity index; A, number of polymarkers;
Na, observed allele number; Ho, observed heterozygous number; PIC, polymorphism information content; I, Shannon–Wiener index. The numbers are presented as the mean ± standard
deviation.
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3.6. Core Collection Establishment and Evaluation

Combined with the modified Rogers’ distance (0.7) and the Shannon diversity index
(0.3), screening was conducted according to the total proportion of germplasm resources
at 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, and 0.9 gradients. Finally, a core collection containing
29.4% (35) out of the 119 X. sorbifolium germplasms was established using Core Hunter
software (Table S9). Furthermore, the gene coverage of the core collection was 99.7%
(Figure 4a). The core collection included 3 red-flowered germplasms, 10 white-flowered
germplasms, 18 compound-flowered germplasms, 1 yellow- and pink-flowered germplasm,
and 3 pink-flowered germplasms.
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Figure 4. Core collection establishment and evaluation of 119 X. sorbifolium elite germplasms. (a) Gene
coverage evaluation of the core collection of X. sorbifolium. (b) Comparison of allele percentage
occurrence in the total collection and core collection of X. sorbifolium. (c) Comparison of MAFs in
the total collection and core collection of X. sorbifolium. (d) Comparison of PCA plots of the first two
components (PC1 and PC2) based on the core collection and total collection.

Ten allele types were produced, of which four alleles were homozygous and six were
heterozygous (Table S10). Comparisons of the numbers and percentages of the ten al-
lele types generated in the total collection and core collection are shown in Table S9 and
Figure 4b, and the comparison of the MAFs in the total collection and core collection is
shown in Figure 4c. The results showed that almost all alleles were present in the core col-
lection, and the MAFs of the total collection and core collection had few differences, which
indicated that the selections for the core collection were accurate and rational. Principal
component analysis (PCA) was employed for the core collection and total collection in
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order to evaluate the accuracy of germplasm screening (Table S8, Figure 4d). The PCA plot
of the first two components (PC1 and PC2) based on the core collection and total collection
(Figure 4d) was consistent, which can also explain the rationality of the screening results.

The genetic diversity of the core collection was estimated to determine the extent
of diversity captured from the total collection (Table 2). The comparison results of the
genetic parameters (observed heterozygosity (Ho), expected heterozygosity (He), Nei
diversity index (H), Shannon–Wiener index (I), and PIC) showed that the values for the
core collection were greater than those for the total collection. For example, the observed
heterozygosity ranged from 0.008 to 1.00 for the total collection and from 0.029 to 1.00 for
the core collection; the Nei diversity index values ranged from 0.095 to 0.503 for the total
collection and from 0.097 to 0.509 for the core collection. The mean observed heterozygosity,
expected heterozygosity, Nei diversity index, Shannon–Wiener index, and PIC values for
the total collection were 0.142, 0.266, 0.268, 0.425, and 0.223, respectively, and increased to
0.152, 0.288, 0.293, 0.453, and 0.239, respectively, in the core collection.

Table 2. Comparison of genetic diversity in the core collection and total collection.

States Number of
Germplasms Ho He H I PIC

All 119 0.008–1.000
(0.142)

0.095–0.500
(0.266)

0.095–0.503
(0.268)

0.199–0.693
(0.425)

0.090–0.375
(0.223)

Core 35 0.029–1.000
(0.152)

0.095–0.500
(0.288)

0.097–0.509
(0.293)

0.199–0.693
(0.453)

0.090–0.375
(0.239)

Numbers before and in brackets indicate range and mean, respectively.

4. Discussion
4.1. SNP-Based Genetic Relationships among the X. sorbifolium Germplasm Resources

SNPs, due to their abundance in genomes, having high levels of polymorphism,
and amenability for high-throughput assay formats, are predominantly used in genetic
studies [40–42]. To understand the genetic relationships and population genetic structure of
X. sorbifolium germplasm at the genomic level, the re-sequence genome-wide SNP data of
119 elite germplasms of X. sorbifolium were used. We found that the results of phylogenetic
analysis, genetic population analysis, and principal component analysis were basically
consistent and complemented one another. The cluster group of phylogenetic analysis and
population structure analysis did not fully cluster by geographical origin. This is mainly
because the elite germplasms used in this test were all selected and obtained from local
seedlings; in the long-term selection process, germplasms from different provinces were
introduced or exchanged. Wang et al. (2021) reported similar results in a study conducted
on 113 cigar tobacco accessions; the accessions were not completely classified based on
their geographical origins [43].

4.2. Genetic Diversity of X. sorbifolium Germplasm Resources

Genetic diversity is an integral part of all biological diversity. It is the basis of biological
evolution and species differentiation and is of great significance for population maintenance
and reproduction, and adaptation to habitat changes. The higher the genetic diversity,
the more likely a population is to adapt to different environments, and variations in
DNA sequences are the primary drivers of such diversity [44]. In recent years, various
molecular markers (SSR, ISSR, and RAPD) have been used to study the genetic diversity
of X. sorbifolium [15–20,45]. In this study, the whole-genome SNP markers were used to
calculate the genetic diversity among 119 elite X. sorbifolium germplasms.

Nei’s gene diversity, observed heterozygosity and expected heterozygosity, the
Shannon–Wiener index, polymorphism information content, etc., have all been used to
evaluate the level of genetic diversity of plant species [44]. In this study, the average values
for Nei’s diversity index, observed heterozygous number, expected heterozygous number,
and the Shannon–Wiener index for the inferred groups classified by population structure
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analysis were 0.3018, 0.1768, 0.2963, and 0.4624, respectively. For the six groups (five dif-
ferent colored flower groups and one double-flowered group), these were 0.3611, 0.2194,
0.3229, and 0.4940, respectively, implying that the genetic diversity of the X. sorbifolium
germplasms was medium. The genetic diversity was lower than that reported in previous
studies conducted by RAPD, SSR, and ISSR, which all found high genetic diversity among
the germplasms or population of X. sorbifolium [15,19,21].

The PIC values, which are a reflection of allelic diversity and frequency among the
genotypes, are estimators of the usefulness of any marker system for genotype distinction
and genetic diversity analysis. The degree of PIC values is usually categorized as low
(PIC < 0.25), medium (0.5 > PIC > 0.25), or high (PIC > 0.5) [46]. Since SNP markers are
bi-allelic in nature, their PIC values are considered to be moderate or low informative,
and are also restricted to extreme PIC values of 0.5 [47]. In this study, the overall average
values of PIC for the three inferred groups classified by population structure analysis and
for the classified six groups were 0.2445 and 0.2628, respectively. Although the PIC values
ranged from low to medium informative, they were higher than the average PIC values in
previously reported studies based on SNP markers in durum wheat (0.203) [48], and similar
to those reported in studies on cotton (0.25) [25] and wheat (0.29) [26], supporting the fact
that moderate to low informative PIC values are acceptable. Furthermore, as expected, the
PIC values were lower compared with the SSR marker in X. sorbifolium reported by Shen
et al. [19,20] and Bi et al. [19], which reported PIC values as high as 0.51, 0.49, and 0.459,
respectively. This result was also reported for Ethiopian durum wheat, and higher PIC and
genetic diversity scores were reported in studies using multi-allelic markers such as SSRs
which, unlike SNPs, can go beyond 0.5 values [48].

4.3. Core Collection Establishment and Evaluation

Core collections facilitate access to genetically diverse germplasms and trait diversity.
They can consist of a manageable number of accessions, while retaining the greatest part
of the genetic variability found in a large germplasm collection [14,49]. A core collection
selected from the entire collection is of the utmost importance for breeders and geneticists.
There is no perfect proportion or fixed size for all core collections, as different species
have different research needs. The breadth and complexity of germplasm resources de-
termine the sampling proportion without universality. Yonezawa et al. recommend a
20–30% sampling proportion for the core collection of total collection resources [50]. In
this study, employing Core Hunter II software, we developed a core set collection for X.
sorbifolium using SNP data, which consisted of 35 core germplasms and contained 29.4%
of the total 119 X. sorbifolium germplasms. The observed heterozygosity (Ho), expected
heterozygosity (He), Nei diversity index (H), Shannon–Wiener index (I), and PIC values of
the core collection were all higher than those of the total collection, which was expected,
because diversity increases with the elimination of genetically similar accessions during
core collection development [51]. These findings demonstrated that the core collection
sufficiently represents the genetic variation of the whole database. This result was similar
with that of a previous study by Shen et al. [52]. They constructed a core collection with
25 germplasms, used a 20% sampling ratio, and applied microsatellite marker data, and
there were no significant differences in genetic diversity indexes between the core collection
and the original collection, which meant that the core collection could represent the original
collection. The identification of duplicates is important in germplasm repositories, particu-
larly when considering the construction of core collections [53]. The 119 test germplasms
were introduced from the main distribution area of X. sorbifolium. The relative kinship
of these germplasms (Figure S2) showed that a total of 67.95% of kinship coefficients be-
tween germplasms were equal to 0 and a total of 93.47% kinship coefficients were less
than 0.1, revealing that, in this research, most germplasms have no or weak kinship. Some
germplasms were genetically identical to each other. Therefore, our core collection reduced
the redundancy in the collection. The core collection generated in our study will provide a
useful reference and basis for better utilization of X. sorbifolium germplasm resources and



Forests 2022, 13, 338 12 of 14

future breeding programs. However, a valuable core collection should be dynamic and
periodically revised to incorporate additional accessions [53]. Furthermore, we may be able
to determine new core collections that are suitable for other users.

5. Conclusions

In this study, the genetic diversity and structure of 119 X. sorbifolium germplasms were
analyzed based on 105,685,557 high-quality SNPs. The 119 germplasms were classified
into three main groups and were not completely classified based on their geographical
origins and flower colors; the genetic backgrounds of these germplasms are complex and
diverse. A low to medium informative degree of genetic diversity was found. Based on the
assessment, a core collection containing 29.4% (35) out of the 119 X. sorbifolium germplasms
was developed using Core Hunter software, and this collection possesses the entire genetic
diversity of the total germplasm collection. The understanding of genetic diversity and
construction of a core collection provided by this study is a valuable addition to the present
genomic resources of X. sorbifolium, and will be useful for the efficient improvement of
breeding programs and genome-wide association studies.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/f13020338/s1, Table S1: List of 119 elite germplasms of X. sorb-
ifolium; Table S2: Sequence information on the genomes of 119 elite germplasms of X. sorbifolium;
Table S3: Statistics of SNPs identified in this study; Table S4: The genetic groups among 119 elite
germplasms of X. sorbifolium by population structure analysis; Table S5: The genetic groups among
119 elite germplasms of X. sorbifolium by principal component analysis; Table S6: Distribution of
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