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Juglans mandshurica is a native tree species in Northeast China. Due to habitat
destruction and human disturbance, its population size has sharply decreased. Currently,
information on molecular markers of J. mandshurica is limited and cannot meet the
needs of germplasm resource evaluation and molecular marker-assisted breeding of J.
mandshurica. Based on transcriptomic data from three tissues (leaves, bark, and fruit
pericarp), we developed expressed sequence tag-simple sequence repeats (EST-SSRs)
for J. mandshurica, and 15 polymorphic EST-SSR primers were initially selected. The
average number of alleles (Na), expected heterozygosity (He), and the polymorphic
information content (PIC) at different loci were 18.27, 0.670, and 0.797, respectively.
Population genetic diversity analysis revealed that the average Na, He, and Shannon
information indices (/) for 15 J. mandshurica populations were 6.993, 0.670, and
1.455, respectively. Among them, population Hunchun exhibited the highest genetic
diversity (Na = 7.933, He = 0.723, and | = 1.617), while population Heihe exhibited
the lowest genetic diversity (Na = 4.200, He = 0.605, and / = 1.158). STRUCTURE
analysis, neighbor-joining method cluster analysis, and principal coordinate analysis
showed that the 343 individuals of J. mandshurica from 15 populations were clustered
into three categories. Category 1 (green) had 147 individuals from eight populations
in Qingyuan, Caohekou, Jian, Ningan, Yongji, Baishishan, Helong, and Maoershan;
category 2 (blue) had 81 individuals from three populations in Hulin, Boli, and Sanchazi;
and category 3 (red) had 115 individuals from four populations in Heihe, Hunchun,
Fangzheng, and Liangshui. Analysis of molecular variance (AMOVA) showed that genetic
variations among and within individuals accounted for 16.22% and 21.10% of the total
genetic variation, respectively, indicating that genetic variations within populations were
greater than genetic variations among populations. The average genetic differentiation
coefficient (Fst) and gene flow (Nm) between different populations were 0.109 and 4.063,
respectively, implying moderate levels of genetic differentiation and gene flow. Based on
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the genetic diversity characteristics of different populations, we proposed various genetic
conservation strategies for J. mandshurica.

Keywords: Juglans mandshurica,

conservation strategies

INTRODUCTION

Juglans mandshurica Maxim., a deciduous tree of the
Juglandaceae family, is native to northern and northeastern
China and is mainly distributed in the Changbai Mountains and
Lesser Khingan Mountains at elevations of 500-1,000 m. It is
also distributed in Russia, Japan, and Korea and can withstand
low temperatures of —50°C. As an ancient fruit tree species, it is
economically valuable (Tian et al., 2009; Zhou et al,, 2015). It is
composed of a hard, dense, elastic, corrosion-resistant, and easy-
to-process elite material for military joins and furniture (Zhu
et al,, 2011). Its fruits are of high quality with high oil content.
Moreover, it is an excellent dried fruit species with a promising
future in Northeast China (Pang et al., 2019). J. mandshurica also
has high medicinal value. Its green husk, bark, roots, and leaves
contain juglone, which exhibits good antitumor (Mallavadhani
et al., 2014), antifungal (Sharma et al., 2009), antiviral (Vardhini,
2014), antioxidant (Chobot and Hadacek, 2009), anthelmintic
(Islam and Widhalm, 2020), and hypoglycemic activities
(Hosseini et al., 2014). It has potential applications in the
pharmaceutical, agroforestry, food, and cosmetic industries.
Collection and evaluation of plant germplasm resources is a
prerequisite for the utilization of wild cultivated genes, which
enhances plant genetic improvement and further assists in
breeding programs (El-Esawi, 2017; Mohammed et al., 2020). In
China, the northeast forest area is the largest natural forest area,
with a rich abundance of J. mandshurica and rich variation in the
growth, wood, and seed properties of different resources (Song
etal., 2017). However, driven by financial gain, J. mandshurica in
Northeast China has been illegally and excessively cut, leading to
the loss of a large number of good genes of J. mandshurica and
the destruction of natural forests. The frequent occurrence of
forest fires has also constrained the development and utilization
of germplasm resources, leading to a sharp decline in local
economic and ecological benefits. Studies on J. mandshurica
have been conducted in China from the 1980s to 1990s (Yang
et al,, 1990); however, the long growth cycle and low survival
rate of asexual propagation, such as cutting and grafting, have
led to slow progress in research on J. mandshurica. Most
studies have focused on medicinal value development (Jin et al.,
2015), pharmacological effects (Yao et al., 2017), clinical effects
(Park et al., 2012), and toxicity tests (Sun et al.,, 2007), with a
limited number of studies focusing on germplasm collection,
conservation, development, and utilization.

In recent years, with advances in molecular biology and
high-throughput sequencing technologies, molecular markers,
transcriptome sequencing, and genome sequencing have been
gradually applied to study the genetic structure, genetic diversity,
and relatedness among or within species, which have allowed
the exploration of the evolutionary origin of species at the

EST-SSR, genetic diversity, genetic structure, genetic differentiation,

individual and population levels. Molecular marker technologies,
such as SRAP (Wang, 2007; Zhang et al., 2020), ISSR (Wang
et al, 2011), and SSR (Liu, 2015; Wang et al,, 2016; Dang
et al., 2021), have been used to study the genetic diversity of J.
mandshurica; however, a limited number of studies have used
EST-SSRs as markers. We collected germplasm resources for
J. mandshurica in the forest area of northeastern China and
studied the intraspecific genetic diversity based on transcriptome
sequencing and EST-SSR molecular marker technologies. We
aimed to: (1) use Illumina HiSeq 2000 to sequence the RNA of J.
mandshurica and to develop polymorphic EST-SSR primers using
the obtained transcriptome data; (2) analyze the genetic diversity
of different J. mandshurica populations in northeastern China
using the developed EST-SSR primers; and (3) propose genetic
conservation strategies for J. mandshurica in northeastern China.

MATERIALS AND METHODS
Plant Materials and DNA Extraction

A total of 343 samples from 15 representative J. mandshurica
populations were collected from the main distribution areas of
Heilongjiang, Jilin, and Liaoning Provinces in Northeast China
(Figure 1, Table 1). Sampling was spaced at least 100 m apart.
Fresh, pest-free leaves of J. mandshurica were collected and
snap-frozen in liquid nitrogen for DNA extraction, which was
performed by the CTAB method, as described by Zhao and
Woeste (2011), with some modifications. Assessment of DNA
quality was performed by 1% agarose gel electrophoresis, while
DNA purity and concentration were evaluated by a Micro-
Spectrophotometer (KAIAO K5600, Beijing KAIAO Technology
Development Co., Ltd., China). Sample DNA solutions were
diluted to a working concentration of 35 ng/uL and stored
at —20°C.

SSR Primer Development

Three tissue samples (leaves, bark, and fruit pericarp) were
collected from a healthy J. mandshurica plant in Harbin,
Heilongjiang Province, China. RNA extraction and sequencing
were performed by Annaroad Gene Technology (Beijing)
Co., Ltd., Beijing, China and Biomarker Technologies Co.,
Ltd., Beijing, China. Based on transcriptome data, SSRs were
detected and localized by the MIcroSAtellite identification
tool (MISA)  (http://pgrc.ipk-gatersleben.de/misa/)  (Patil
et al., 2020). Minimum SSR motif repeats were identified by
10 mononucleotides, six dinucleotides, five trinucleotides,
tetranucleotide, pentanucleotide, and hexanucleotide motif
repeats. Primer 3 version 4.1.0 (https://bioinfo.ut.ee/primer3/)
(Preethi et al.,, 2020) was used to design the primers. Primer
length ranged from 18 to 24 bp, GC contents ranged from 40 to
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FIGURE 1 | Geographical distribution of Juglans mandshurica collected in Northeast China.

60%, annealing temperatures ranged from 55 to 60°C, and the
size of PCR products ranged from 100 to 350 bp.

Primer Screening and PCR Amplification

A total of 240 primer pair sequences were randomly selected and
synthesized (Tsingke Biotechnology Co., Ltd., Herbin, China)
(Supplementary Table S1), and a universal M13 sequence (5-
TGTAAAACGACGGGCCAGT-3,) labeled with four fluorescent
dyes (HEX, ROX, FAM, and TAMRA) was added in front of the 5
end of the forward primers (Li et al., 2020). To screen the primers,

16 samples were randomly selected from eight populations for
PCR amplification. The reaction system (20 wL) contained 10
nL of 2x Super PCR Mix (Beijing Genomics Institution, Beijing,
China), 0.2 pL of forward primer (10 uM), 0.8 pnL of reverse
primer (10 pM), 0.5 WL of M13 primer with a fluorescent label
(Sangon Biotech (Shanghai) Co., Ltd., Shanghai, China), 2 L of
DNA, and 2.0 wL of ddH,O. The PCR conditions were as follows:
predenaturation at 94°C for 4min; 30 cycles of denaturation
at 94°C for 30s, annealing at 60°C for 30s, and extension at
72°C for 30s; and a final extension step at 72°C for 10 min.
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TABLE 1 | Summary of J. mandshurica sampling locations in Northeast China.

Provenance Longitude (E) Latitude (N) Elevation (m)  Annual temperature (°C)  Annual rainfall (mm) Forest-free days Annual sunshine
(d) (h)
Heihe 127°16' 50°04' 160 -1.9 572 153 2,655
Hunchun 130°82' 43°02' 300 57 618 150 2,322
Fangzheng 128°52' 45°43 227 2.6 611 125 2,500
Liangshui 129°08' 46°58' 416 0.3 676 110 2,375
Ningan 128°31 44011 267 4.0 514 137 2,655
Caohekou 123°58' 40°51 233 6.1 930 128 2,394
Jian 126°04' 41°16' 500 0.4 631 148 2,375
Qingyuan 124049 42°20' 511 4.9 935 127 2,433
Yongji 126°14' 43°37' 220 5.3 677 142 2,390
Sanchazi 126°33' 42°19' 520 25 726 110 2,300
Boli 130°25' 45°41 405 3.9 526 155 2,467
Hulin 133°28' 46°41 222 27 690 135 2,422
Helong 128°34' 42024 442 4.8 536 120 2,413
Baishishan 127°34' 43°24' 600 3.8 720 115 2,477
Maoershan 127°34' 45°20' 400 2.4 700 125 2,522
TABLE 2 | EST-SSR primer information of J. mandshurica.
Locus Forward Primer Reverse Primer Motif Tm (°C) Size (bp)
NEJM-1 GGTTTTCTTGCATTTIGCTG GCTTTGGTTTCAATTTGGCT (AG)15 58.81 277
NEJM-2 TTCGCTGCTTCCTCTCTCTC TCGTGTTGTCCGTTCTCATC Cms 59.83 250
NEJM-3 CAACTCGTACGTGCGATCAT AGTGAGAGCTTGGAGCTTGG Cn15 50.75 228
NEJM-4 GAGATGAGTGGGAGCTTTGC GGCTTGTGATCCGAAATCAT (TC)8 59.93 273
NEJM-5 GAGCGAAAACTGTGCCTTTC TTGGCTAGAGGTTGAAGGGA Cn1o 59.90 248
NEJM-6 TCTCTTGCGCTTTGTTTTCA ACTGATTCGTTTCACTCGCA GA)15 59.59 221
NEJM-7 AGACTCGAAGGCTCTGCTTG TATGGCACCTTTGTGGTCAA (TO)15 59.93 206
NEJM-8 TGGGGTGTTGATACACAAAGA CCTCAGCAACAGTCCCTTTC TG)8 59.36 272
NEJM-9 CTGAGCAAGTCAACATCCGA CCCATTGGCGAAACTTGTAT (AC)7 59.90 239
NEJM-10 CTGACCCGACCCACTAATGT TCCAAATCGGACTCTGATACC (TA)11 59.42 220
NEJM-11 AGAAGTGATGAACCGCTCGT GGTGCGTGACAGTATTCTCG Cn11 59.60 185
NEJM-12 GACCTCAAACCAGATCTTCCA CCAGTTCCCAGGTGATGTCT (TO)15 59.54 264
NEJM-13 CAGGAATGAACACGGCAGTA CCTGGATTTTGTTCCTCTGC (AT)8 59.69 236
NEJM-14 TAACGCAATCCCAACACAAA GTATTCGTCTGCTCCGCTTC (AG)12 50.98 219
NEJM-15 CTAATGGTTGGTGTGCCAGA GAACCACAAGGATTCCCAGA Cni2 50.73 182

All PCR products were sent to Sangon Biotech (Shanghai) Co.,

heterozygosity (He), overall fixation index (Fit), inbreeding

Ltd., Shanghai, China for capillary electrophoresis sequencing.
Ultimately, 15 pairs of polymorphic EST-SSRs were selected
and characterized (Table 2), and 15 primer pairs were used to
analyze the genetic diversity of 343 samples from 15 natural
J. mandshurica populations. The different Mantel tests were
performed with the R package “vegan” and were based on
1,000 permutations.

coeflicient (Fis), genetic differentiation coefficient (Fst), gene flow
(Nm), number of private alleles (NPA), and Hardy-Weinberg
equilibrium (HWE) were calculated by the GenAlEx 6.502
program (Gultyaeva et al., 2019). PIC calc software was used to
calculate the polymorphic information content (PIC) (Nagy et al.,
2012), while the CONVERT 1.31 program (Marta et al., 2012) was
used to convert the GenePOP data format to STRUCTURE data

format. The Bayesian clustering method in STRUCTURE 2.3.4
was used to analyze the genetic structure of the J. mandshurica
population (Mohammed et al., 2020), while the K value was
tested from 2 to 10, with three replications at each K, 100,000
generations burnin period, and 100,000 Markov Chain Monte
Carlo (MCMCQ) repetitions. The LnP (K) and AK plots were
generated by the online tool Structure Harvester (http://taylor0.

Statistical Analysis

For subsequent analyses, the primary microsatellite data obtained
by capillary electrophoresis were converted into GenePOP
format using the MS-Tools program (Li et al., 2015). The total
number of alleles (Na), effective number of alleles (Ne), Shannon
information index (I), observed heterozygosity (Ho), expected
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biology.ucla.edu/structureHarvester/) (Ravelombola et al., 2018),
and the best K value was selected using the AK maximum value
principle. Neis (1983) genetic distances between populations
were calculated by PowerMarker 3.25 program (Poudel et al,
2019), and the computed distances were used for the construction
of phylogenetic trees by using the neighbor-joining method
(NJ). Annotation and visualization of phylogenetic trees were
performed using Mega 7.0.26 software and the Interactive Tree
of Life online tool (https://itol.embl.de) (Letunic and Bork,
2021). Analysis of molecular variance (AMOVA) and principal
coordinate analysis (PCoA) were performed using GeneAlEx
6.502 software (Gultyaeva et al., 2019).

RESULTS

EST-SSR Loci Detection

A total of 63,552 EST-SSR loci were detected based on
the transcriptome data of J. mandshurica. Among them,
mononucleotide repeat units were the most abundant,
accounting for 55.80% of all SSRs, followed by dinucleotides and
trinucleotides with 32.14 and 10.43%, respectively (Figure 2A).
The lowest number of tandem repeats was 5 (4,292, 6.75%), with
10 tandem repeats accounting for the highest percentage (13,382,
21.06%), followed by 11 (7,384, 11.62%), 6 (6,600, 10.39%), and
12 (5,949, 9.36%) repeats (Figure 2D). In addition, there were
40 sequence types of 63,552 EST-SSRs, among which the A/T
mononucleotide motif (34,503, 5.29%) was the most dominant,
followed by AG/CT (7,529, 11.85%) and GA/TC (7,294, 11.48%)
motifs (Figures 2B,C).

Polymorphic EST-SSR Primer Development
A total of 240 EST-SSRs were randomly selected and synthesized
for polymorphism investigation (Table 3). A total of 274 alleles
were detected at the 15 EST-SSR loci. The Na per locus varied
from 10 (NEJM-8) to 33 (NEJM-6), with a mean of 18.27, whereas
the Ne ranged from 1.728 (NEJM-4) to 6.170 (NEJM-6) with
a mean of 3.937. The I ranged from 0.635 (NEJM-4) to 2.005
(NEJM-6) with a mean of 1.455. The Ho ranged from 0.132
(NEJM-4) to 0.775 (NEJM-9) with a mean of 0.564; He ranged
from 0.322 (NEJM-4) to 0.831 (NEJM-6) with a mean of 0.670.
The PIC ranged from 0.662 (NEJM-5) to 0.912 (NEJM-6) with
a mean of 0.797. The Fit ranged from 0.141 (NEJM-9) to 0.812
(NEJM-4) with a mean of 0.317; Fis ranged from 0.025 (NEJM-8)
to 0.590 (NEJM-4) with a mean of 0.177; Fst ranged from 0.039
(NEJM-7) to 0.541 (NEJM-4) with a mean of 0.184; Nm ranged
from 0.212 (NEJM-4) to 6.191 (NEJM-7) with a mean of 1.967;
and NPA ranged from 1 (NEJM-9) to 9 (NEJM-15) with a mean
of 3.867, accounting for 21.17% of Na.

Genetic Diversity of the J. mandshurica

Population

Genetic diversity analysis was performed on 343 individuals
from 15 populations of J. mandshurica using the primers shown
in Table 4. The range of variations in Na among the different
populations was from 4.200 (Heihe) to 8.133 (Fangzheng and
Maoershan), and the mean value was 6.933. For Ne, the range
was from 2.894 (Heihe) to 4.651 (Helong), with an average

of 3.937. For I, variations ranged from 1.158 (Heihe) to 1.617
(Hunchun), with a mean value of 1.455. Variations in Ho ranged
from 0.477 (Jian) to 0.665 (Fangzheng), with a mean of 0.564,
whereas variations in He ranged from 0.605 (Heihe) to 0.723
(Hunchun), with a mean value of 0.670. NPA varied from 1
(Qingyuan, Boli and Baishishan) to 10 (Hulin) with a mean value
of 3.867. The fixation index (F) varied from 0.026 (Heihe) to
0.326 (Maoershan) with a mean value of 0.177. In this study, F
> 0 indicates the absence of heterozygotes and excess of pure
heterozygotes in the J. mandshurica population and the presence
of inbreeding. Furthermore, the Hunchun population showed
high genetic diversity (Na = 7.933, He = 0.723, and I = 1.617),
whereas the Heihe population exhibited a relatively low level of
genetic diversity (Na = 4.200, He = 0.605, and I = 1.158).

Genetic Structure of the J. mandshurica

Population

The genetic structure of the J. mandshurica population in
Northeast China was analyzed using the STRUCTURE program.
The optimal number of clusters (K) was determined by
comparing the LnP (D) and AK based on the rate of change
in LnP (D). The LnP (D) value increased continuously with the
number of clusters (K) from 2 to 10 based on estimated posterior
probability of genotype data, and the inflection point appears
when K = 3 and K = 5 (Figure 3A). Two pronounced peaks
of AK were observed (Figure 3B). Because the structure analysis
cannot clearly classify the test samples into five categories when K
=5, K = 3 was used as the optimal K value. Based on this value,
343 individuals of J. mandshurica were grouped into three genetic
categories (category 1 in green, category 2 in blue, and category
3 in yellow) (Figure 3C). Category 1 consisted of 147 individuals
from eight populations for Qingyuan, Caohekou, Jian, Ningan,
Yongji, Baishishan, Helong, and Maoershan; category 2 consisted
of 81 individuals from three populations for Hulin, Boli, and
Sanchazi; and category 3 consisted of 115 individuals from four
populations for Heihe, Hunchun, Fangzheng, and Liangshui.

Principal Coordinates and Evolutionary
Tree Analysis of the J. mandshurica

Population

To further analyze the genetic relationships among natural
populations of J. mandshurica, principal coordinate analysis
(PCoA) was performed using Nei’s genetic distances of 343
individuals from 15 populations (Figure 4). The PC1 horizontal
axis explained 13.90% of the total variations, while the PC2
vertical axis explained 5.86% of the total variations. The two
principal axes explained 19.76% of the total genetic variation.
The 15 natural populations were divided into three categories,
which were generally consistent with the results obtained in
the population structure analysis: category 1 included the
Qingyuan, Caohekou, Jian, Ningan, Yongji, Baishishan, Helong,
and Maoershan populations; category 2 included the Hulin, Boli,
and Sanchazi populations; and category 3 included the Heihe,
Fangzheng, and Liangshui populations. Nei’s genetic distance
was used to construct a neighbor-joining dendrogram (Figures 5,
6) in which all samples were clustered into three categories.
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TABLE 3 | EST-SSR primer polymorphisms of J. mandshurica.

Locus Na Ne | Ho He PIC Fit Fis Fst Nm NPA HWE
NEJM-1 19 2.393 1.031 0.450 0.475 0.832 0.470 0.052 0.440 0.318 4 NS
NEJM-2 20 4.556 1.674 0.673 0.770 0.891 0.251 0.126 0.143 1.494 3 NS
NEJM-3 18 5.138 1.749 0.646 0.772 0.866 0.265 0.163 0.121 1.813 4 NS
NEJM-4 13 1.728 0.635 0.132 0.322 0.668 0.812 0.590 0.541 0.212 2 *
NEJM-5 12 3.192 1.348 0.510 0.671 0.662 0.272 0.240 0.043 5.627 3 NS
NEJM-6 33 6.170 2.005 0.701 0.831 0.912 0.236 0.157 0.094 2414 4 NS
NEJM-7 17 4.183 1.565 0.667 0.747 0.747 0.142 0.107 0.039 6.191 6 NS
NEJM-8 10 2.797 1.191 0.609 0.625 0.696 0.178 0.025 0.157 1.343 3 NS
NEJM-9 17 5.920 1.925 0.775 0.820 0.894 0.141 0.055 0.091 2.511 1 NS
NEJM-10 22 3.995 1.625 0.707 0.735 0.828 0.159 0.039 0.125 1.744 5 NS
NEJM-11 17 4.651 1.496 0.580 0.646 0.853 0.331 0.102 0.255 0.730 5 NS
NEJM-12 18 4.646 1.722 0.683 0.763 0.851 0.209 0.105 0.116 1.897 2 NS
NEJM-13 16 3.536 1.281 0.319 0.631 0.791 0.606 0.495 0.221 0.881 2 NS
NEJM-14 21 3.119 1.374 0.601 0.664 0.752 0.225 0.095 0.144 1.490 5 NS
NEJM-15 21 3.025 1.209 0.406 0.581 0.719 0.461 0.301 0.229 0.842 9 *
Mean 18.27 3.937 1.455 0.564 0.670 0.797 0.317 0177 0.184 1.967 3.867

*Denotes significant departure from Hardy Weinberg equilibrium at P < 0.05.

TABLE 4 | Genetic diversity parameters of different populations of J. mandshurica.

Provenance Sample Na Ne | Ho He NPA F
Heihe 6 4.200 2.894 1.158 0.573 0.605 3 0.026
Hunchun 27 7.933 4.505 1.617 0.657 0.723 4 0.094
Fangzheng 29 8.133 4.359 1.588 0.665 0.716 2 0.080
Liangshui 27 7.333 4.132 1.662 0.614 0.714 3 0.136
Ningan 11 5.867 3.776 1.388 0.581 0.655 3 0.164
Caohekou 10 5.533 3.475 1.319 0.573 0.639 2 0.121
Jian 17 6.467 3.841 1.438 0.477 0.670 6 0.286
Qingyuan 20 6.733 3.967 1.436 0.529 0.666 1 0.266
Yongji 27 7.467 4.025 1.525 0.557 0.687 3 0.243
Sanchazi 27 6.800 3.824 1.395 0.564 0.642 5 0.112
Boli 27 6.267 3.669 1.363 0.572 0.648 1 0.133
Hulin 34 7.600 3.957 1.445 0.553 0.642 10 0.166
Helong 26 8.067 4.651 1.589 0.539 0.704 8 0.256
Baishishan 26 7.467 3.888 1.475 0.516 0.663 1 0.248
Maoershan 29 8.133 4.086 1.531 0.487 0.677 6 0.326
Mean 6.933 3.937 1.455 0.564 0.670 3.867 0.177

This was inconsistent with the aforementioned results, and some
individuals were assigned to different categories (Figure 6).

Genetic Differentiation and Gene Flow of

the J. mandshurica Population

Genetic variation among different populations of J. mandshurica
was investigated using the AMOVA tool (Table5). The
obtained results revealed significant genetic differentiation at
the 0.01 level among the populations (Fst = 0.162, P <
0.001). Moreover, 21.10 and 62.68% of the genetic variations
were attributed to variations among individuals and within
individuals, respectively, whereas variations among populations

accounted for the total genetic variance of 16.22%, indicating
that genetic variations within populations were much higher
compared to genetic differentiation among populations. The
Fst value was 0.162 (0.15 < Fst < 0.25), indicating a
moderate level of genetic differentiation among populations.
The Fis value was 0252 (Fis > 0), indicating the loss
of heterozygotes and the presence of inbreeding between
populations. The Fst (Figure 7, lower left) and Nm (Figure 7,
upper right) values among 15 populations of J. mandshurica
were calculated. The data revealed genetic differences and
gene flow among different populations of J. mandshurica. The
Fst value varied from 0.011 to 0.208 with a mean value of
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FIGURE 3 | STRUCTURE analysis of the natural population of J. mandshurica based on 15 EST-SSRs. (A) Calculation of population structure using Mean LnP (K). (B)
Relations between the optional number of cluster K and Delta K. (C) Genetic structure map of 15 natural populations of J. mandshurica based on STRUCTURE

0.109, and the Nm value varied from 0.950 to 22.422 with
a mean value of 4.063 among the different populations. The
highest Fst and the lowest Nm values were found between
the Sanchazi and Caohekou populations, followed by the
Hulin and Caohekou populations. The lowest Fst and the
highest Nm values were found between the Sanchazi and
Hulin populations.

Genetic Distance and Genetic Uniformity

of the J. mandshurica Population

Nei’s genetic distances were used to depict the genetic
relationships among the 15 J. mandshurica populations, and a
smaller genetic distance and larger genetic uniformity indicate
a close genetic relationship. In this study, pairwise population
genetic distance ranged from 0.073 to 0.743 (Figure 8, lower
left), and the genetic uniformity between populations ranged
from 0.156 to 0.958 (Figure 8, upper right). The maximum
genetic distance appeared between the Sanchazi and Heihe
populations, suggesting that they are not closely related. This
was followed by the Heihe and Boli populations, and the

minimum genetic distance was observed between the Sanchazi
and Hulin populations, suggesting that the two populations are
closely related.

The Correlations Between the Molecular

Traits and Environmental Factors

Mantel tests were performed to explore the correlations between
molecular traits and environmental factors. The results showed
that except for Na, no significant correlation was observed
between genetic diversity parameters and environmental factors
(Table 6). Na had a significantly positive correlation with latitude
(r = 0.2974) and annual sunshine (r = 0.2592), but with weak
correlation coefficients. These results indicate that the molecular
traits of J. mandshurica populations were less influenced by
environmental factors.

DISCUSSION

Due to the challenges associated with asexual reproduction and
with most of the J. mandshurica resources basically existing in a
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FIGURE 4 | Principal coordinate analysis (PCoA) based on the genetic distance of 343 individuals for J. mandshurica.

FIGURE 5 | Neighbor-joining tree of 15 J. mandshurica populations.

~ Category 1

Category2

Category3

wild or semi-wild state, genetic improvement of J. mandshurica
is lagging (Zhang et al., 2021). To develop a reasonable, effective
breeding strategy and accelerate genetic improvements of J.
mandshurica, a comprehensive evaluation of J. mandshurica
resources in natural populations is important. We used the
EST-SSR molecular marker to analyze the genetic diversity of
J. mandshurica populations in Northeast China. Compared to
other molecular marker technologies, this molecular marker is
characterized by codominance, stable amplification, and good

repeatability. It is a commonly used genetic diversity analysis
method (Rahemi et al, 2012). Our findings have positive
implications for conservation and genetic improvements of J.
mandshurica resources in Northeast China.

EST-SSR Primer Development

The EST-SSRs have been extensively studied in the plant,
animal, and microbial species. Compared to genomic SSRs,
EST-SSRs have many advantages, including low sequencing
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FIGURE 6 | Neighbor-joining tree of 343 J. mandshurica individuals (HH: Heihe; HC: Hunchun; FZ: Fangzheng; LS: Liangshui; NA: Ningan; CHK: Caohekou; JA: Jian;
QY: Qingyuan; YJ: Yongji; SCZ: Sanchazi; BL: Boli; HUL: Hulin; HL: Helong; BSS: Baishishan; and MES: Maoershan).

costs, identification of the genetic relationship between similar
species, and analysis of population genetics (Durand et al., 2010).
We found 63,552 EST-SSR loci in the transcriptome sequence
of J. mandshurica. Then, 240 loci were randomly selected
to synthesize primers, and 15 pairs of highly polymorphic
EST-SSR primers were finally obtained after screening. In the
transcriptome of J. mandshurica, among the six nucleotide
repeat types, mononucleotide and dinucleotide repeat motifs
were the most abundant, accounting for 55.80 and 32.14%,
respectively. Distributions of EST-SSR repeat motifs for J.
mandshurica are comparable to those of Ziziphus jujuba (Xiao

et al, 2015), Sesamum indicum (Uncu et al, 2015), and
Tectona grandis (Yasodha et al.,, 2018). SSR repeat motifs are
associated with the level of species evolution, and the content
of short repeat motifs increases with the time of species
evolution or variation frequency (Liu et al, 2020). In this
study, the proportion of short repeat motifs was relatively high,
indicating a high species variation frequency of J. mandshurica.
Mononucleotide repeats (A/T) were the most abundant motif
class, followed by dinucleotide repeats (AG/CT), while the most
common trinucleotide repeats were GAA/TTC and AAG/CTT.
Comparable findings have been reported for Vigna angularis
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TABLE 5 | Analysis of molecular variance for the J. mandshurica population.

Variance source df SS MS vC PV (%) Fit Fis Fst
Among populations 14 748.284 53.449 1.082 16.22%

Among individuals 328 2188.162 6.671 1.342 21.10%

Within individuals 343 1367.500 3.987 3.987 62.68%

Total 685 4303.946 6.361 100% 0.373"* 0.252*** 0.162***

***Denotes significant differences at P < 0.001.
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FIGURE 7 | Genetic differentiation coefficient (lower left) and gene flow (upper right) among different populations of J. mandshurica.
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FIGURE 8 | Nei's genetic distance (lower left) and genetic uniformity (upper right) among different populations of J. mandshurica.
TABLE 6 | Relationship between molecular traits and environmental factors revealed by Mantel test.
Environment factors Na Ne 1 Ho He NPA F
Longitude (E) —0.0554 —0.0584 —0.0068 —0.0724 0.0263 0.1369 —0.0993
Latitude (N) 0.2974* 0.2548 0.2457 —0.1246 0.1516 —0.1166 0.1358
Elevation (m) 0.1673 0.1101 0.1153 —0.0032 0.0730 —0.0424 0.1577
Annual temperature (°C) 0.2603 0.2672 0.2553 —0.0080 0.2125 —0.1356 0.1407
Annual rainfall (mm) 0.2207 0.1309 0.1162 —0.1695 —0.0739 —0.1037 —0.1374
Forest-free days (d) —0.0008 —0.0243 —0.0075 —0.0968 —0.0271 —0.1257 —0.0825
Annual sunshine (h) 0.2592¢ 0.1155 0.1658 —0.0405 0.0858 —0.1102 0.0970

“Correlation is significant at 5% level.
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(Chen et al., 2015) and J. sigillata (Feng et al., 2018). In most
species, dinucleotides and trinucleotides are the most common
types of transcriptomic SSR repeat motifs (Kantety et al., 2002;
Varshney et al., 2002), which is confirmed by the results of
this study.

Initially, we screened 15 EST-SSR loci, and the mean values
for Na, He, and PIC for the 15 loci were 18.27, 0.670, and
0.797, respectively. The polymorphism level of the loci for J.
mandshurica was higher than that reported by Hu et al,, 2016
for the same plant and higher than that of J. regia (Torokeldiev
et al,, 2019), J. cathayensis (Dang et al., 2015), J. hopeiensis (Hu
etal.,2015), and J. sigillata (Feng et al., 2018). PIC is an important
parameter that expresses the degree of genetic diversity among
plants, and its evaluation is beneficial for the establishment of
plant gene pools and accelerating the breeding process (Avval,
2017). The PICs for the EST-SSR loci screened in this study
were all >0.5, implying highly polymorphic loci (Botstein et al.,
1980). Therefore, the EST-SSR primers developed in this study
are highly polymorphic and can be used for genetic diversity
evaluation of J. mandshurica breeding resources.

Population Genetic Diversity

Genetic diversity is the product of the long-term evolution of
species and is a key factor in population survival and evolution
(Barrett and Kidwell, 1998; Gonzdilez et al., 2020). Genetic
diversity studies have important implications for forest breeding
and the management of endangered tree species (Millar and
Westfall, 1992). Heterozygosity is often used to measure the
degree of genetic variation and can provide useful information
for the protection of endangered species (Schmidt et al., 2021).
In this study, the results based on EST-SSR markers showed
that the He and Ho of 15 J. mandshurica populations were
0.670 and 0.564, respectively, which was similar to previous
research results (Liu, 2015) and higher than those of J. sigillata
(Chen et al, 2020) and Amygdalus Mira (Bao et al, 2018),
and the level of genetic diversity was relatively high but lower
than that of J. regia (Shamlu et al., 2018; Guney et al., 2021).
Many factors, including mating systems, evolutionary history,
and the level of environmental heterogeneity, influence the
level of genetic diversity (Booy et al, 2000). As a tertiary
relict plant, J. mandshurica is mostly distributed in the eastern
mountains of Northeast China (Tang et al, 2019), and the
mutations accumulated from a longer evolutionary history have
led to a rich genetic basis for the peccary. Phylogeographical
studies have shown that J. mandshurica had two separate
refugia during the Quaternary ice age and that there was
asymmetric gene flow (Bai et al., 2010). The existing surviving
populations may have retained and inherited an overall rich
genetic base of ancestors, giving them a high genetic diversity.
The results of Wang et al. (2016) on the phylogeography
of J. mandshurica also prove this point. Biologically, J.
mandshurica is a hermaphroditic heterozygous species (Zhang
et al.,, 2019), which is mainly outcrossing. It can produce new
genotypes through sexual recombination. The heterodichogamy
flowering mechanism effectively prevents self-pollination in J.
mandshurica. These are probably the main reasons why the
current population of J. mandshurica still maintains a high level

of genetic diversity (Nybom and Bartish, 2000). Additionally,
the Ho value was found to be lower than the He value in all
populations, indicating heterozygous deletion. Inbreeding, non-
random mating, or population structure destruction may lead to
the lack of heterozygotes (Liao et al., 2019). Thus, further analysis
is warranted.

Genetic diversity analysis of the 15 J. mandshurica populations
revealed various differences. The Hunchun population had the
highest genetic diversity level (Na = 7.933, He = 0.723, and I =
1.158), while the Heihe population had the lowest (Na = 4.200,
He = 0.605, and I = 1.617). Bai et al. (2010) reported that there
may be two refugia in the distribution area of J. mandshurica,
one of which is in the northeast and is mainly distributed in
Changbai Mountain. Changbai Mountain is a scenic tourist site
with frequent human activities, which may affect the population
of . mandshurica, leading to plant habitat fragmentation (Aguilar
et al., 2008). Fragmented plant habitats inhibit pollen dispersal
and gene flow between populations, thereby affecting genetic
diversity in the population (Vrancksx et al., 2012). The Hunchun
population is located near the Northeast refuge, which is
not a tourist city. The existence of refuge and less human
disturbance may be the reason for the high genetic diversity
of the Hunchun population. The Heihe population is located
in the northernmost part of China and is distant from other
J. mandshurica populations. During field investigations, few J.
mandshurica were found in this population, yet J. mandshurica
is a tall tree that is suitable for wind-induced cross-pollination.
Marked environmental differences and population isolation may
destroy the coadaptive allele combination of parents and reduce
the adaptability of distant offspring (Hufford et al., 2012). The
fixed index (F) for both populations was small but >0, indicating
an excess of pure heterozygotes in both populations and a slight
inbreeding phenomenon (Wright, 1950).

Environmental factors, such as temperature, elevation, and
rainfall, may influence the genetic variation of forests. We used
the Mantel test to study the relationship between molecular
traits of . mandshurica populations and environmental factors.
However, no clear geographical variation pattern was observed
in molecular diversity. This is different from what was found in
the studies of other species (Hu et al., 2010; Li et al., 2013; Zhang
et al,, 2017). This finding indicates that the geographic variation
at the gene level in the natural populations of J. mandshurica
may be located with some randomness and is less influenced
by the environment, the specific reasons for which need to be
further investigated.

Population Genetic Structure

The genetic structure reveals the distribution pattern of
genetic diversity among and within populations, reflecting the
adaptive potential of various species to the environment (Melo
et al, 2014). The 15 natural populations of J. mandshurica
in this study can be divided into three categories: category
1 denotes the Changbai Mountain area, category 2 denotes
the Wanda Mountain area, and category 3 denotes the
Lesser Khingan Mountain area. Comparable findings were
obtained by neighbor-joining method cluster analysis and
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principal coordinate analysis. The Sanchazi population,
which is located in the Changbai Mountain area, is not
included in category 1. The reason may be that the Sanchazi
population is located in Jingyu County, Jilin Province,
which was affected by the war. Human factors lead to
fragmentation of the population’s habitat and inhibit gene
exchange (Haag et al., 2010). In addition, relatively isolated
or dispersed populations may also reduce the success
rate of pollination (Ghazoul, 2005), thereby affecting the
genetic structure.

Population Genetic Differentiation

To elucidate the genetic variations among J. mandshurica
populations, AMOVA was conducted. Genetic variations in
J. mandshurica were mainly found at the individual level,
accounting for 63% of the total genetic variation. Genetic
variations among populations accounted for only 16%, indicating
that within-population genetic differentiation is greater than
among populations, which is consistent with the findings of
Wang (2007), Wang et al. (2011), Dang et al. (2021), and Zhang
et al. (2021). This may be attributed to the life history and
habitat of J. mandshurica. J. mandshurica is a heterodichogamy
deciduous species whose cross-pollination feature results in a
high gene flow within the population (Hamrick and Godt, 1996)
and a high degree of heterozygosity, thereby improving genetic
diversity within the population and reducing the degree of
differentiation among populations (Hao et al., 2017). Therefore,
when selecting J. mandshurica populations with high genetic
diversity, the focus should be on the selection of individuals
within the population, which is beneficial for the genetic
improvement of J. mandshurica.

The detection of genetic differentiation is a key to promote the
genetic improvement of forests (Li et al., 2021). Fst measures the
degree of differentiation among populations and is a widely used
descriptive statistical indicator in population and evolutionary
genetics (Holsinger and Weir, 2009). In this study, the mean Fst
for the J. mandshurica population was 0.109, implying a moderate
degree of genetic differentiation (Wright, 1950). This is higher
than that reported by Wang et al. (2016). Differences may be
attributed to varying research materials and different selection
pressures of gene fragments where the selected SSRs were located
(Huetal., 2016). Gene flow (Nm) refers to the movement of genes
within and among populations, which in the plant kingdom is
mainly achieved through the migration or movement of genetic
material carriers, such as pollen, seeds, spores, and vegetative
bodies. It affects the degree of genetic variation in the population
(Zhang et al., 2003). The effects of genetic drift and genetic
differentiation can be effectively eliminated when gene flow is
>1 (Slatkin, 1985). In this study, the average Nm of the J.
mandshurica population was 4.063, which is relatively high when
compared to the results of Wang et al. (2011). J. mandshurica is
pollinated by the wind; therefore, in this study, J. mandshurica
may have achieved gene exchange in different geographical
locations through long-distance pollen flow (Victory et al,
2006), thereby eliminating geographic isolation and reducing
genetic differentiation among populations. Genetic distance
and genetic uniformity are indicators of genetic relationships
among populations or individuals, which can be further used

to analyze the degree of genetic differentiation among the
15 populations. In this study, the variation range of genetic
uniformity among populations was 0.156-0.958, with an average
of 0.524, which is lower than those reported by Wang (0.83
and 0.9217 in 2007 and 2011, respectively). The average genetic
distance was 0.393, which is higher than that of Zhang (0.0049)
(2021). The results show great differences, indicating that genetic
relationships among J. mandshurica populations in this study are
relatively distantly related. The differences in genetic uniformity
and genetic distance among different populations indicate great
fluctuations in genetic variations.

Genetic Conservation Strategy

Studies on genetic diversity and genetic structure are
prerequisites for formulating species protection measures
(Newton et al., 1999; Wuyun et al.,, 2015). J. mandshurica is a
native tree species in Northeast China. It has been listed as a
local protected wild plant in Jilin Province, Hebei Province, and
Beijing; however, only a nature reserve has been established in
Changbai Mountain, and no measures have been undertaken in
other distribution areas where it is still the main cut tree species
(http://www.iplant.cn/rep/). We show that the J. mandshurica
population in Northeast China has high genetic diversity,
indicating that the endangerment of J. mandshurica is not the
cause of genetic variation but is mainly affected by human
disturbance and habitat destruction and degradation (Wang
et al,, 2011). In this study, the genetic diversity of the Heihe
population was relatively low, and the number of individuals
was small. Botanical gardens or arboretums can be used for
ex situ protection of living J. mandshurica in this area. The
genetic diversity of the Hunchun population is relatively high
and can be protected by establishing a nature reserve. In
addition, the germplasm resources of J. mandshurica should
be systematically collected. Given that there are challenges in
asexual propagation strategies, such as cuttings, grafting, and
tissue cultures of J. mandshurica, the Germplasm Resources
Bank of J. mandshurica can be established by collecting seeds.
On this basis, combined with whole-genome information of
J. mandshurica (Bai et al., 2018; Yan et al., 2021), SNP and
other molecular marker technologies should be used to perform
molecular marker-assisted breeding and whole-genome selection
breeding to accelerate the progress of genetic improvement for
J. mandshurica.

CONCLUSION

We developed 15 EST-SSR primers using the transcriptome data
of J. mandshurica, and 15 loci exhibited high levels of genetic
polymorphism, which can be used for genetic diversity evaluation
of J. mandshurica populations. Genetic diversity analysis was
performed on 343 individuals from 15 natural populations
of J. mandshurica in Northeast China using 15 EST-SSR
primers. The J. mandshurica populations exhibited high levels of
genetic diversity and moderate genetic differentiation. Based on
STRUCTURE analysis, neighbor-joining method cluster analysis,
and principal coordinate analysis, the 15 populations can be
divided into three categories: Changbai Mountain area, Wanda
Mountain area, and Lesser Khingan Mountain area. With regard
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to the characteristics of the J. mandshurica population, there is a
need to formulate corresponding genetic conservation strategies
to maintain the genetic diversity of the J. mandshurica population
in Northeast China to the greatest extent possible and to
provide a basis for the subsequent development and utilization
of important genetic resources of J. mandshurica.
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