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Abstract: The common walnut (Juglans regia L.), a species of significant economic and ecological
importance, along with its variant, holds developmental value. Simple sequence repeat (SSR) markers
are used as an effective method for material identification due to their co-dominant inheritance. In
this work, a total of 357629 SSR loci were searched based on previously published walnut genome
sequences, with a density of 662.28 (SSRs/Mb). The majority of all these loci were found to be single
nucleotide A/T (58.49%), followed by the dinucleotide AT (19.48%). Based on the results of genome-
wide SSR site design, 22 effective primer pairs were designed and screened to analyze the genetic
diversity of 48 wild walnut samples from three countries. Each locus had an average of 5.17 effective
alleles (Ne), with an average polymorphism information content (PIC) of 0.71, average heterozygosity
(He) of 0.52, and average genetic differentiation index (Fst) of 0.09. The analysis of 48 wild walnut
samples from three countries (Kyrgyzstan, Tajikistan, and China) using the unweighted pairwise
clustering method and arithmetic mean (UPGMA) along with principal coordinate analysis revealed
the division of all samples into three groups. In summary, these novel SSR markers serve as a
reference for the identification of wild walnut germplasm in Central Asia and for the development
and utilization of wild walnut seed resources.

Keywords: Juglans regia; SSR markers; species identification; whole genome; genetic diversity

1. Introduction

Walnut (Juglans regia L.) is a monoecious and dichogamous tree species that was first
domesticated in Central Asia [1,2]. The genus Juglans (order Fagales, family Juglandaceae)
includes more than 20 diploid species, with 2n = 2x = 32 chromosomes [3]. Today, walnuts
are farmed around the world, from Europe to South Africa. Globally, around 1.3 million
hectares of walnut are planted every year [4]. The United States, China, and Turkey account
for 69.22% of the world’s walnut acreage, and these three countries also contribute to
81.32% of the world’s walnut production [5]. It is generally accepted that J. regia is native
to the mountain ranges of southeastern Europe (Carpathian Mountains) and west–central
Asia [4,6,7]. The natural range of walnut extends from Xinjiang in China in the east to the
Caucasus in the west, and is mainly found in mountainous areas [7,8]. Cultivated varieties
of walnuts are distinct from wild varieties [9,10], and it has been speculated that the types
of walnuts cultivated around the globe were selected as seedlings from these Eurasian
natural populations thousands of years ago [10,11]. Walnut has been studied in various
ways, including cultivar development and nutrient extraction [12,13].
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Molecular markers such as simple sequence repeats (SSRs), random amplified poly-
morphic DNA (RAPD) [14], amplified fragment length polymorphisms (AFLPs), and inter
simple sequence repeats (ISSRs) [15] markers have extensively been used in conservation
genetics to guide conservation [16,17]. Knowledge of the genetic diversity of a species
is crucial for the effective management and utilization of its germplasm. In particular,
RAPD- [18], SSR- [19], and AFLP- [20] based approaches are powerful tools for studying
genetic relationships and identity due to the innate consideration of complicating factors
such as codominance, super mutation, and multiple alleles [21].

SSRs produce different types based on different classification criteria, and different
types of SSRs bring out different messages. SSRs are classified into three major categories
according to the different base-sequence arrangements. Accordingly, the categories are:
complete microsatellites, incomplete microsatellites, and complex microsatellites. Com-
plete microsatellites are sequences composed of bases linked without interruption, and
interrupted microsatellites are sequences with fewer than three non-repetitive bases be-
tween bases and more than three repeating bases at either end of the sequence. A complex
microsatellite is a sequence composed of no fewer than two or more tandem bases sepa-
rated by no fewer than three non-repetitive bases, and there are always at least five base
repeats within the sequence [22]. The application of SSR in different sequences derived
from simple sequence repeat interval amplification polymorphism-Inter-Simple Sequence
Repeat (ISSR), expressed sequence tag microsatellites-Expressed Sequenced Tags-Simple
Sequence Repeat (EST-SSR), whole-genome SSR, and other molecular markers, and the
above SSR molecular marker technology in the nuclear genome and chloroplast genome
has been widely used. Evidence suggests that genomic SSRs exhibit greater levels of poly-
morphism compared with the genic SSR markers [23,24]. This may be due to a reduction in
genic regions sequence polymorphism caused by the selective implication effect during
species evolution [25], or the presence of introns in the genomic sequence itself, but not
in the EST sequence. Alternatively, high levels of genomic-SSR polymorphism may be
caused by intron polymorphism [26]. As a consequence, attempting to use genomic-SSR
to identify closely related individuals will be a more sensitive form of analysis than using
other genic SSRs [23]. However, it is worth emphasizing that other genic SSRs (such as
EST-SSR from DNA-transcribed regions) may be better indicators of phenotypic traits as
well as physiological and biochemical characteristics [27].

Cultivated walnuts are domesticated from wild walnuts [28]. Cultivated walnuts have
a high economic value, and considerable effort in studying the species using molecular
methods has resulted in the identification of 18 core loci that may be used to distinguish
cultivars from wild varieties [29]. These techniques have been proven effective, and
researchers have been able to identify multiple cultivars by solely using four pairs of SSR
primers [13]. Similar work has been able to distinguish the genetic diversity of walnuts
living at different altitudes in Morocco [30]. In the same vein, these molecular techniques
(namely, 13 SSR markers) have been used to identify 22 hybrid genotypes selected from a
study plot [31]. These same approaches have been used to identify wild walnuts available
in China [32]. Clearly, SSR molecular markers can be effective tools to determine the genetic
relationship between walnut species. However, despite the sequence and assembly of the
walnut genome and the fairly robust history of using molecular methods to study walnuts,
few have focused on the economically important Central Asian population.

In our study, the assembled genome sequence of walnut was used to excavate SSR loci,
design and screen primers, and analyze the genetic diversity of wild walnut to complete
the identification of wild walnut. Our goals were the following: (1) develop and identify
SSRs in the whole genome sequence of walnut; (2) select primers with better polymorphism
from wild walnut materials; and (3) identify relationships among different populations of
walnut in Central Asia.
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2. Materials and Methods
2.1. Excavation and Primer Design of SSRs

We used MISA to identify microsatellite loci in the assembled J. regia L. nuclear genome
http://pgrc.ipk-gatersleben.de/misa/misa.html (accessed on 15 January 2023). The param-
eters set for this analysis included nucleotide repeats (MNRs), dinucleotide repeats (DNRs),
trinucleotide repeats (TNRs), tetranucleotide repeats (TTRs), pentenucleotide repeats
(PNRs), and hexonucleotide repeats (HNRs). Their minimum repeat units were 10, 6, 5, 5, 5,
and 5, respectively. Any repeated sequence longer than 100 bp is regarded as an SSR locus.
We then input these SSR loci into Primer3 http://primer3.sourceforge.net/releases.php
(accessed on 15 January 2023) to design our primers. In this effort, the primer design looked
to identify loci wherein the optimal nucleotide length was 21 bp (18 Bp–23 bp), the size
of the amplified product was 80–280 bp, the optimal annealing temperature was 58 ◦C,
and the optimal GC content was set as 50% (50–60%). To ease the scoring procedure in the
genotyping process, we tagged forward primer sequences with a 5′-end fluorescent dye
(FAM Blue) (Shanghai General Biotechnology Co., Ltd., Shanghai, China).

2.2. DNA Extraction and SSR-PCR Reaction

Wild walnuts were collected from wild walnut populations in several Central Asian
countries. In all, we collected 23 wild walnuts (Y) from Ili, Xinjiang, China, 14 wild walnuts
(D) from Dushanbe, Tajikistan, and 9 wild walnuts (J) from Wild Fruit Forest Reserve,
Kyrgyzstan (Table 1, Figure 1). All leaf material was taken from fresh and healthy leaves.
Upon collection, we ensured that each plant from which we collected walnuts was more
than fifteen meters apart from another collected sample. The collected leaves were dried
with silica gel and numbered. Using the DNA safe Plant Kit (Tiangen Biotechnology, Beijing,
China), genomic DNA was extracted from the leaves of J. regia L. in accordance with the
manufacturer’s instructions. Before polymerase chain reaction (PCR), the DNA samples
were diluted to approximately 20 ng/mL.

Table 1. Walnut samples from three regions of Central Asia.

Serial
Number ID Location Number Latitude Longitude

1 J1-J9 Kyrgyzstan 8 40.853421 73.66128
2 D1-D14 Tajikistan 14 38.584371 68.768641
3 Y1-Y24 China 23 43.217701 82.152833
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All samples were amplified by PCR using a 25 µL reaction system. Template DNA
1 µL, forward primer 1 µL (10 µmol/L), reverse primer 1 µL (10 µmol/L), 2 × Easy Taq
RPCR Super Mix (Trans Gen Biotech, Beijing, China) 12.5 µL, and ddH2O 9.5 µL. The
amplification reaction was divided into three stages. The first stage was pre-denaturation
at 94 ◦C for 5 min, while the second stage had 35 cycles: denaturation at 94 ◦C for 30 s,
annealing (Table 2) for 1 min, and extension at 72 ◦C for 40 s. The last cycle was extended
for 10 min at 72 ◦C. Capillary electrophoresis and fluorescent labeling were used to detect
PCR products. The samples were screened for alleles (FSA) generated by the samples using
GeneMapper Software (Applied Biosystems™, Waltham, MA, USA), which is genotyping
software with independent readings of the chromatograms (Table S4).

Table 2. The characteristics of the 22 polymorphic SSR primer pairs of Juglans regia.

Name Primer Sequences (5′–3′) Repeat Motif Ta (◦C) Fluorescent Dye Size (bp)

WJR001 WJR001F: GGTGTAGGTTTGGAAGGCCA
WJR001R: ATTGAGGCAACGGGAAGAGG CT (8) 60 5′-FAM 139

WJR029 WJR029F: TTCTTGGCCGCAGAGCATTA
WJR029R: TGTGCGTGCTAGATGGATGT TC (7) 58 5′-FAM 148

WJR105 WJR105F: CACACACACACACACACACA
WJR105R: CGTCTCACTCTCACTTCCAGG GA (7) 60 5′-FAM 114

WJR157 WJR157F: GGTCGAGATCACCAAATGGC
WJR157R: GCCGGCAGCTTTACTACTCA AG (9) 60 5′-FAM 150

WJR621 WJR621F: TGCATGCTGTCAAAGGTGTC
WJR621R: CGAGCTAGTGAACATTTGCAGT AT (15) 58 5′-FAM 155

WJR679 WJR679F: TTTTCTCGCAAAGCAGCTGG
WJR679R: TGGTCATCGTCTGGTTGCAA AT (9) 58 5′-FAM 81

WJR1022 WJR1022F: AACTGGACAACCTTGCCCAA
WJR1022R: CAGCTCAATGGCTTCTTGGC AT (16) 58 5′-FAM 166

WJR1193 WJR1193F: GGGCGCCGTTGAACAAATAT
WJR1193R: CGGCCATCAGAGAGGGATTC TC (12) 60 5′-FAM 134

WJR19057 WJR19057F: CCGTGGCACCTAATCCTTGT
WJR19057R: AGAGAGAGAGAGAGAGAGAGAGAGA AC (10) 61 5′-FAM 129

WJR18870 WJR18870F: TCACCTCTCTCTCACTCTCTCA
WJR18870R: GCGCGCAACAGAAAGAGAAA CT (6) 59 5′-FAM 151

WJR18123 WJR18123F: GCATTTTTGCCACCCACCTT
WJR18123R: TGCCAAGTGGTACAAGTGGA AC (8) 58 5′-FAM 129

WJR27081 WJR27081F: ACAAACAACACCGACGAGGA
WJR27081R: TTGACGTTGTTAGTGTGCCC GA (9) 58 5′-FAM 112

WJR20785 WJR20785F: TCAGGACGGTATGCTTGACT
WJR20785R: TGTGTGTTGGTGTGTGTGGA TC (14) 58 5′-FAM 182

WJR19806 WJR19806F: AGAGTGGTGTGTGTGAGTGC
WJR19806R: TCCCACCCTTCTCCTTCCTT AG (6) 60 5′-FAM 138

WJR28944 WJR28944F: AAAAGACCTTCGATCGAGCC
WJR28944R: AAAAGACCTTCGATCGAGCC TA (7) 60 5′-FAM 161

WJR30675 WJR30675F: CGCTGGTTTCTGGCATGAAA
WJR30675R: GAAGAGATCAGAACCGGCCA AT (8) 59 5′-FAM 183

WJR32508 WJR32508F: AGCAGAGCGAAAGAGAGCAG
WJR32508R: AGACGCAACCCTCAAACCAT GA (21) 59 5′-FAM 183

WJR37937 WJR37937F: TGCATTCAGAACACGGGTGA
WJR37937R: AAAGCATGAGTTATCCTTGCAAAA TCT (7) 56 5′-FAM 150

WJR41945 WJR41945F: TGGTTAATCAGGCCATGGCT
WJR41945R: GCAGTTGCCGCAAACTTGTA AT (15) 58 5′-FAM 178

WJR17197 WJR17197F: TGCCATCACCATGTTCACCA
WJR17197R: TTGCGGCAACCCTAGTTCTT AT (9) 58 5′-FAM 165

WJR20924 WJR20924F: AGAGATGTGCGTGTGTGTGT
WJR20924R: AAGTGACGGTGTCCCACAAG TA (9) 59 5′-FAM 116

WJR19609 WJR19609F: GAAGCATGTGTGTGTGTGTGT
WJR19609R: AGGCTCGTTCGTTTATGCCC TA (10) 59 5′-FAM 141

2.3. Data Collection and Analysis

Using POPGENE32, we collected data on the following: the number of alleles (Na), ef-
fective alleles (Ne), observed heterozygosity (Ho), expected heterozygosity (He), unbiased
expected heterozygosity (uHe), polymorphism index (I), gene flow (Nm), polymorphism in-
formation content (PIC), inbreeding coefficient (Fis), proportion of differentiation (Fst), and
estimations of the fixation index (F) 1.32 [33]. NTSYS-PC 2.10e software [34] was used to
construct a dendrogram based on cluster analysis using the unweighted pair group method
with the arithmetic mean average (UPGMA) based on a similarity matrix. Significant differ-
ences between the groups and samples were tested by an analysis of molecular variance in
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GenAlEx v6.5 [35,36]. The genetic distances between walnut samples were calculated using
the PowerMarker v3.25 [37] program. A principal coordinate analysis (PCoA) was con-
ducted based on Nei’s genetic distance using GenALEx v6.5 [36] software. The probability
of identity (PID) and probability of identity in siblings (PIDsib) at microsatellite loci were
calculated by CervusV3.0 software [38]. The conversion of data types was conducted by
DataFormater [39]. The model-based Bayesian clustering method implemented in Structure
2.3 [40] derives the proportion of affiliation and overall structure of each sample in the
predefined totals in each inferred cluster (q-estimation). In the absence of information
about the origin of the populations, a total of 10,000 MCMC iterations per run were per-
formed after a 10,000-step break-in period using a mixture of models with correlated allele
frequencies [41,42]. The number of clusters (K) and statistics ∆K estimated by Structure
were analyzed in the web-based StructureE Harvester program [43,44]. Population size (K)
was determined for each K value by 10 independent runs ranging from K = 1 to K = 10.

3. Results
3.1. Genome-Wide Identification and Characterization of SSR Loci

Screening the whole genome of J. regia at 540,793,986 bp, 357,629 SSR markers were
identified with a total length of 7,641,320 bp, and the number of SSRs present in the com-
pound formation was 54,620. The frequency and density of SSRs in the whole genome were
662.28 and 14,150.59 bp/Mb, respectively, and accordingly we estimated SSRs accounting
for 1.41% of the whole genome sequence (Table 3).

Table 3. SSRs in the Juglans regia genome.

Items Numbers

Total size of genome (Mb) 540
Total number of identified SSRs 357,629

Total length of SSRs (bp) 7,641,320
Frequency (SSRs/Mb) 662.28

Density (bp/Mb) 14,150.59
Total content of genome SSRs (%) 1.41

In the J. regia genome, the length of SSRs varied from 10 bp to 1252 bp, with an average
length of 25 bp. The most common (49,317 SSRs) repeat length was 10 bp and the number
of repeats was 49,317, followed by 12, 11, and 14 bp, and the number was 33,779, 26,475,
and 21,459, respectively (Figure 2a). Statistical analysis of the number of motif repeats
of all SSR locus showed that the highest number was 134 (Figure 2b). Among them, the
proportion of ten tandem repeats of the SSR locus was the highest at 21.16%, followed by
four eleven repeats of the SSR locus at 12.17% (Figure 2b). Due to the different sizes of the
repeated base sequences, all SSRs were divided into six SSR types: nucleotide, dinucleotide,
trinucleotide, tetraconucleotide, pentanucleotide, and hexanucleotide. Among all SSRs in
the whole genome of J. regia, single nucleotide repeats were the most abundant (58.49%),
followed by dinucleotide (33.95%) repeats (Table S1). The total genome length of SSRs was
5,766,962 bp, and the total genome length of SSRs with Mono-, Di-, Tri-, Tetra-, Penta-, and
Hexa- nucleotide repeats was 2,758,042 bp, 1,502,169 bp, 18,670 bp, 3920 bp, 2534 bp, and
624 bp, respectively. The main types were Di- and Tri- repeats.

The chromosome set of walnut has a total of sixteen chromosomes, from chromosome
1 (chr1) to chromosome 16 (chr16). According to the statistics, SSR loci are most distributed
on chromosome 1, followed by chromosome 3, with both exceeding 30,000 loci. The number
of SSR loci varied on each chromosome, with chr1 having the most SSR loci. We found
chromosome 1 to contain most of the SSRs identified in this study, followed by chromosome
3 (chr3), with more than 30,000 loci on both. On each chromosome, it is the single nucleotide
repeat that has the most SSR sites, followed by the dinucleotide repeat, trinucleotide repeat,
quadruple nucleotide repeat, pentanucleotide repeat, and hexanucleotide repeat, with the
exception of the chromosome chr4, which has the most dinucleotide repeats, followed by the
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single nucleotide repeat, trinucleotide repeat, quadruple nucleotide repeat, pentanucleotide
repeat, and hexanucleotide repeat (Table S2).
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3.2. Development and Characterization of SSR Markers

Ultimately, we identified 316 number of alleles in 48 walnut samples, with an average
of 14.36 alleles per SSR marker (Table 4). The number of alleles (Na) varied from 7 (WJR001,
WJR27081, WJR29601, and WJR19609) to 27 (WJR105). The average number of Ne for the
22 SSR loci was 5.17, with a maximum value of 19.51 from WJR105 and a minimum of 1.47
from WJR41945. The maximum value of observed heterozygosity (Ho) was 1 (WJR37937),
the minimum value was 0.11 (WJR001), and the mean value was 0.52. The expected
heterozygosity (He) had a maximum value of 0.95 (WJR105), a minimum value of 0.32,
and a mean value of 0.72. The Ne, Ho, and He values indicate good polymorphism in
the 22 primer pairs screened. The polymorphism information content (PIC) ranged from
0.39 to 0.93 with an average of 0.71. There were up to 20 pairs of SSRs with PIC values
higher than 0.5, indicating a high level of polymorphism in these markers. Shannon’s
information index (I) had a maximum value of 3.12 (WJR105), a minimum value of 0.89,
and a mean value of 1.82. Gene flow (Nm) has a maximum value of 8.35 (WJR17197), a
minimum value of 1.6, and a mean value of 2.68. The inbreeding coefficient (Fis) ranged
from a maximum value of 0.81 to a minimum value of -0.4, and it had a mean value of 0.19.
The proportion of differentiation (Fst) had a maximum value of 0.13, a minimum value of
0.03, and a mean value of 0.09 (Table 4). The results showed that the PID was 7.744 × 10−25,
and the PIDsib was 3.043 × 10−9. In the individual identification analysis, the PIDsib value
of the cumulative microsatellite loci should be less than 0.01 [45] to ensure the accuracy of
individual identification, confirming that all samples are from single individuals.

Table 4. Summary of 22 polymorphic SSR locus developed for Juglans regia.

Locus Na Ne Ho He uHe I Nm PIC Fis Fst F (Null)

WJR001 7 2.23 0.11 0.55 0.55 1.08 5.23 0.52 0.81 0.05 0.68
WJR029 11 2.16 0.17 0.49 0.54 1.27 3.05 0.53 0.55 0.08 0.54
WJR105 27 19.51 0.55 0.89 0.95 3.12 3.70 0.93 0.25 0.06 0.26
WJR157 10 3.04 0.49 0.64 0.67 1.48 3.76 0.65 0.28 0.06 0.17
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Table 4. Cont.

Locus Na Ne Ho He uHe I Nm PIC Fis Fst F (Null)

WJR621 23 11.05 0.92 0.84 0.91 2.67 2.91 0.90 −0.12 0.08 −0.003
WJR679 19 5.66 0.53 0.82 0.82 2.22 4.27 0.82 0.32 0.06 0.23
WJR1022 23 8.23 0.62 0.82 0.88 2.54 2.30 0.87 0.21 0.10 0.18
WJR1193 12 3.16 0.48 0.65 0.68 1.62 1.62 0.66 0.09 0.13 0.21
WJR19057 15 5.10 0.38 0.75 0.80 1.99 2.30 0.82 0.45 0.10 0.38
WJR18870 15 5.20 0.64 0.71 0.81 2.01 1.63 0.79 0.13 0.13 0.12
WJR18123 15 3.99 0.40 0.72 0.75 1.90 1.9 0.73 0.32 0.12 0.31
WJR17197 17 4.46 0.63 0.76 0.78 1.95 8.35 0.75 0.24 0.03 0.13
WJR27081 7 2.62 0.29 0.57 0.62 1.33 7.53 0.59 0.40 0.03 0.37
WJR20924 21 7.68 0.46 0.79 0.87 2.54 1.6 0.87 0.27 0.13 0.32
WJR20785 25 7.53 0.96 0.82 0.87 2.55 2.80 0.86 −0.13 0.08 −0.06
WJR19806 9 2.75 0.20 0.58 0.64 1.29 1.96 0.61 0.51 0.11 0.55
WJR28944 12 1.88 0.27 0.51 0.47 1.16 2.70 0.45 0.34 0.08 0.32
WJR29601 7 2.81 0.39 0.61 0.64 1.37 1.77 0.64 0.30 0.12 0.26
WJR32508 12 6.27 0.83 0.77 0.84 2.10 1.92 0.83 −0.12 0.12 0.008
WJR37937 9 3.44 1.00 0.71 0.71 1.52 6.82 0.66 −0.40 0.04 −0.19
WJR41945 13 1.47 0.31 0.36 0.32 0.89 2.75 0.39 −0.04 0.08 0.03
WJR19609 7 3.56 0.78 0.68 0.72 1.41 3.84 0.70 −0.08 0.06 −0.06

Total 316
Mean 14.36 5.17 0.52 0.68 0.72 1.82 2.68 0.71 0.19 0.09 0.22

Na = number of alleles, Ne = effective number of alleles, Ho = observed heterozygosity, He = expected het-
erozygosity, uHe = unbiased expected heterozygosity, I = Shannon’s information index, Nm = gene flow, PIC =
polymorphism information content, Fis = inbreeding coefficient, Fst = proportion of differentiation, F(Null) =
null allele.

3.3. Analysis of Genetic Diversity of Walnut

Based on the information presented in Table 5, it can be seen that populations from
three regions of Kyrgyzstan (J), Tajikistan (D), and China (Y) were genetically characterized
at 22 SSRs. The number of alleles (Na) had a mean value of 8.27 in the Kyrgyzstan region,
14.68 in the Tajikistan region, and 23.18 in China. The effective number of alleles (Ne) had
a mean value of 7.64 in the Kyrgyzstan region, 7.86 in the Tajikistan region, and 7.73 in
the China. The mean value of Shannon’s information index (I) for the three regions was
the highest at 1.69 in the Kyrgyzstan region and the lowest at 1.33 in China. The observed
heterozygosity (Ho) results for the three regions show that Kyrgyzstan, Tajikistan, and
China have values of 0.64, 0.59, and 0.43, respectively. The expected heterozygosity (He)
for Kyrgyzstan and Tajikistan are not much different from each other at 0.74 and 0.71,
respectively, while it is lower for China at 0.60. The unbiased expected heterozygosity
(uHe) of the three regions also shows that Kyrgyzstan is the highest, followed by Tajikistan
and then China. The fixation index (F) of the three regions is different, with the lowest
being 0.14 in Kyrgyzstan, followed by 0.18 in Tajikistan, and the highest being 0.31 in
China (Table 5).

Table 5. Population genetic characteristics based on 22 SSR locus data in three Juglans regia populations.

Pop N Na Ne I Ho He uHe F

J
Mean 8.27 7.64 5.06 1.69 0.64 0.74 0.79 0.14

SE 0.19 0.58 0.57 0.10 0.05 0.03 0.03 0.06

D
Mean 14.68 7.86 4.29 1.59 0.59 0.71 0.73 0.18

SE 0.17 0.63 0.43 0.10 0.06 0.03 0.03 0.07

Y
Mean 23.18 7.73 3.32 1.33 0.43 0.60 0.62 0.31

SE 0.31 0.75 0.54 0.11 0.07 0.04 0.04 0.09

N = number of individuals sampled, Na = number of alleles, Ne = effective number of alleles, I = Shannon’s
information index, Ho = observed heterozygosity, He = expected heterozygosity, uHe = unbiased expected
heterozygosity, F = fixation index, SE = standard error of the mean (S.E. Mean).
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Bayesian clustering methods revealed a stronger genetic structure among wild walnut
populations. The provisional statistic ∆K shows that the maximum likelihood value of
K = 3 distinguishes wild walnuts from the three countries (Supplement Figure S1). The
results of the population structure analysis plots showing K = 2 to K = 5 in Figure 3 indicate
that walnuts from the three regions can be roughly distinguished when K = 3, and that
individuals in each cluster have higher membership (q-value) in their clusters (Figure 3).
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The genetic similarity coefficient among the 48 samples of walnut accessions ranged
from a maximum of 0.877 between Y18 and Y19, a minimum of 0 between J6 and Y21, with
an overall average of 0.328 (Table S3). A dendrogram drawn from the genetic distance
based on an unweighted pair group method with arithmetic means (UPGMA) classified
the 48 samples into three clusters. Cluster I is composed of sixteen samples of which six
samples are from Kyrgyzstan, six samples are from Tajikistan, and four samples are from
Ili. Cluster II is composed of nineteen samples of which eighteen samples are from Ili and
one sample is from Kyrgyzstan. Cluster III is composed of thirteen samples of which nine
samples are from Tajikistan, two samples are from Kyrgyzstan, and two samples are from
Ili (Figure 4).

The PCoA of 48 wild walnut materials is shown in Figure 5. The results showed that
48 wild walnut materials were divided into three groups: the first group comprised five
samples of walnuts from Tajikistan (D), five samples of walnuts from Kyrgyzstan (J), and
three samples of walnuts from Ili (Y); the second group consisted of nine samples of wild
walnuts from Kyrgyzstan (J), two samples of walnuts from Kyrgyzstan (J), and two samples
of wild walnuts from Ili (Y); and the third group consisted of 18 samples of wild walnuts
from Ili (Y) and one sample of walnuts from Kyrgyzstan (J). The first principal coordinate
and the second principal coordinate accounted for 24.13% and 11.48% of the total variation
of the total coordinates, respectively, explaining the total genetic variation of the 22 SSR loci.
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4. Discussion

With the development of sequencing technology, more and more plant genomes have
been sequenced, and screening SSR loci in genomes has been applied to a variety of plants,
from cotton [24] to watermelon [12]. In this study, 357,629 SSR loci with a density of
662.28 (SSRs/Mb) were obtained by a reference genome, and the number and density are
much higher than that of transcriptome data and watermelon [46], but slightly higher than
cucumber [47]. In the previous selection of SSR loci in walnut, Wu et al. [48] obtained
31.2 Mb BAC end sequences for walnut, and found an average frequency of one SSR per 2.3
kb. Topcu et al. [49] obtained only 516 points due to limitations in genome sequencing. The
percentages of various bases in the results are comparable to the transcriptome data [50].
However, there were changes when compared to the SSR loci derived from the transcrip-
tome of Juglans cathayensis [51]. One reason for observing a higher percentage of A/T than
C/G in the data is because the A/T slippage rate is greater than the G/C slippage rate;
hence, A/T is seen more frequently in SSR motifs [52]. This conclusion is comparable to
the fact that the AT or AAT type is more prevalent among dicots [46]. Although GC, TC,
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and GA types have very stable structures, their frequency is low in the results, which are
similar to those of other genomes [53].

Due to the remarkable conservation of flanking areas, microsatellite markers may be
employed for genetic investigations, species, and genus levels [54]. These markers can
also be utilized for other purposes, such as genetic diversity analysis, linkage analysis,
population structure determination, evolutionary analysis, and so on. Therefore, we used
SSR markers to analyze 48 walnut samples. When PIC ≥ 0.5, the gene seat is highly
polymorphic. When 0.25 ≤ PIC < 0.5, it is moderately polymorphic, and when PIC < 0.25,
it is lowly polymorphic [55]. The average PIC index of the 22 pairs of SSRs selected
in this study was higher than 0.5. We observed high rates of polymorphism across the
22 genomic-SSR markers identified in this study. Our results were consistent with other
studies focused on the species [56–59]. The small discrepancies between our results and
those of other studies are likely due to variations in sampling size and the different genetic
motifs studied [60]. The heterozygosity index can effectively assess the genetic diversity of
species [61]. Ho and He were higher compared to Magige et al. (Ho = 0.47, He = 0.56) [57],
but similar to Anthony et al., Torokeldiev et al. (Ho = 0.573, He = 0.545) [62], and Wang
et al. (Ho = 0.5116, He = 0.5864) [63]. The Ho degree of sunflower was 0.56. The Ho and
He of non-heading Chinese cabbage were 0.530 and 0.726, respectively. Both of them were
higher than the present study, however they were artificially selected plant species [64,65].
Genetic diversity is influenced by many factors, including reproductive systems, natural
selection, bottleneck effect, evolution, life history, habitat fragmentation, anthropogenic
disturbance, and many others [60]. A comparison of He and Ho among walnuts from
the three regions showed that walnuts from China had lower values in both He and Ho
than those from the other two regions. In general, there was higher genetic variation
among populations in areas with lower genetic differentiation among populations, which is
consistent with other existing work on heterotic woody plant species [66]. The comparison
of the genetic diversity of different populations also shows that the conservation of wild
walnut germplasm resources in Xinjiang, China, urgently needs to consider the possibility
of utilizing germplasm resources from other countries to improve the genetic diversity of
wild walnut.

SSRs are widely used as genotyping markers that are experimentally transferable
between related species [67]. For wild species, SSRs are useful for diversity studies that
may be used to infer rates of gene flow and hybridization and, consequently, estimate
the relationship between and amongst subspecies [68]. Based on the results shown by
principal coordinate analysis (PCoA) and previous studies, SSR markers can be used to
identify the level of genetic variation in J. regia [69,70]. According to the clustering results,
we found that the separation of walnuts is slightly different from their geographical origin.
Although the walnuts come from different regions, the clustering diagram in the results
shows three groups. In the results of PCoA, the 48 walnut samples were also divided
into three groups. The clustering results show that all individuals are classified into
three categories. It is worth noting that one category of walnuts from China absolutely
dominated in the PCoA diagram, indicating that the wild walnuts from China are related
to the wild walnuts from Kyrgyzstan and Tajikistan, but the relationship is more distant.
The relatively large seed mass of walnut plants means that they cannot be spread over
long distances by wind, birds, etc. [71]. Therefore, we consider the behavior of human
activities that interfere with wild walnuts, especially walnuts as a plant with economic
value. For example, based on preliminary genetic analyses in Yunnan (China), rural
networks and family relationships were found to be associated with the genetic structure of
native populations of walnut [70]. Understanding the geographic distribution of common
walnuts needs to be based on a clear historical record of the human use of walnuts as well
as their dissemination over the past thousand years [72,73]. Historical sources indicate
that the common walnut has been used for nut production and silviculture in Central Asia
since at least the 5th century AD [74]. Similar to walnuts, almonds and pomegranates are
perennial food plants that were spread throughout Asia by humans [75], but walnuts have
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only been widely propagated by grafting in the last century, and are still propagated by
seed in Asia [76]. In particular, the emergence of the Silk Road, human activities (cultural
barriers represented by language differences), and evolutionary processes such as selection
and drift have sometimes influenced the genetic spatial structure of walnuts in ancient
Asian commerce [77]. The present study was able to use these 22 SSR pairs to broadly
distinguish walnuts from different geographical locations. Normally, the domestication of
perennials produces dramatic changes in plant reproduction, inflorescence, and fruiting
characteristics [78,79], but wild walnut does not meet the criteria for domestication when
compared to cultivated walnut, which is not different from the cultivated form in the first
place [9]. Therefore, cultivated walnuts may have been derived from seedlings selected
from geographically distinct natural populations over the course of thousands of years [79].
We need to first clarify the distinction between the geographical origins of wild walnuts for
the subsequent use of more informative molecular markers or sequencing for the study of
the genetic structure of wild walnuts in Central Asia, the walnut identification system, and
even to help in the selection of the core germplasm of walnuts.

5. Conclusions

In this study, the published SSR loci with 1–6 nucleotide repeats in the chromosomal
sequence of the walnut genome was mined by using published whole-base sequencing
of walnut, and the sequence features were analyzed. Meanwhile, synthetic primers were
designed for polymorphism detection based on the desired type of SSR loci, and 22 pairs of
primers with high polymorphism were obtained by screening. These 22 pairs of primers
were used to analyze and identify the genetic diversity of 48 wild walnut samples collected
from Central Asia. It was possible to use the 22 primer pairs to differentiate wild walnut.
The results are also informative for other species. The results show that the genetic diversity
of wild walnut in Xinjiang, China, is low, and the use of more genetically diverse walnut
populations from other countries may be considered for conservation. The affinities of wild
nuclei in different parts of Central Asia may be affected by anthropogenic factors. The study
showed that the 22 SSR markers could be used for the identification and genetic diversity
analysis of wild walnut, and contribute to the subsequent selection of core germplasm and
the conservation of the genetic diversity of wild walnuts in Central Asia.
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function of K.
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