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Abstract: Common walnut (Juglans regia L.) is a valuable nut crop widely distributed within the temperate 

climate zone. It has several secondary centers of origin associated with refugia formed during the LGM (Last 

Glacial Maximum) period, one of which was presumably located in the Caucasus region. Currently, walnut 

populations of the Caucasus are studied fragmentarily, especially in the northeast of the region. Our study is 

aimed at investigating the genetic diversity, population structure and possible processes of walnut introduction 

in the Caspian region of the Northeast Caucasus (Dagestan). Genotyping using 11 SSR markers was performed 

for 158 samples from local walnut populations. Also, to identify the facts of introduction, 42 varieties of 

different geographical origin were added to research. The genetic diversity of SSR markers in the analysis of 

population varied from 4 to 20 alleles per locus, with an average value of 9.82. Analysis of the genetic structure 

revealed significant genetic differences between the subpopulations of the Mountain and Flatland Dagestan. 

Presumably, the structure of the gene pool could have been influenced by terrain factors and ethnocultural 

characteristics. Subpopulations of Flatland Dagestan have an intermediate position between the western 

cultivars and the gene pool of Mountain Dagestan, the populations of which showed significant genetic 

isolation. In the studied samples set of population selections, the established facts of introduction were rare. 

We have suggested that a significant part of the gene pool of walnut from Mountain Dagestan has an 

autochthonous origin from plants that survived the LGM in the Caucasian refugia. The results of the work are 

the basis for further studies of the local gene pool and verification of our hypothesis about the presence of an 

indigenous germplasm preserved in this region from the period the LGM.   

Keywords: genetic structure; Juglans regia; North-East Caucasus; Western Caspian; microsatellites; refugia; 

polymorphism   

 

1. Introduction 

Juglans regia L., commonly known as the Persian or English walnut, is one of the most important 

nut crops [1,2]. Its nuts are rich in microelements and polyunsaturated fatty acids and have up to 70-

75% fat [3,4]. They are used both for fresh consumption, in the confectionery industry, and for 

processing into oil [2]. Juglans regia L. is prized for its high-quality timber as well [5]. It is grown both 

as a grafted crop in industrial gardens and as seedlings in a large number of countries with a 

temperate and subtropical climate worldwide. China, USA, Türkiye and Iran are the leaders in the 

production of walnuts [1]. The conservation of biological diversity of the species in the world is 

ensured by significant natural tracts of walnut trees. They are seedlings (natural walnut forests, as 

well as local seed populations). 

It has been argued that the most probable primary center of origin and diversity of Juglans regia 

L is the Central Asian region. At the same time, the last ice age had a significant impact on the walnut 

gene pool. It led to habitat fragmentation and refugia formation, from where the walnut subsequently 

spread again [6-8]. Such refugia were formed due to mountain ranges that prevented glacier spread 
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[8]. The study of the genetic relationships of walnut germplasm is an important direction in the 

genetics of this crop. It allows for the effective management of genetic resources for better breeding 

practices. This is no less important for identifying species distribution mechanisms, local gene pool 

formation, as well as their relationships with germplasm from other regions. 

Microsatellite markers are one of the effective tools for solving this problem; they are widely 

used to characterize walnuts [9]. Academic literature contains numerous studies analyzing 

collections of genetic resources of research centers in different countries worldwide, including Iran 

[10], Türkiye [11], Spain [12], France – INRAs worldwide collection [13], USA – USDA walnut 

germplasm repository at the University of California, Davis, USA [14], Russia [15,16], and China [17]. 

Moreover, a number of large-scale studies have been carried out to analyze local populations in 

different regions of Eurasia. They clarified and significantly supplemented scientific data on species 

distribution [18,6,7,8] and human impact [19]. The study of local walnut populations is of great 

importance as well. A number of studies were carried out in various regions of Iran [20,21], Central 

Asian countries [22,23], China [24-27], Pakistan [28], India [29], Türkiye [30], Italy [31], total samples 

of genotypes from various countries of Europe, Asia, and Africa [32]. 

Genetic diversity of walnuts in the North Caucasus is relatively poorly studied. A number of 

scientists researched local populations to some extent. The studies were mainly presented on 

germplasm from regions located on the southern slope of the Greater Caucasus Range or in 

Transcaucasia [7,8]. The gene pool of walnut representing the Caspian region of the North Caucasus 

has not yet been studied in terms of genetic diversity, structure and relationships between 

populations and germplasm from other regions of the world, as well as the influence of the 

geographical factors on the structure of populations within the region. 

Dagestan is a mountainous region of the Russian Federation, located in the northwestern part of 

the Caucasus and adjacent to the Caspian Sea. It has a complex geographical structure, including 

plains, highlands, mountain river valleys, and the Caspian lowland. It borders Azerbaijan in the 

south and Georgia in the southwest and has a rich and long history, as well as a complex, ethnic 

structure. 

Geobotanists during expeditions and descriptions of plant communities of Dagestan in the late 

19th – early 20th centuries noted the presence of walnut trees in the forests of Dagestan (mainly in 

the valleys of the rivers of Southern Dagestan: Samur, Gyulgerichay, Rubas-chay and in mixed forest 

communities). In addition, it was frequently found in populated areas. Let us mention that planting 

walnut trees was not widespread. Since due to cultural traditions and beliefs of some local nations, 

this entailed negative consequences for the person who planted it. However, the nut trees that grew 

by self-seeding was never cut down [33,34]. This implies the predominant role of natural distribution, 

rather than anthropogenic factors. This also ensured the preservation of the local gene pool and a low 

level of introduction from other regions. At the same time, a number of ethnographers and historians 

describe the high level of distribution of walnuts, both trees and nuts (in markets) in some areas of 

Dagestan [35,36]. This indicates differences in the traditions of local peoples and the probable 

cultivation of this crop by part of the local population. Effective agroforestry to obtain walnuts is 

likely to take place as well. Such is mentioned in some sources [37].  

Evidently, these facts indicate a high probability of the presence of an autochthonous gene pool 

of walnut in Dagestan, which could have been present here even before the Last Glacial Maximum 

and preserved in the refugia. This assumption is supported by the fact that there are two refugia of 

woody summer-green plants located between the Black and Caspian Seas – the Colchic and 

Hyrcanian. [38]. Palynological studies of fossil pollen also support this theory [39-41]. Aradhaya M. 

et al (2017) [8], based on molecular genetic studies of the gene pool from Eastern Europe, Asian 

regions and the South Caucasus, revealed a certain level of genetic isolation of the Caucasian walnut 

gene pool. It should be pointed out that the study involved samples collected in Azerbaijan (69 

samples) and Georgia (15 samples).  

Our objective was to study genetic diversity of walnut populations in Dagestan, taking into 

account limited knowledge of walnut in the North Caucasus in general and in its Caspian part in 
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particular, the heterogeneity of climate and geography of this region, as well as the complex and rich 

history of socio-economic relationships. 

2. Materials and Methods 

2.1. Plant material 

Walnut samples were selected from 16 locations in the Republic of Dagestan (Northeast of the 

Greater Caucasus Range): 4 sampling points are located in the flat part of Dagestan, 3 sampling points 

are in the north of Mountain Dagestan, 9 sampling points are in the south of Mountain Dagestan. The 

number of samples at one sampling point varied from 5 to 15. A total of 158 samples were collected 

from 16 locations. Figure 1 shows the sampling locations on the map of Dagestan.   

 

Figure 1. Distribution of walnut sampling points on the map of Dagestan. 

The selection of plant material was carried out from trees growing on the household plots of 

settlements (flat terrain) and in the vicinity of populated areas (mountainous terrain). The figure 2 

shows photos of several walnut plants found during expeditions. 
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Figure 2. Photos of some Persian walnuts grow in the Dagestan territory. А. An aged walnut tree in 

the vicinity of the village of Dyubek (approximate age is about 150-200 years; Аnatov Dzhalaludin is 

staying on right side from the tree). B. Two aged walnut trees on the pasture meadow nearby the 

Dyubek. C. Walnut trees on the slope along the mountain road to the village of Kakhtsug (left side 

from the road). D. Walnut trees on the slopes of canyon closely to Khotoch. 

When collecting samples, a distance of at least 250-300 meters was maintained between trees 

and samples were taken from trees with a diameter of at least 25-30 cm at a level of 1 m from the soil 

surface. Some samples were taken from trees with a diameter of more than 1 meter at a level of 1 m 

from the soil surface in a number of locations (Dyubek, Khotoch, Kakhtsug, Karchag). More detailed 

information about sampling points is presented in Supplementary Materials Table S1. 

The general samples set included varieties from the former USSR: 5 varieties from the Republic 

of Crimea, 15 varieties from Krasnodar Krai (Kuban region), 6 varieties from the Republic of 

Moldova, 10 varieties from the Republic of Kyrgyzstan. Six varieties from France and the USA were 

added as well. Thus, the total volume for genotyping was 200 genotypes of population selections and 

walnut varieties. List of samples from the general set presented in (Supplementary Materials Table 

S2). 

2.2. DNA extraction. PCR setup. PCR product analysis 

Genomic DNA was isolated from young leaves using a modified CTAB protocol [42]. 

Genotyping of 200 samples was performed for 11 SSR loci (WGA001, WGA004, WGA009, WGA069, 

WGA072, WGA079, WGA089, WGA202, WGA276, WGA321, WGA376); the PCR was performed 

using primer pairs designed by Woeste et al. (2002) and Dangl et al. (2005) [43,44]. PCR conditions 

were selected according to the protocol of Pollegioni et al. (2014) [6]. Electrophoresis of PCR products 

was carried out on a Nanophor 05 genetic analyzer. Accurate assessment of the sizes of PCR products 

was performed using the GeneMarker V3.0.1 software. 

2.3. Analysis of genetic diversity 

GenAlEx 6.5 software was used to calculate the parameters of microsatellite loci (number of 

alleles (Na), effective number of alleles (Ne), the Shannon diversity index (I), observed heterozygosity 

(Ho), expected heterozygosity (He), and fixation index (F) [45]. STRUCTURE 2.3.4 software was used 

for the genetic structure analysis of walnut populations [46]. The following parameters were used to 

perform the Bayesian analysis: burn-in period of 200,000 repeats, 100,000 Markov Chain Monte Carlo 

(MCMC) replications. The value of K varied from 1 to 7. The most plausible number K was 

determined by the value of deltaK set in a web-based program STRUCTURE HARVESTER v.0.6.1 

[47]. Clustering of groups by origin (population selections groups and groups of varieties) by the 
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UPGMA method was carried out in the Popgen 1.23 program [48] Distribution of population 

selections groups and groups of varieties on the PCoA graph was computed in Genalex version 6.5. 

The distribution of the studied walnut samples on the PCoA graph was computed in the Past 2.17 

program. [49] The variance between different regions was estimated using AMOVA in Genalex 

version 6.5 [45]. 

3. Results 

3.1. Genetic variability of studied set of walnut genotypes 

Genotyping of 158 walnut samples from the Republic of Dagestan using 11 SSR markers allowed 

us to identify a total of 108 alleles with an average value of 9.818 alleles per locus (Table 1). The 

maximum number of alleles (20) was found in marker WGA276; the minimum number of alleles (4) 

in markers WGA 4 and WGA 72. The number of effective alleles ranged from 0.906 (WGA089) to 

2.504 (WGA276) with a mean of 4.262. The mean values of expected and observed heterozygosity 

were 0.715 and 0.600, respectively. The overall fixation index has a low positive value. This is due to 

similar values of expected and observed heterozygosity.  

Table 1. SSR loci polymorphism indices. 

Locus Na Ne I Ho He F 

WGA001 8 3,477 1,466 0,633 0,712 0,112 

WGA376 11 6,052 2,032 0,709 0,835 0,151 

WGA069 14 4,606 1,814 0,462 0,783 0,41 

WGA276 20 9,678 2,504 0,759 0,897 0,153 

WGA009 7 2,198 1,1 0,513 0,545 0,06 

WGA202 14 5,286 1,912 0,741 0,811 0,087 

WGA089 7 1,923 0,906 0,494 0,48 -0,028 

WGA321 10 3,981 1,551 0,69 0,749 0,079 

WGA 72 4 3,424 1,289 0,297 0,708 0,58 

WGA 79 9 3,618 1,455 0,722 0,724 0,003 

WGA 4 4 2,635 1,037 0,576 0,62 0,072 

Mean 9,818 4,262 1,552 0,6 0,715 0,152 

 

The selected walnut samples from 16 locations were divided into 3 geographical regions: “South 

of Mountain Dagestan”, “North of Mountain Dagestan” and “Flatland Dagestan”. Samples from the 

indicated regions were compared based on the mean values of the following microsatellite loci 

parameters: number of alleles (Na), effective number of alleles (Ne), ratio between the effective 

number of alleles and the observed number of alleles (Ne/Na), the Shannon diversity index (I), 

observed heterozygosity (Ho), expected heterozygosity (He), fixation index (F). Table 2 shows the 

results of the analysis. 

 The lowest genetic diversity is characteristic of "North of Mountain Dagestan". This is 

evidenced by the low values of such parameters as the number of alleles, the effective number of 

alleles, and the Shannon diversity index. The average number of observed alleles is highest in the 

“South of Mountain Dagestan” samples, while the number of effective alleles is higher in the 

“Flatland Dagestan” samples. This is due to a larger number of alleles with low frequency of 

occurrence in the “South of Mountain Dagestan” set of samples relative to that from the “Flatland 

Dagestan”, which is characterized by higher Ne/Na values. In addition, the Shannon diversity index 

(I) values indicate a greater genetic diversity of the “Flatland Dagestan” samples compared to those 

from the mountainous area. The maximum level of observed and expected heterozygosity was found 

in the “Flatland Dagestan” samples. All three samples are characterized by positive values of the 
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fixation index; the lowest value is in the "Flatland Dagestan" set of samples, the highest is in the 

"North of Mountain Dagestan" set of samples. 

Table 2. Genetic parameters of walnut sample groups in Dagestan. 

Regions N Na Ne Ne/Na I Ho He F 

South of Mountain 

Dagestan 

74 7.545 3.444 0.456 1.376 0.574 0.662 0.114 

North of Mountain 

Dagestan 

33 5.273 2.991 0.567 1.254 0.545 0.646 0.146 

Flatland Dagestan 51 7.455 4.024 0.540 1.491 0.672 0.715 0.067 

3.2. Evaluation of AMOVA parameters between regional groups of Juglans regia 

Similarly, samples from three regions (“South of Mountain Dagestan”, “North of Mountain 

Dagestan” and “Flatland Dagestan”) were compared according to AMOVA parameters (Table 3). 

When comparing the values of the intergroup variance (Est. Var. Among Pops), reflecting the degree 

of dispersion between groups, the lowest values were found between the North and South of 

Mountain Dagestan. The highest values of intergroup variance were noted between the North of 

Mountain Dagestan and Flatland Dagestan. Intragroup variance in the Table 3 is divided into intra-

individual and inter-individual.  

Table 3. Comparison of walnut regional groups from Dagestan according to AMOVA parameters. 

Source df SS MS Est. Var. % F-statistica 

South and North of Mountain Dagestan 

Among Pops 1 16.559 16.559 0.140 4% Fst=0.036 

Among Indiv 105 443.090 4.220 0.556 15% Fis=0.151 

Within Indiv 107 332.500 3.107 3.107 82% Fit=0.183 

Total 213 792.150   3.804 100% Nm=6.54 

South of Mountain Dagestan and Flatland Dagestan 

Among Pops 1 44.231 44.231 0.331 8% Fst=0,080 

Among Indiv 123 517.853 4.210 0.417 10% Fis=0,110 

Within Indiv 125 422.000 3.376 3.376 82% Fit=0.181 

Total 249 984,084   4,124 100% Nm= 2.86 

North of Mountain Dagestan and Flatland Dagestan 

Among Pops 1 38.299 38.299 0.425 10% Fst=0.100 

Among Indiv 82 348.052 4.245 0.411 10% Fis=0.107 

Within Indiv 84 287.500 3.423 3.423 80% Fit=0.196 

Total 167 673.851   4.259 100% Nm=2.26 

The inter-individual variance, which reflects the intra-group level of dispersion, has the highest 

values between the North and South of Mountain Dagestan. The lowest values are typical when 

comparing the groups Northern Mountain Dagestan and Flatland Dagestan. The intra-individual 

variance, reflecting the level of observed heterozygosity of the analyzed groups, when comparing 

samples did not vary significantly within the range of 3.107 - 3.423. 

F-statistics (Fst, Fis, Fit, Nm) were calculated based on the variance values (Among Pops, Among 

Indiv, Within Indiv). Based on the values of the Fst parameter, it can be stated that the degree of 

genetic isolation is most pronounced between groups from Mountain and Flatland Dagestan. The 
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smallest differences between the parameters Fis and Fit were obtained when comparing the groups 

North and South of Mountain Dagestan. This indicates their genetic proximity. High values of gene 

flow Nm=6.54 also confirm this. 

3.3. Estimated genetic distances between groups by origin of Juglans regia with used UPGMA and PCoA 

methods 

We used UPGMA and PCoA methods for estimated genetic distances between groups by origin 

of samples. The distribution of samples by group is presented in Supplementary Materials (Table S2). 

The following groups of varieties (eastern origin) were added to the population selections to establish 

genetic relationships of the Dagestan walnut populations with the species world gene pool: varieties 

from Kyrgyzstan and Kuban varieties of Central Asian origin (further Asian Kuban); western origin: 

varieties from Moldova, Western Europe, USA, Kuban varieties and varieties from Crimea. The 

varieties of Moldova, Crimea, Kuban and Kyrgyzstan are mostly selections from local populations or 

progeny obtained from such trees. [16, 50-52]. 

UPGMA dendrogram had three main clusters (Figure 3). Cluster 1 is represented by varieties 

from Kyrgyzstan and Kuban varieties of Asian origin. This cluster is the most genetically distant from 

the other studied groups. Cluster 2 is formed by groups of varieties from Moldova, Kuban, Crimea, 

Western Europe and USA. Cluster 3 included population selections from Dagestan. Cluster 3 

included two subclusters: subcluster 3.1 (sampling points from Flatland Dagestan) and subcluster 3.2 

(sampling points from Mountain Dagestan). 

 

Figure 3. Clustering of groups by origin of Juglans regia using the UPGMA method 

The PCoA analysis identified three localization areas of sample groups (Figure 4). The first area 

contained two groups of varieties of Asian origin (Kyrgyz and Asian Kuban). The second area 

included groups of Western origin varieties and two groups from Flatland Dagestan (Komsomolskij, 

Tatajurt). The third area was formed by groups from Mountain Dagestan. The two groups from 

Flatland Dagestan (Shamhal Termen, Chapaevo) occupied an intermediate position between the 

second and third areas on the graph. It is worth noting that of all the groups from Mountain Dagestan, 

the three groups from Northern Mountain Dagestan (Nizhneye Kazanishche, Gimry, Khotoch) 

occupied the most distant position from the groups from Flatland Dagestan. 
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Figure 4. Distribution of groups by origin of Juglans regia on the PCoA graph 

3.4. Estimated genetic distances between individual samples Juglans regia on the PCoA graph 

The distribution of individual samples on the PCoA graph reflects their geography as well 

(Figure 5). Thus, samples from Mountain Dagestan are located in the upper left part; samples from 

Flatland Dagestan occupied the lower part; varieties of Western origin are in the right part; varieties 

of Asian origin are located in the upper right corner. However, this approach did not allow us to 

separate samples from the North and South of Mountain Dagestan.  

 

Figure 5. Distribution of individual samples Juglans regia on the PCoA graph. 

3.4. Genetic analysis of walnut samples in the program STRUCTURE 

STRUCTURE software estimated the probability of samples set distribution between a given 

numbers of clusters. Based on the deltaK values, the optimal cluster value was determined. Two set 

of samples were formed for analysis. The first samples set consisted of population selections of 
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walnuts from the Republic of Dagestan, as well as varieties of Kyrgyz, Kuban, Moldovan, Crimean, 

Western European and USA origin to establish genetic links between walnuts from Dagestan and 

varieties from other regions. The second samples set included only samples from the Republic of 

Dagestan and was formed to reflect the structure of the regional gene pool. The optimal cluster value 

of three (K=3) was determined for two sets. A list of samples from the two sets and Q values of 

samples obtained from STRUCTURE software analysis is presented in (Supplementary Materials 

Table S3 and Table S4). Analysis of the first samples set in the Structure program enabled us to divide 

the studied genotypes into three groups: samples from Mountain Dagestan (Cluster 1), samples from 

Flatland Dagestan (Cluster 3), and walnut of varietal origin (Cluster 2). The genetic distance between 

clusters (Net nucleotide distance) varied: the greatest distance was between Clusters 1 (Mountain 

Dagestan) and 2 (Walnut varieties); Cluster 3 (Flatland Dagestan) occupied an intermediate position. 

The analysis of the first samples set in the Structure program is presented in Figure 6.  

 

Figure 6. Graph of analysis of walnut varieties and population samples in the STRUCTURE program. 

A. STRUCTURE graph: MD – Mountain Dagestan, FD – Flatland Dagestan, PWV – Persian walnut 

varieties. B. The NJ tree displays the genetic distances between the three clusters used in the 

STRUCTURE graph. The values of the genetic distances between the clusters are presented in the 

graph. 

The second set of samples is represented by population selections of walnut from Dagestan. The 

analyzed samples distributed between clusters as follows: samples from Mountain Dagestan were 

assigned to Clusters 1 and 2; samples from the plain part of Dagestan were grouped in Cluster 3. At 

the same time, Cluster 1 predominates in the genotypes of the Southern part of Mountain Dagestan.; 

in turn, Cluster 2 prevails in selections from the Northern part of Mountain Dagestan. Cluster 3 

(Flatland Dagestan) is genetically the most distant from the other clusters. Cluster 1 is genetically 

closer to Cluster 3 than Cluster 2. Figure 7 presents the analysis of the second samples set in the 

STRUCTURE program and the geographic distribution of population selection locations. 
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Figure 7. Comparison of the analysis results of population selections in the STRUCTURE software 

with geographical location of the samples. A. Location of population sampling points of walnut on 

the map of Dagestan. The sampling points are presented as diagrams showing the contribution shares 

of the three clusters in local samples. Name of sampling points: 1 - Akhty, 2 – Kakhtsug, 3 – 

Magaramkent, 4- Karchag, 5 – Azadogly, 6 – Dyubek, 7 – Khazar, 8- Gedzhukh, 9 – Derbent, 10 – 

Khotoch, 11- Gimry, 12 - Nizhneye Kazanishche, 13 – Chapaevo, 14 - Shamhal Termen, 15 - 

Komsomolskij, 16 – Tatajurt. A.1. Terrain (altitude above sea level is given in meters). B. Distribution 

graph of samples between three clusters calculated in the STRUCTURE program. Groups highlighted 

on the graph: SMD – South of Mountain Dagestan, NMD – North of Mountain Dagestan, FD – 

Flatland Dagestan. С. The NJ tree displays the genetic distances between the three clusters used in 

the STRUCTURE graph. The values of the genetic distances between the clusters are presented in the 

graph. . 

4. Discussion 

4.1. Polymorphism of SSR loci  

Genetic evaluation of 158 walnut samples from the Republic of Dagestan using 11 SSR markers 

allowed identifying a total of 108 alleles, with an average value of 9.818 alleles per locus. The number 

of effective alleles varied from 1.972 (marker WGA089) to 9.678 (marker WGA276). Expected and 

observed heterozygosity ranged from 0.480–0.897 and 0.297–0.715, respectively. The average values 

were 0.715 for He and 0.600 (Ho). Since WGA markers are most often used to study walnut genetic 

diversity [9], we compared the level of polymorphism of our results only with WGA markers to 

obtain a more objective picture.   

We conducted a comparative analysis of the polymorphism of SSR markers with studies of the 

germplasm of walnut local populations in different regions worldwide. The data were also compared 

with larger-scale studies that involved germplasm from different regions. One study similar to ours 

(in terms of geographic scale) examined local populations in the eastern Italian Alps. In it, on a set of 

215 samples, the “number of alleles” indicator for WGA SSR markers varied from two to nine alleles 

per locus with an average value of 4.7. At the same time, the average value of observed heterozygosity 
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was 0.558 [53]. The lower polymorphism levels in relation to our study (Na=9.8 alleles per locus and 

Ho=0.600) may be a consequence of both the distance from biodiversity centers and selection 

influence during species distribution in the region. The authors assume this in the article. 

In China, in a study of five walnut populations in Tibet, comprising a total of 100 samples [24], 

the total number of alleles for 12 WGA SSRs was 107, with an average of 8.9. The values of the number 

of effective alleles, observed and expected heterozygosity were 3.432, 0.512 and 0.586, respectively. 

Note that this is lower than the values found in our study (Ne = 4.262; Ho=0.600; He=0.715). However, 

as in our study, the WGA 276 marker turned out to be the most polymorphic (22 alleles were 

identified in a total set of 100 J. regia + 109 J. sagilliata samples). 

In another study, carried out on the germplasm of J. regia from Tibet, the average allele count 

per locus for 12 microsatellites was 9.92 with Ne=3.34 in a set of 86 samples; Ho and He were 0.504 

and 0.588 [25]. Despite the relatively high mean allele count per locus, the lower Ne, Ho and He 

values compared to our study indicate not only a higher level of homozygosity but also a greater 

number of rare/unique alleles detected in populations. 

Yet another example is a study relatively larger in scale by samples set volume, but more 

significant in geographical terms of the selection locations. The above-mentioned study of 

populations from 14 countries in Europe, Asia and Africa used 12 WGA SSRs to genotype 189 

samples. The identified average number of alleles per locus was 11.5. The number of effective alleles 

was 4.2, and the expected and observed heterozygosity was 0.73 and 0.62, respectively. [32]. Slightly 

higher values of these quantities (except Ne) may be a consequence of a more heterogeneous gene 

pool, selected in geographically remote regions, rather than a slight excess of the samples number in 

the studied set, in comparison with our study (a total of 158 samples from Dagestan). 

Comparative analysis with data on SSR polymorphism of the gene pool of Central Asian walnut 

makes it possible to compare our populations with those of the potential centers of origin. V. Roor et 

al. analyzed 520 samples using seven SSR markers. 440 samples were from Asia (Kyrgyzstan, 

Uzbekistan, Iran, Pakistan, and India), and the rest from three European countries (Czech Republic, 

Austria, and Croatia). They identified between 5 and 24 alleles per locus for a total of 88 alleles across 

the seven markers, corresponding to an average of 12.5 alleles per locus. Moreover, the highest rates 

of allelic diversity were found in populations sampled in South Asia. The lowest level of 

polymorphism was characteristic of the samples set from Europe – two times lower than in the 

samples set from South Asia [22]. 

Polymorphism level varied from 5 to 26 alleles per locus with an average value of 11.4 when 

studying genetic relationships and polymorphism of Central Asian populations (Kyrgyzstan, 

Uzbekistan, and Tajikistan). The set included 624 samples from 21 locations (wild populations/forest 

and local seed populations within settlements); 12 WGA SSR markers were used [23]. In our study 

(158 Dagestan samples), the average number of alleles was 9.818.  The Ne value in Gaisberger H. et 

al (2020) ranged from 1.51 to 8.78 (with a mean of 3.97); the mean values of expected and observed 

heterozygosity were 0.67 and 0.57, respectively. This is somewhat lower than the values we identified 

(Ne=4.92; He=0.715; Ho=0.600) and is a consequence of a more uniform distribution of allele 

frequencies and a higher level of heterozygosity in our set of samples. 

Eurasian gene pool large-scale studies confirm a fairly high level of genetic diversity in our set 

of samples, revealed by microsatellite genotyping. In Aradhya M. et al (2017) – about 680 samples, 19 

markers (eight common markers with our study) – the average number of alleles was 12; the expected 

and observed heterozygosity were 0.700 and 0.501, respectively [8]. Pollegioni P. et al (2017) used 14 

SSR markers and found an average allele count per locus of 14.214. The samples set included 91 

populations from 16 countries in Asia and Europe (2008 samples in total); the average values of 

expected, observed heterozygosity, and the number of effective alleles were 0.720, 0.559, and 4.334 

[7]. 

Summarizing the comparative assessment of the polymorphism level studies in worldwide 

academic literature, we conclude a relatively high level of genetic diversity in the populations of the 

western Caspian region of the North Caucasus. The identified high level of genetic polymorphism 

may indicate the absence of both pronounced effect of any limiting environmental factors and genetic 
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erosion of the gene pool, as well as favorable conditions for maintaining the genetic diversity of local 

populations of J. regia at a high level. 

4.2. Analysis of the genetic structure of walnut populations from Dagestan 

The analysis established the genetic relationships of walnut in the region and the influence of 

terrain on the formation of the local population structure of the species. Varieties of different origins 

were also included to identify the possible impact of introduction on the local gene pool. Taking into 

account the possible introduction of germplasm to Dagestan from the former USSR, we included 

varieties from the following regions of active walnut breeding: Moldova, Crimea, Kyrgyzstan, and 

Kuban. Varieties of Western European and USA origin, which are widely distributed worldwide, 

were added as well. 

The mountain ranges of Dagestan serve as a natural barrier preventing the exchange of genetic 

material and contribute to the formation of unique local subpopulations. These processes could 

contribute, on the one hand, to a decrease in the values of observed heterozygosity and, on the other 

hand, to an increase in the values of the fixation index [54]. This tendency is a special case of the 

manifestation of the Wahlund effect [55]. Comparison of Ho and F values between samples from 

Mountain and Flatland Dagestan allows us to estimate the influence of mountain ranges on the 

structure of the walnut population. The results indicate that the Flatland Dagestan set has a higher 

value of observed heterozygosity; in turn, the fixation index values are higher for Mountain Dagestan 

samples. This fact indicates the presence of genetic barriers in the mountainous terrain of the region. 

A similar pattern is observed when assessing the values of the parameters of the effective number of 

alleles and the Shannon diversity index, reflecting the allelic diversity. The highest values of Ne and 

I were found for Flatland Dagestan; the lowest indicator values were characteristic for the North of 

Mountain Dagestan. The samples set from the South of Mountain Dagestan occupied an intermediate 

position between the specified groups of samples in terms of Ne and I indicators. 

It is worth noting that samples from the South of Mountain Dagestan and Flatland Dagestan 

have similar values for the average number of alleles per locus. However, the parameters effective 

number of alleles and the Shannon diversity depend on not only the number of alleles, but their 

occurrence frequency as well. Thus, making them more reliable indicators for assessing genetic 

diversity [56]. In general, subpopulations in the mountainous part of the region are characterized by 

lower allelic diversity than lowland plants. Thus, geography and terrain also influence the allelic 

diversity of populations.  

AMOVA determined the reliability of the allocation of the three designated groups in the general 

set of population selections in Dagestan. Flatland Dagestan samples are allocated to a separate group 

with the highest degree of reliability. This is evidenced by the indicators of intergroup variance when 

compared with Mountain Dagestan groups, as well as their significant contribution to the overall 

diversity (8% and 10%). At the same time, the North Mountain Dagestan group is more isolated from 

Flatland Dagestan than the South Mountain Dagestan group. In turn, the differences between the 

groups from Mountain Dagestan are rather insignificant (0.140) (4%), which confirms their genetic 

proximity. Thus, there is a border dividing the areas of distribution of two significantly different gene 

pools of walnut between the Mountain and Flatland Dagestan. Terrain is a more significant factor 

influencing the local gene pool than geographic distances. It is worth noting the relatively high values 

of intergroup variances that we obtained in comparison with the results of previously conducted 

studies of local walnut germplasm using SSR markers. Thus, the analysis of the mountain and foothill 

population of the Italian Alps walnut revealed a low contribution of intergroup variance to the overall 

diversity (2.12%) [53]. On the other hand, for a larger study of the gene pool of the Italian walnut, 

which included selections from different regions of the country, the percentage contribution of 

intergroup variance was 5.37% [57]. A more significant contribution of intergroup diversity (9%) was 

concluded in a study of walnut subpopulations in Pakistan [28]. 

Consequently, the value of intergroup variance in the SSR markers studies of local walnut 

populations varied depending on the region. It is worth noting a regional study of the walnut gene 

pool in China, where the percentage contribution of intergroup variance was 29.08%. High values of 
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intergroup variance in Chinese populations are explained by significant geographic distances 

between walnut groups, which contribute to genetic isolation and gene flow weakening [26]. In turn, 

in our study, the selection of population samples was carried out on a sufficiently limited territory to 

assert the role of geographic distances in the isolation of individual plant groups. 

We applied STRUCTURE software for a more complete analysis of the local gene pool structure. 

The optimal number of clusters (K=3) corresponded to the three identified geographic groups. Cluster 

3 was predominant for all Flatland Dagestan samples. Samples from Southern and Northern 

Mountain Dagestan were assigned to Clusters 1 and 2. Despite the similar genetic structure and likely 

common genetic origin, the subpopulations of Southern and Northern Mountain Dagestan differed 

in the type of predominant cluster. It is worth noting that Cluster 1, which is predominant in Southern 

Mountain Dagestan, has a smaller genetic distance from Cluster 3 (Flatland Dagestan) than Cluster 

2, which is predominant in the Northern Mountain Dagestan samples. This fact is confirmed by 

AMOVA data: The Northern Mountain Dagestan population is more isolated from the Flatland 

Dagestan walnut than the Southern Dagestan population. 

In connection with the above, we have established two main facts reflecting the regional 

structure of the walnut population: 1) a contrasting boundary between the subpopulations of 

mountain and flat terrain, expressed in sharp genetic differences in the selected walnut samples; 2) 

within Northern Mountain Dagestan there exist an area with a greater degree of genetic isolation and 

less diversity. We assume, that the exchange of genetic material between the flat and southern parts 

of Mountain Dagestan is carried out bypassing the northern mountain ranges along the western coast 

of the Caspian Sea, penetrating deep into the mountains in the south along the rivers Samur, 

Gyulgerichay, Rubas-chay valleys. 

Analysis of the mechanisms of exchange of genetic material between populations sheds light on 

the factors that contribute to the emergence of isolation and genetic barriers. 

The exchange of genetic material between walnut populations is carried out through the 

dissemination of pollen and seeds. Since walnuts are anemophilous, pollen can travel distances 

significantly greater than the natural dissemination range of most seeds. Pollen has been recorded to 

travel distances of up to 1.5 kilometers for the genus Juglans [58-60]. However, the contribution of 

closely located trees prevails in pollination [61]. It is more difficult to identify the role of humans in 

the distribution and exchange of genetic material. This factor largely depends on the cultural 

characteristics of the region and cultivating traditions. Seed material for the reproduction of walnut 

plantations in household plots and in general on the territory of settlements can be either selected 

from local populations or brought in from outside.  

Studies of walnut distribution at the local level confirm both of these approaches. Thus, the 

Italian Alps are characterized by the absence of a significant division of walnut into subpopulations. 

This is explained by the practice of intensive exchange of seed material between alpine settlements 

[53]. On the other hand, the walnut genetic structure in the villages of Tibet corresponds to the 

settlements from which the samples were collected. This fact indicates that the seed exchange is 

mainly carried out by neighbors within settlements and/or between related families [62]. In addition, 

the majority of the studied walnut plantations in the settlements of Central Asia were related to local 

semi-wild plants growing in the vicinity of settlements. The fact of introduction of walnut from 

another region was recorded only once [23]. 

Mountain Dagestan is distinguished by the ethnic and linguistic diversity of its indigenous 

population, which is especially noticeable in small remote villages [63]. This regional specificity 

serves as a factor that complicates seed distribution between individual settlements, which leads to 

greater isolation of local walnut subpopulations. 

We studied the possible introduction of walnut in Dagestan taking into account regional 

peculiarities. To assess the possible impact of this process on local gene pool were also included in 

the analysis Varieties from the territory of the former Soviet Union and Western Europe. 

Based on the clustering results in the STRUCTURE program (Figure 3), only three samples from 

Dagestan were assigned with a high degree of probability to Cluster 3, characteristic of cultivated 

varieties. This fact indicates that these three genotypes are not of local origin. Presumably, these 
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genotypes are seedlings from cultivated varieties. The remaining Dagestan samples were assigned to 

clusters corresponding to their localization (Mountain or Plain Dagestan). Therefore, walnut 

introduction in Dagestan is weak; most seedlings originate from local seed material. Calculation of 

genetic distances between individual sampling points allowed to estimate both the degree of their 

isolation relative to each other and from groups of cultivated varieties. The results are presented as 

PCoA and UPGMA graphs (Figure 1 and 2). When comparing the above methods, genotypes 

distribution pattern can be identified in three main areas/clusters: varieties of eastern origin, varieties 

of western origin, and population selections from Dagestan.  

At the same time, the PCoA graph shows that samples from the two northernmost locations of 

Flatland Dagestan are located along with Western varieties. Samples from the two remaining 

locations of Flatland Dagestan occupy an intermediate position between varieties of Western origin 

and Mountain Dagestan. We assume that the Flatland Dagestan subpopulation was formed as a result 

of mixing of the local walnut gene pool, preserved in the mountainous area, and the gene pool of 

Western origin. In turn, the influence of Asian germplasm has not been established.  

On the other hand, the gene pool of walnuts from Mountain Dagestan probably is more 

autochthonous for this location. The isolated gene pool of J. regia from Mountain Dagestan may 

originates from the autochthonous gene pool of the Caucasian refugia formed during the LGM (last 

glacial maximum) period.  Considering this possibility, we note that Aradhaya M. et al 2017 [8] 

indicate the possibility of the existence of such a refugia in the Caucasus. However, in their study, 

the gene pool of the Caucasus was represented by regions on the southern slope of the Greater 

Caucasus (Georgia and Azerbaijan). Our results (samples from the North-Eastern part of the 

Caucasus Mountains) showed significant genetic differences between the gene pool of the 

mountainous region and samples from the plain area, which are genetically closer to the cultivated 

varieties. In addition, the studied gene pool is characterized by a relatively high level of genetic 

diversity. All this may indicate the preservation of autochthonous germplasm in the LGM. It is 

obvious that further study of local germplasm from different regions of the Caucasus and the world 

will allow a more complete picture. 

5. Conclusions 

Both under-exploration of walnut in the North Caucasus and complex geographic structure of 

the Caspian region determines the interest in studying the genetic diversity and population structure 

of this species in Dagestan. The study analyzed genetic relationships and assessed the genetic 

diversity indicators of the South of Mountain Dagestan, the North of Mountain Dagestan and 

Flatland Dagestan. 

Significant genetic differences were found between populations of J. regia growing in 

mountainous and flat areas. They may be a consequence of both the influence of the terrain and 

differences in walnut cultivation traditions. Based on the obtained data on the relationships between 

the populations of Flatland Dagestan, the South of Mountain Dagestan and the North of Mountain 

Dagestan, it was suggested that the gene flow between the subpopulations of the lowland and 

southern parts of Mountain Dagestan passes along the western coast of the Caspian Sea, bypassing 

the mountainous terrain in the northern part of Mountain Dagestan. At the same time, the 

introduction of the gene pool and intensive exchange of germplasm is more likely for Flatland 

Dagestan, while for the mountainous regions, where the walnut grows in a wild and semi-wild state, 

isolation is characteristic. The revealed genetic isolation of Mountain Dagestan populations suggests 

them originating from the autochthonous J. regia gene pool, including the likelihood of this species 

refugia preservation during the last glacial maximum. 

Supplementary Materials: The following supporting information can be downloaded at the website of this 

paper posted on Preprints.org. Table S1: Geographical information on the sites where material was collected 

from natural populations of Juglans regia; Table S2: List of population selections and varieties samples; Table S3: 

STRUCTURE analysis of varieties and Dagestan populations; Table S4: STRUCTURE analysis of Dagestan 

populations.  
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