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Abstract
In Eurasia, M. orientalis Uglitzk. (Caucases apple) is a tree with important ecological and economic (fruit) benefits. We measured
eight quantitative morphological traits, none of which showed significant differences among the investigated Caucasian apple
populations. In this research, we used 26 microsatellite (SSR) markers to investigate genetic diversity and define unit conservation in
the Caucases apple. The mean values of genetic diversity,allelic richness (Ar), private allele (Ap), expected heterozygosity (HE) and
observed heterozygosity (HO) were 1.74, 0.21, 0.65 and 0.76, respectively. In the regions studied, three major genetic clusters and
two significant genetic barriers were discovered. Our gene flow findings revealed that there is little connection between M. orientalis
population in the Caucasus indicating habitat fragmentation. Two regions in the Hyrcanian forest and one in the Zagros forest were
identified as having the highest priority for conserving the genetic diversity of the Caucases apple.

Introduction
As a Southwest Asian nation, Iran exhibits remarkable climatic, topographic, and soil diversity, fostering exceptional biodiversity. The
country harbors approximately 8,000 flowering plant species (distributed across 167 families and 1,200 genera), with roughly 1,700
being endemic (1). These species thrive across four distinct ecological zones, Hyrcanian, Zagros, Irano-Turanian, and Khalij-Omanim,
each characterized by unique physiographical and climatic conditions. Among these, Iran's primary forest ecosystems are
concentrated in the Hyrcanian and Zagros regions (2).

The Hyrcanian forests of Iran is a biodiversity hotspot in northern Iran, support a rich assemblage of temperate flora, including Fagus
orientalis Lipsky (oriental beech), Carpinus betulus L. (hornbeam), and the relict Parrotia persica (DC.) C.A.Mey. (Persian ironwood).
This region also hosts valuable fruit-bearing species such as Punica granatum L. (pomegranate), Betula pendula Roth (Birch tree)
and wild members of the M. orientalis, which enhance genetic diversity and ecosystem resilience (2–4). The understory features
shrubs like Berberis integerrima Franch. and Ruscus hyrcanus Woronow, while the endangered Taxus baccata L. (English yew)
persists in shaded ravines. However, invasive species, overharvesting of Malus and other wild fruit trees, and land-use changes
threaten these unique plant communities (2, 3, 5, 6).

The Zagros woodlands, Iran’s largest oak-dominated ecosystem, are characterized by drought-adapted species such as Quercus
brantii Lindl (Persian oak) and Pistacia atlantica Desf. (wild pistachio). The Malus genus, particularly M. orientalis, thrives in these
semi-arid highlands alongside wild pear (Pyrus syriaca Boiss.) and almond (Prunus dulcis (Mill.) D.A.Webb). Steppe vegetation,
including Astragalus spp. and Salvia spp., dominates the understory, while remnants of Crataegus L. (hawthorn) and Celtis L. (nettle
tree) mark degraded forest edges (Heshmati, 2007; Zarre et al., 2024). Despite their ecological adaptability, Zagros species face
severe pressures from charcoal production, overgrazing, and climate-induced aridification, which disproportionately affect wild fruit
trees like Malus and endemic oaks (2, 7, 8).

The genus Malus Mill (Rosaceae) includes 25 to 47 species, which are among the most economically important crops worldwide and
are widespread in North America, East Asia, Europe, and the Caucasus (9). Caucases wild apples play an important role in the local
diet of rural and peri-urban communities (4, 10, 11). This species has been cultivated in the Caucasus region since ancient times
primarily for the exceptional nutritional value of its fruits (more than 4000 years ago) (12, 13). The Caucasian apple is one of the
ancestors of the Mediterranean cultivar apple (10, 14, 15). Gene flow along the Silk Road facilitated their spread from Asia to Europe,
with M. orientalis serving as a key ancestor of Caucasian cultivar. Wild Malus species are ecologically vital, providing food for wildlife
and serving as genetic reservoirs for breeding stress-resistant apple varieties. Their conservation is critical to maintaining both
ecosystem stability and agricultural resilience (8). The habitat of this species in Iran is located across the Trade Silk Route in two
areas: Hyrcanian forest and Zagros forest (16–18). These mountainous regions differ in slope, elevation, vegetation, and ecological
conditions; however, both are Middle Eastern hotspots of plant diversity (11, 19–21).

Habitat fragmentation of Caucasian apple populations in Iran poses significant challenges for biological conservation, evolutionary
studies, and genetic diversity assessments. This fragmentation primarily leads to population isolation, restricting gene flow among
wild Iranian apple populations. Such isolation can result in reduced genetic diversity, increased inbreeding, and potential loss of
adaptive potential over time (10, 22, 23). The protection of habitats against the negative effects of fragmentation helps increase the
ability of native plants to adapt to reduce the extinction rates of natural populations (24). Gene flow can enable the exchange of
variability between distant populations and, by increasing dispersal, can reduce the rate of extinction of species (12, 25–29). To
select candidate populations with the highest priority for conservation, molecular markers are often used to understand spatial
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genetic structure, which allows the identification of natural populations for conservation (30–33). Knowledge of the spatial genetic
structure of species can help in understanding the geographic and dispersal patterns of a species over time and space (34). In many
studies focused on such aims, the genetic diversity pattern of a species is defined by analyzing its demographic structure and
estimating the gene flow, genetic drift, Nei’s distance, and migration pathways of the species (35–38). The comparison of
differentiation in particular populations is helpful for determining conservation units and inferring the nature of selection in
geographic regions (39–42). Researchers have used various molecular markers like ISSR, RFLP and SSR to illustrate the spatial
genetic structure and demographic history of species. These markers can provide accurate information about the evolution of
natural stands and help select wild populations with high conservation priority (43–45). Microsatellites or simple sequence repeats
(SSRs) are among the most powerful molecular markers that can be used for the identification of conservation units and the study of
genetic diversity. Compared with other markers, microsatellites are characterized by high information content and versatility as
molecular tools for germplasm characterization (46–49).

In the present study, we applied SSR markers to characterize microsatellite loci in the Caucasus apple to 1) describe the spatial
genetic structure of populations across the Silk Trade Route, with a particular focus on Iranian populations; 2) assess gene flow and
genetic diversity; and 3) identify a conservation unit to conserve the genetic diversity of Caucasian apple.

Material and Methods

Sampling
The data used in this study were obtained from our previously published research on the genetic diversity and domestication of
apple (M. orientalis) in Iran and the Caucasus (8). The Caucasus apple samples we used were collected from two main regions of
Iran: the Hyrcanian forest, including western Hyrcanian (Asalem region: 5 samples), central Hyrcanian (Tilak region: 14 samples,
Sngdehsari region: 9 samples, Shit region: 4 samples, Vatna region: 8 samples, Gaznsara region: 16 samples, Abesk region: 9
samples), and eastern Hyrcanian (Vatna region: 14 samples, Arsam region: 4 samples, Gorgan region: 14 samples, Dorak region: 9
samples, Toskestan region: 10 samples, Siamarzkoh region: 9 samples, Sheshab region: 7 samples)—and the Zagros forest
(Nozhyan: 8 samples, Droud: 4 samples, Sepdkoh: 10 samples, Marivan: 6 samples, Sagez: 2 samples, Bufloo: 5 samples), totaling
167 samples. All plant samples were morphologically identified by Dr. Farrokh Ghahremaninejad, a specialist in botany at the
Department of Plant Sciences, Faculty of Biological Sciences, Kharazmi University. Voucher specimens have been deposited at the
Kharazmi University Herbarium (herbarium code: T) under the deposition numbers 25760 to 25927. The habitats of Malus orientalis
in Iran are not located in protected areas or national parks; therefore, no specific permission was required for sampling in these
regions.

DNA Extraction
Genomic DNA was isolated from dried leaf samples of Caucasian apple using the NucleoSpin Plant II kit (Macherey-Nagel, Germany)
according to the manufacturer's protocol. For microsatellite analysis, performed multiplex PCR amplification using a Qiagen
multiplex PCR kit with 26 SSR markers, following established protocols (8, 15, 50). Control genotypes were cross-validated against
the 2013 reference dataset. Only multilocus genotypes with < 20% missing data were included in subsequent analyses. The reliability
of these markers for population genetics studies has been well documented in prior research (15).

In this study, parameters of genetic diversity for each microsatellite locus were calculated via FSTAT v2.9.3 (51). ADZE software was
employed to estimate the population genetic diversity, including allelic richness (Ar) and private allele (Ap), using standardized
sample sizes of ADZE = 2 (52). The number of different alleles (Na), number of effective alleles (Ne), expected heterozygosity (He)
and observed heterozygosity (Ho), within-population inbreeding coefficient FIS and Hardy–Weinberg equilibrium were calculated with
GENEPOP 4.2 (53, 54). The inverse distance weighted (IDW) interpolation function implemented in the Geographic Information
System (GIS) software ArcGIS 9.3 (55) was used to estimate the geographic patterns of HO and HE for all 20 populations of the
Caucasus apple. We explored the relationships among clusters via principal component analysis (PCA) with the adegenet package in
the R environment (56). Analysis of molecular variance (AMOVA) was performed via GENALEX v6.5 (57) to infer the genetic
differentiation between populations from Hyrcanian forest and Zagros forest. Barrier analysis, which is based on the (58) maximum
difference algorithm, was conducted to define significant genetic breaks and spatial differences between populations. Genetic
barriers were assessed via BARRIER 2.2 (59).
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Genetic Structure and Gene Flow Analysis
We assessed the genetic structure of the Caucasus apple via STRUCTURE v2.3.4 software (60). This tool was used to examine
range-wide genetic clustering among populations of Caucasian apple. Ten independent runs were performed for each K from 2–10
with 200,000 burn-in steps followed by 500,000 Markov chain Monte Carlo (MCMC) steps. The STRUCTURE output was analyzed and
visualized by using StructureSelector (61). To infer historical gene flow (Nm) patterns, MIGRATE-N v3.6 (62) was used to estimate
the effective population sizes (θ) and mutation-scaled immigration (M) among the groups identified by STRUCTURE. Additionally, we
used the Bayesian method implemented in the software BayesAss (BA3) to estimate current gene flow between populations (63).
Estimates via this method are based on migration over the last few generations. We selected the best run for allele frequencies and
posterior probability densities of inbreeding coefficients with different random seeds among three independent runs. The Bayesian
deviance was calculated to determine the best run via the script of (64), which was applied in R (65). To obtain a correct acceptance
rate, the values of the parameters ranged between 20% and 40% (66). The inbreeding coefficient was set at 0.35, and the migration
rate was set at 0.75 for the final analysis. For allele frequencies, the default setting of mixing parameters was used. The analysis was
conducted with 106 burn-ins and 107 MCMC iterations; every 1,000th iteration was sampled. The results were visualized via QGIS
2.18 'Las Palmas' (67). CIRCUITSCAPE software (McRae & Beier, 2007) was used to evaluate the influence of topographic complexity
as a resistance factor affecting gene flow among populations. This software models populations as nodes connected by resistors,
based on the principles of electrical circuit theory and the connectivity-resistance approach. While altitude alone may not fully
capture topographic complexity, we used a digital elevation model (DEM) to derive a resistance surface for the habitats of Malus
orientalis in Iran. To statistically validate this resistance model, we compared the CIRCUITSCAPE-derived resistance distances with a
null model of isolation-by-distance (IBD) using Mantel tests (68).

Unit of conservation selection
To determine the conservation priority of the Caucasus apple, we used reserve selection analysis via DIVA-GIS software (www.diva-
gis.org). The reserve selection analysis algorithm, which is based on allele frequency in each population, determines the minimum
number of geographic units necessary to maintain genetic diversity (69). The populations with the highest allelic richness are given
first priority for conservation, and the priorities of other populations are selected on the basis of the first population. After the first
priority of populations for conservation, new alleles were found in the next priority populations that were not observable in the
previous populations (69).

Morphological parameters studied
Eight quantitative morphological traits were used in this study (leaf area, leaf angle with petiole, leaf length, petiole length, maximum
leaf length, maximum leaf width at 0.1 of leaf length, maximum leaf width at 0.9 of leaf length, and stomatal morphology) (70, 71).
Statistical parameters and AMOVA were computed via SPSS software (72), and PCA for morphology was performed via the Clustvis
website (73).

Results

Genetic diversity of Caucasian Apple populations
This study identified 26 loci with 455 alleles for wild apples. All the loci were polymorphic for the population of Caucasian apples.
The range of alleles per locus ranged from 7 (CH02c03b) to 29 (CH04e03), and the average number of alleles was 17.5 (Table S1).
The average number of alleles per population was 5.22, with values ranging from 2.07 (Droud region) to 7.5 (Vatna region). In this
study, the mean gene flow (Nm) was calculated to be 0.6 (Table S2).

The Vaz and Sangdeh regions of the Hyrcanian forest have the highest HO and HE values, whereas the Nozhyan and Droud regions of

the Zagros forest have the lowest HO and HE values. Overall, the observed heterozygosity in the Zagros forest populations was lower
than that in the Hyrcanian forest populations (Table 1). The FIS parameter for Caucasian wild apple in Iran was estimated to be in the
range of -0.83–0.11, but the mean for populations from Zagros forest was negative (Table 1). Overall, Caucasian apple populations in
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the Hyrcanian forest showed greater mean allelic richness compared to those in the Zagros forest. However, the mean number of
private alleles was higher in Zagros forest populations (Fig. 2).

Table 1
) Estimated genetic diversity parameters for M. orientalis in Iran on the basis of genotyping samples

  Pop Province Latitude
(X)

Longitude
(Y)

N Na Ne I HE HO PPL
(%)

FIS

Hyrcanian
Forest

Asalem Gilan 37.75 48.86 5 5.38 4.29 1.48 0.75 0.81 100 0.07

Abesk Mazandaran 36.29 52.62 9 6.50 4.49 1.60 0.81 0.8 100 0

Sangdeh
Sari

Mazandaran 36.1 53.28 9 6.38 4.34 1.56 0.73 0.83 100 0.11

Ganasara Mazandaran 36.33 52.09 16 7.42 4.69 1.61 0.76 0.76 100 0

Shit Mazandaran 36.54 53.37 4 3.57 2.86 1.09 0.75 0.78 100 0.03

Tilak Mazandaran 36.07 53.61 14 6.92 4.32 1.56 0.75 0.69 100 -0.08

Vaz Mazandaran 36.31 52.94 8 5.19 3.72 1.38 0.85 0.46 100 -0.83

Gorgan Gorgan 36.71 54.3 14 6.15 4.00 1.42 0.82 0.45 100 -0.81

Vatna Gorgan 36.66 53.99 14 7.50 4.67 1.64 0.67 0.7 100 0.03

Sheshab Gorgan 36.9 55.13 7 5.80 4.27 1.50 0.76 0.75 100 -0.01

Arsam Gorgan 36.67 54.66 4 2.80 2.34 0.87 0.73 0.71 100 -0.02

Tokestan Gorgan 36.76 54.53 10 5.80 3.68 1.43 0.7 0.74 100 0.05

Dorak Gorgan 36.75 54.38 9 5.96 4.50 1.54 0.7 0.76 100 0.081

Siamarzkoh Gorgan 36.79 55.1 9 6.23 4.18 1.55 0.7 0.74 100 0.05

  Average         5.82 4.02 1.45 0.74 0.71 100 -0.09

Zagros
Forest

Marivan Kordestan 35.4 46.34 6 4.84 3.70 1.38 0.72 0.73 100 0

Saghez Kordestan 36.46 46.6 2 2.80 2.63 0.95 0.79 0.73 100 -0.08

Buflo Kordestan 36.25 46.23 5 4.57 3.69 1.34 0.7 0.58 100 -0.2

Sepedkoh Lorestan 33.95 48.49 10 4.88 3.34 1.29 0.72 0.74 100 0.02

Nozian Lorestan 33.23 48.58 8 3.69 2.89 1.11 0.65 0.69 96 0.06

Droud Lorestan 33.24 33.24 4 2.07 1.94 0.65 0.83 0.44 88 -

  Average         3.81 3.03 1.12 0.73 0.65 97.3 -0.04

Total         167              

Mean           5.25 3.74 1.35 0.74 0.69 99.2 -0.08

N = numner of samples, Na = Number of Alleles, Ne = Effective Number of Alleles, I = Shannon's Information Index, He= Expected
Heterozygosity, Ho= Observed Heterozygosity, PPL%= Polymorphic Loci Percentage, FIS = Inbreeding Coefficient

According to the pairwise FST analysis, most apple populations from the Hyrcanian and Zagros forests showed very low genetic
differentiation, with FST values ranging from 0.005 to 0.30 (Fig. 2b, Table S2). Statistical significance of pairwise FST values was
tested using 10,000 permutations in Arlequin. Although the FST between Mrivan and Vatna was very low genetic differentiation (FST 
= 0.005). Moderate levels of genetic differentiation was observed between some western and central populations of the Hyrcanian
forest, with FST values above 0.25 (P < 0.001), indicating moderate genetic structure among these regions (Fig. 3b, Table S2).

On the basis of our findings from the AMOVA, the majority of variance (80%) was discovered within samples, with only 4% and 8% of
variance found within groups and populations within groups, respectively (Table 2).
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Table 2
The results of the AMOVA test in two main regions of Caucus apples in this study

Source of changes Degrees of
freedom

Sum of
squares

Components of
variance

Percentage of
Variance

Between Hyrcanian forest and Zagros forest 1 74.71 0.45 4

Between populations from Hyrcanian forest
and Zagros forest

18 454059 0.87 8

Among samples 147 1573.85 0.88 8

within samples 167 1493 8.94 80

Total 333 3596.15 11.15 100

Population structure and genetic differentiation
The STRUCTURE results revealed that the Caucasus apple samples exhibited a high level of heterozygosity and indicated five
genetically distinct clusters corresponding to five main geographic regions, with the clearest separation observed at K = 5. This K
value showed the best geographical pattern for the apple populations, and five distinct clusters were identified, each associated with
a main geographic region, with no new groups appearing in the STRUCTURE analysis after K = 5 (Fig. 3a). At K = 3, populations from
Nozhyan, Droud, and Sepedkoh (purple group) were separated from all others, while apple populations from Marivan, Saghez, and
Buflo clustered with the Hyrcanian populations (blue group). At K = 4, the Zagros populations split into two subgroups (red and
purple), and most Hyrcanian populations remained in the blue group, except those from Asalem, Abesk, and Toskestan. K = 3 was
supported as the optimal number of clusters based on the ΔK method (Fig. S4), although K = 5 showed the clearest geographic
pattern. STRUCTURE bar plots for K = 3 to K = 6 are shown in Fig. 3a.

We used Monmonier's maximum difference algorithm to find potential genetic barriers between populations of Caucasian apples to
complement our analysis and detect potential genetic discontinuity. Among Caucasians, there are two statistically significant genetic
barriers (bootstrap support 90%). The first is in the forest of Hyrcanin, and the second is in the forest of Zagros. This caused apple
populations from the Sheshab, Siamarzkoh, and Arsam regions in the Hyrcanina forest to be separated from other apple populations
and caused apple populations from the Nozhyan region in the Zagros forest to be separated from other apple populations (Fig. 4).

PCA
Results of principal component analysis (PCA) for all populations in this study illustrated that PC2 and PC3 both explain 5.71 percent
and 4.37 percent of the variance, respectively. The populations of the Zagros forest were divided into two groups via PCA; however,
populations from northern Zagros overlapped with those from the central part of the Hyrcanian forest. The populations from the
west of the Hyrcanian forest have mixed with the populations from the central area of the forest the most (Fig. 5).

Gene flow between the habitats of M. orientalis

To estimate gene flow, stands of the Caucasus apple were classified by geographical region. Our findings illustrate some gene flow
between provinces. Gorgan populations were the predominant source of exogenous allelic variants, and strong gene flow was
observed from Gorgan into Mazandaran, Gilan, and Kordestan populations (Ne respectively from Golestan into Mazandaran, Gilan
and Kordestan provinces: 0.172, 0.185, 0.47). We observed minor gene flow from Gilan's population into Lorestan's population (Ne = 
0.05) as well as minor gene flow from Kordestan's population into Mazandaran's population (Ne = 0.01). Little or no gene flow
between Zagros region populations (Lorestan Province and Kordestan Province (Ne = 0.01) was detected, suggesting that M.
orientalis in Zagros are isolated from each other (Fig. 3c). This result is confirmed by CIRCUITSCAPE analysis, which reveals the
existence of a strong topographic barrier between populations from the Zagros Mountains. In contrast, for Hyrcanian forest
populations, some admixture in populations was apparent. Lowlands near the Caspian Sea allow undisturbed gene flow between
Hyrcanian populations. Interestingly, the connection between Zagros and Gorgan is better than that between Zagros and the western
part of the Hyrcanian region, which is confirmed both by MIGRATE-N and CIRCUITSCAPE (Fig. 4).

Identification conservation units of Caucasus apple
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The minimum number of geographic units required to preserve the genetic diversity of the Caucasus apple in the two main regions—
the Hyrcanian forest and the Zagros forest was analyzed. Our findings indicate that in the Hyrcanian forest, the Toskestan,
Siamarzkoh, Abesk, and Asalem regions are designated as the first priority for conservation, while the Sangdehsari and Vaz regions
are the second priority.In the Zagros forest, the Sepedkoh region is the first priority for conservation, whereas the Bufloo, Sgez, and
Nozhyan regions are the second priority. Additional areas, marked in orange and green (Fig. 1), have lower conservation priority.

Morphology of Caucasus apples
A bar chart of the seven characteristics of the leaves of Iranian wild apple is shown in Figure S1. The leaf angle parameter widely
used to describe the morphology of plants (74) was the most variable parameter in this study. The maximum variance of the
analyzed statistics was observed for the population of Siamarzkoh for leaf length and leaf area. The measurement of the maximum
leaf width at 0.1 of the leaf length and the maximum leaf width at 0.9 of the leaf length revealed that the Vatna region has the
maximum variance.

Analysis of variance (ANOVA) and PCA of morphological traits
The analysis of variance of the length of the petiole revealed significant differences among the Buffalo region and other regions in
this study. On the basis of leaf width, population of Buflo has been signed with all regions except thepopulation of SangdehSari. The
population of Tuskestan and population of Sheshab region from Hyrcanian forest and the Grin region from Zagros forest have been
clustered with other regions on the basis of the maximum length of the leaf. Analysis of variance of the maximum leaf width at 0.1
and maximum leaf width at 0.9 length revealed significant differences among the population of Sheshab, population of Tuskestan,
and population of Vatna regions from Hyrcanian forest and other regions. The leaf areas of the Grin region and Vatna region were
significantly different from those of the other Zagros forest regions (Fig. S2). Fig. S3B summarizes the principal component analysis
results of the morphological data for the wild apple plants. We used seven principal components that explained the variation
between Hyrcanian forest and Zagros forest. These principal components explained approximately 14.2% and 67.6% of the variation
(PC1 and PC2), respectively, and, on the basis of the studied morphological traits, we did not observe any pattern of differences
between the Hyrcanian forest and Zagros forest (Fig. S3A).

Discussion
Several analyses of the spatial genetic structure of the Caucasus apple were previously performed and described in the literature (10,
11, 75, 76). However, the present study is the first large-scale genetic analysis of stands of this species from Iran, across the natural
range from the Hyrcanian forest to the Zagros, using a large set of SSRs (26 SSR markers). Our findings confirmed that the gene pool
of the Caucasus apple moved from East Asia to Europe across the Trade Silk Road.

Genetic diversity within populations of M. orientalis

According to our results, many populations of M. orientalis in the Hyrcanian forest (Asalem and Gorgan regions), as well as in the
Zagros forest (Droud and Nozhyan regions), are genetically unique. High genetic diversity among Iranian populations across the
natural range of species in the Zagros and Hyrcanian forests is confirmed by high dissimilarity between populations and limited
dispersal between them (77). Previous research has suggested genetic similarities between stands in Iran and Central Asia. Using
molecular markers, proven that discovered that Iranian wild apples in Hyrcanian forests are closely related to apple populations in
Central Asia. These results could indicate that apples could migrate across the northern part of the Silk Road (11).

In conservation genetics, allelic richness is the most important parameter, and it can be used to forecast historical bottleneck
populations (78–80). The average allelic richness value in Iran (6.2 ± 0.04) is lower than that in Europe and China (75). A decrease in
allelic richness resulted in a reduction in the effective population size, increasing the vulnerability of these populations to various
unfavorable conditions (80, 81). Another important parameter is expected heterozygosity, which is a good indicator of genetic
diversity (82). The mean HE for Caucasus apple in Iran was 0.65, which was lower than the HE for M. orientalis in Europe and China
(0.80), indicating that population growth in Iran is not uniform (83, 84). However, it is easy to explain why the Caucasus apple is
found in two main regions in Iran: the Hyrcanian forest and the Zagros forest, both of which have different climatic conditions and
vegetation, which can lead to nonuniform growth (85). The FIS parameter predicts future generations' genetic diversity, and a
negative value indicates that regeneration could fail (86). The lower value of this parameter for Iranian wild apple (-0.81 ± 0.02) than
for European wild apple (0.04 ± 0.06) suggests that the regeneration of Iranian populations can be disrupted. The gene pool of
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various Malus species has been strongly influenced by human impact since ancient times because apple fruits were already
important crops in the era of the Sumerians (87). Thus, it is difficult to recognize whether natural populations of M. orientalis were
shaped more by natural processes or by long-term human influence.

Gene flow
Gene flow and migration have a significant impact on adaptation and may lead to population homogeneity (88). In the prevuous
study about spatila genetic structure of M. orientalis concluded that the geographical location of a population has no effect on the
genetic structure of wild apples (14), but we found a strong link between genetic structure and geographic region in this study. The
results of the gene flow analysis revealed strong migration from the eastern part of the Hyrcanian forest to populations in the
western part of this region and, with lower intensity, to the northern part of the Zagros forest. According to (76), Iran has been one of
the main regions through which various taxa from the Malus genus moved from Central Asia to Europe across the Trade Silk Road.
Our results support this theory and suggest that Iran served as a link between East Asia and Europe in the transportation of genetic
variability in the Caucasus apple (76, 89)

The topography of the central part of Iran creates an enormous barrier for gene flow between the Hyrcanian and Zagros populations.
Additionally, the northern and southern parts of the Zagros range are poorly connected; the Migrate-n results show that admixture in
Lorestan is very low. The situation on the coast of the Caspian Sea is completely different gene flow along coastal lowlands is
theoretically undisturbed, which allows for the exchange of genetic variability between Hyrcanian stands. Thus, northern populations
are genetically similar, as indicated by the STRUCTURE and PCA results. The Caucasus apple is one of the minor ancestors of the
European Caucasus apple (14). Long periods of cultivation and crossing between various taxa of Malus could have affected natural
populations of ancestral species as well; however, it is difficult to quantify this impact.

Spatial genetic structure of M. orientalis

Gene affinity and exchange between populations can be determined by analyzing the spatial genetic structure of populations (24).
The whole Iranian range of the species was divided into three clusters via STRUCTURE analysis, which differs from the results of
previous studies (10, 11, 90). One of these variations may be the response of Iranian wild apples in the Hyrcanian and Zagros forests
to population size and dispersal (91). In contrast to previous studies, our findings reveal a strong spatial genetic structure between
wild apple populations in the Hyrcanian and Zagros forests (10, 75). We hypothesize that the differences between Iranian wild apples
are due to two gene pools with similar geographic origins. Interestingly, the population from Gilan is similar to Zagros stands; this
particular population is quite far from other Hyrcanian stands; however, the topography of Iran hinders the natural flow of genes from
Gilan to the Kordistan region. It is possible that the similarity of the gene pool in these two regions is connected with human impact.
Stands from Lorestan differ strongly from both Hyrcanian and northern Zagros populations. The isolation of this area is supported by
the results of migration analysis, as well as CIRCUITSCAPE and PCA. The distinctiveness of this area, which is difficult to assess due
to topographic barriers, may indicate that a unique gene pool exists, which should be protected with high priority.

Although STRUCTURE analysis revealed broad-scale clustering patterns, Monmonier’s algorithm identified localized genetic barriers
in the Hyrcanian and Zagros forests. This difference is not unexpected, as STRUCTURE detects genome-wide patterns assuming
Hardy Weinberg and linkage equilibrium, while Monmonier’s method identifies sharp spatial genetic discontinuities regardless of
such assumptions (Manel et al., 2003; Chen et al., 2007; Prates et al., 2016). The genetic barrier around Nozhyan aligns with a
distinct STRUCTURE cluster at K = 3, supporting its genetic uniqueness. Other barriers, particularly in the Hyrcanian forest, may
represent incipient or incomplete divergence, gene flow reduction, or adaptation to local environments not yet strong enough to form
fully distinct STRUCTURE clusters (Storfer et al., 2007; Blair et al., 2012). These results reflect the complementary nature of barrier
and clustering analyses in revealing both historical genetic structure and ongoing differentiation processes (Sexton et al., 2014).

Conservation of Caucasian apple
Caucasian apple is one of the main ancestors of cultivated apples in the Caucasian region (Bina et al., 2022). These wild apple
species play a crucial role in sustaining ecosystems, since they are an important source of food for wildlife. Additionally, they are
valuable sources for apple breeding, helping to develop features like stress resistance against infections and dehydration. Therefore,
it is crucial to protect this species' germplasm from serious threats like the negative effects of habitat fragmentation and futher
challenges (90).
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Future projects such as regeneration and breeding are needed to conserve the genetic diversity of wild plants (92). Asia is the main
center of genetic diversity in the genus Malus, implying that wild apple habitats in Asia have a large gene pool that needs to be
preserved for future generations (93). However, no studies on the genetic diversity of this important species have been reported, and
our study is the first in this field. To define a conservation unit for the Caucasian apple gene pool, we used reserve selection analysis.
Our findings revealed three high-priority and medium-priority populations for conservation in two main regions. On a local scale, this
illustrates the Caucasus region's lack of consideration of M. orientalis genetic conservation.

Conclusion
In this study, we discovered two high-priority regions in the Hyrcanin forest for preserving M. orientalis genetic diversity, indicating
that M. orientalis management in the Hyrcanin forest would need additional attention. In the Zagros and Hyrcanin forests, we
discovered ageographic barrier between the population with the highest priority and other populations. As a result, corridors between
populations are suggested in this situation (94). Finally, on the basis of these results, we can conclude that Iran is one of the key
sources of the M. orientalis gene pool that would be useful for cultivating apple breeding programs, but it does not have good habitat
conditions and would require performance conservation programs.
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Figures

Figure 1

Distribution of M. orientalis inIran and conservation priority areas based on DIVA-GIS analysis. The map highlights regions with high,
medium, and low conservation priority, considering private alleles and allelic richness.
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Figure 2

IDW interpolation of allelic richness (Ar) and private allele richness (Ap) for the 20 populations of M. orientalis on the basis of 26
SSRs (N=167)
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Figure 3

a. Population structure of M. orientalis based on STRUCTURE analysis for K3 to K6 b. Matrix of pairwise FST values between sites of
M. orientalis. C: Gene flow diagrams of the Caucasus apple samples from 5 provinces. The colors correspond to provinces: Gorgan
(Blue), Gilan (Green), Lorestan (Purple), Kordestan (Red) and Mazandaran (green). The direction of an arrow represents the direction
of gene flow from one region to another. The width of the arrows denotes the relative amount of gene flow within the habitat of the
species M. orientalis (that is, the wider the arrow is, the greater the degree of gene flow). The ‘humps’ in the estimates of
contemporary gene flow represent gene flow originating from sample sites within provinces. The patterns for each diagram are
independent; that is, similar widths of arrows or humps do not represent the same amount of gene flow across each of the
diagrams.
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Figure 4

The highest and lowest conductances are shown in yellow and dark blue, respectively, according to the CIRCUITSCAPE results and
genetic discontinuities between Caucasian apple populations identified by BARRIER overlaid on a DEM. On the basis of Monmonier’s
algorithm with 1000 bootstrap replicates, two significant genetic barriers were detected among the 20 populations of the Caucasu
apple t. The dotted lines (white) represent the Voronoi tessellation
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Figure 5

Principal component analysis (PCA) created on the basis of individual genotypes (N=167)


