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Abstract

The European sweet chestnut, Castanea sativa Mill., is an ecologically and culturally significant
Croatian forest tree. However, its genetic diversity and population structure re-main insufficiently
understood. This research examined three chestnut populations (PET, HRK, and BAC) from Zrin
Mountain, Croatia’s largest continuous chestnut area, utilizing seven nuclear SSR markers. In order
to assess the genetic diversity, and population structure, 153 individuals were genotyped. The study
revealed that all populations exhibited a moderate level of genetic variety (mean He = 0.571), with
the BAC population exhibiting the highest allelic richness and number of private alleles. AMOVA
revealed that 67% of the total genetic variance resided within individuals and only 3% among
populations. Population differentiation was low to moderate (FST = 0.064; PhiPT = 0.146), with high
inferred gene flow (Nm =7.48). The STRUCTURE and PCoA studies showed that the HRK population
was the most genetically different. In contrast, PET and BAC had increased genetic similarity and
integration. These findings emphasize the relevance of gene flow among chestnut stands and local
genetic resources. The findings establish a foundation for the sustainable management and
conservation planning of Croatian chestnut populations in the context of a broader European
environment.

Keywords: Castanea sativa; conservation genetics; genetic diversity; gene flow; microsatellites (SSRs)

1. Introduction

The European sweet chestnut (Castanea sativa Mill.) is a broadleaf tree species indigenous to
Europe. It covers approximately 2.5 million hectares, stretching from the Atlantic coast of Portugal
across central and southern Europe to the Black Sea, with around 1.7 million hectares concentrated
in southern Europe [1,2]. It thrives in temperate climates with well-drained, acidic soils and is valued
for its edible nuts, durable timber, and ornamental appeal [1]. Chestnut populations are shaped by
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both natural processes and centuries of human activity, resulting in a mosaic of wild and cultivated
stands. Old groves and coppice forests are common in central and southern Europe, where
regeneration occurs through a combination of natural seed dispersal and human influence. Coppiced
stands, in particular, are dominated by younger trees due to periodic cutting and resprouting cycles
[1,3-5]. Successful regeneration depends on competition, climate, and the prevalence of diseases.

Over the past two centuries, chestnut has faced severe challenges, including habitat
fragmentation and the introduction of invasive pathogens and pests such as chestnut blight
(Cryphonectria parasitica) [6], chestnut gall wasp (Dryocosmus kuriphilus) [7], and root and ink diseases
caused by Phytophthora species [8]. Additionally, the expansion of cultivated varieties into wild
populations has raised concerns about genetic integrity [9,10]. These pressures have intensified
interest in the genetic diversity and resilience of natural chestnut populations [11].

In Croatia, chestnut is an ecologically and culturally significant noble deciduous tree, covering
approximately 136,000 hectares in mixed and pure stands—around 4.9% of the nation’s forest area
[12]. It forms four main forest communities: Querco-castanetum sativae Horvat 1938, Aposeri foetide-
Castanetum sativae ass. nova, Helleboro multifidi-Castanetum sativae Ani¢ 1953 nom. nov., and Castaneo
sativae-Fagetum Marinéek & Zupan¢i¢ 1995 [13]. Chestnut stands are scattered across continental
Croatia, the Istrian Peninsula, and the islands of Krk and Cres, with the largest continuous stands
found on Zrin and Petar Mountains [14,15]. The remarkable quality and health of these forests can be
traced to historical factors. For centuries, Zrin and Petar Mountains served as Europe’s military
frontier against the Ottoman Empire, during which diverse ethnic groups—including Croats, Vlachs,
Serbs, Germans, and Hungarians, introduced resilient agroforestry practices including chestnut
cultivation [16]. In recent decades, chestnut forest area has declined due to widespread dieback,
removal of infected trees, and reduced reliance on chestnut timber for traditional uses [17,18].

Genetic diversity and population structure in forest trees have commonly been investigated
using microsatellite markers, simple sequence repeats (SSRs), valued for their high polymorphism,
codominant inheritance, and reproducibility [19]. The earliest SSR applications in forest trees date to
the 1990s with Pinus radiata [20] and were subsequently extended to multiple Quercus species [21-26].
In chestnut (Castanea sativa), SSR markers were first introduced by Buck et al. and by Marinoni et al.
in 2003 [27,28]. Two marker series, the EMCs loci (e.g., EMCs-4, EMCs-15, EMCs-25, EMCs-32,
EMCs-38) and the CsCAT loci (e.g., CsCAT1, CsCAT3, CsCAT6, CsCAT16) have since found
widespread use in chestnut genetics. These SSR loci are effective tools for evaluating genetic
diversity, quantifying population differentiation, and identifying cultivars in both wild and
cultivated chestnut populations across Europe [29-34]

Recent studies have revealed a rich genetic landscape within Croatian chestnut populations.
Idzojtic¢ et al. [35] identified 11 multilocus genotypes among 72 individuals of the traditional “Lovran
Marron” variety. Prgomet et al. [36] reported 62 alleles across 10 SSR loci in 17 wild trees from Istria
and Primorsko-Goranska County. Poljak et al. [37] encompassing populations from Croatia and the
surrounding region, found three genetic clusters across central Europe and the western Balkans,
shaped by glacial refugia and human-mediated gene flow. These findings highlight the genetic
uniqueness of Croatian chestnut germplasm and underscore the need for targeted conservation
measures.

The primary objective of this study is to enhance understanding of the genetic diversity and
structure of chestnut populations on Zrin Mountain that is the part of the largest area of chestnut
distribution in Croatia. Using a combination of EMC and CsCAT markers, we aim to place Croatian
chestnut populations in a broader European context. Insights from this research are expected to
support informed conservation strategies, especially in light of current threats such as climate change,
invasive pathogens, and ongoing human pressures.
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2. Materials and Methods

2.1. Study Area and Plant Material Collection

The study was conducted on Zrin Mountain in central Croatia, where three chestnut locations—
PET, HRK, and BAC—were selected based on their inclusion in previous research and monitoring
projects. The PET and HRK sites host permanent monitoring plots established within the framework
of the project “Protection of Sweet Chestnut Forests” [38]. The BAC locality has been part of the
“Experimental Chestnut Grove” project [39]. All three sites are characterized by uneven-aged coppice
stands dominated by naturally regenerating chestnut trees.

Leaf material was collected using a simple random sampling approach. Two to three healthy,
fully expanded leaves were sampled from each tree at a minimum spacing of 20 meters to reduce the
likelihood of sampling closely related individuals. Each sampled tree was labeled with a unique
identifier in ascending numerical order, starting at 1. The collected leaf samples were immediately
stored in plastic bags containing 12 g of silica gel (Kemika, Croatia) to ensure rapid desiccation and
preservation of DNA integrity. Samples were then transported to the laboratory for molecular
analysis. Detailed information about the sampled trees is provided in Figure 1 and Table 1. The map
generation was performed using QGIS version 2.16, ‘Nedebo.’

Figure 1. Chestnut sampling locations in central Croatia 1. PET, 2. HRK, 3. BAC.

Table 1. Sampling locations of Castanea sativa populations on Zrin Mountain with geographic coordinates,

altitude range, ownership type, year of sample collection, and sample size (N).

Code Location Latitude / Altitude (m) Ownership Sampling N
Description Longitude Year

Department 47a, Management Unit

Vucdjak-Tjesnjak, Forest Office Petrinja, 45.416972°N,

PE Forest Administration Sisak, Croatian 16.255232° E 170-390 State forest 2011 52
Forests Ltd.
Department 90a, Management Unit
Samali"lc'a I, Forest Ofﬁc§ I'—Irvat'ska ‘ 45.200502°N,
HRK Kostajnica, Forest Administration Sisak, 140-240 State forest 2013 51
. 16.493670° E
Croatian
Forests Ltd.
- 45.386900°N, Private
BAC Hrastovicka Gora 16.273600° E 374 forest 2016 50
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2.2. DNA Isolation, SSR Amplification, and Analysis

Genomic DNA was extracted from approximately 0.1 g of dried leaf tissue. For samples collected
in 2011 and 2013, DNA was isolated using a modified CTAB protocol [40], in which the extraction
buffer was supplemented with 2% polyvinylpyrrolidone (PVP). DNA from samples collected in 2016
was extracted using the NucleoSpin Plant II kit (Macherey-Nagel, Diiren, Germany), following the
manufacturer’s instructions. DNA concentration was quantified spectrophotometrically at 260 nm
(A260) using a BioSpec-nano spectrophotometer (Shimadzu, Kyoto, Japan). Concentrations ranged
from 111.86 ng/uL to 4070.93 ng/uL for CTAB-extracted samples and from 1.75 ng/uL to 83.44 ng/uL
for samples extracted with the commercial kit. DNA quality was evaluated via electrophoresis in
0.8% agarose gel (Sigma-Aldrich, Massachusetts, USA) prepared in 1x TBE buffer and stained with
SYBR™ Safe DNA Gel Stain (Thermo Fisher Scientific, Massachusetts, USA). DNA samples (100 puL)
were stored in 2 mL Eppendorf microcentrifuge tubes at 20 °C until use.

Initial SSR amplification was performed using fifteen fluorescently labeled SSR primer pairs
(Applied Biosystems, Warrington, UK; Tables S1 and 2), which were tested in single-primer PCR
reactions on DNA from two chestnut samples under the same conditions as applied in multiplex
PCR. After primer selection, genotyping was performed using two multiplex PCR reactions.
Multiplex mixture 1 contained primers EMCs2, EMCs10, EMCs13, EMCs15, and EMCs17; multiplex
mixture 2 contained EMCs25 and CsCAT15. Each 20 pL PCR reaction consisted of 1x PCR buffer, 200
puM of each dNTP, 1 U of Taqg DNA polymerase (TAKARA Co. Ltd, Tokyo, Japan), and 1-2 ng of
genomic DNA. Primer concentrations ranged from 0.1 uM to 0.4 uM depending on the locus. The
PCR thermal profile included an initial denaturation at 94°C for 5 min, followed by 30 cycles of
denaturation at 94°C for 30 s, annealing at 55°C for 1 min, and extension at 72°C for 40 s, with a final
elongation step at 72°C for 2 min. PCR products were separated using capillary electrophoresis on a
3500 Genetic Analyzer (Applied Biosystems), and allele sizes were determined using GeneMapper™
IDX Software v1.5 (Applied Biosystems).

Table 2. Characteristics of the SSR markers used for genotyping Castanea sativa populations.

Locus Label 5'-3' Sequences (F / R) L]ezljgtelft(ii)) Repeat Motif Reference

EMCs2 NED GCTGATATGGCAATGCTTTTCCTC/ 172-178 (CGG), [27]
GCCCTCCAGCCTCACTTCATCAG

EMCs10 PET GTCTCCCCCAATCATAAGTAGGTC/ 218-230 (CA)s [27]
TCAAGGGAACATTAGGTCATTTTT

EMCs13 VIC  TAGTCGGAGTACGGGCACAG/ 158-164 (GCA)s [27]
TGATATGAGCATTTGACTTTGATT

EMCs15 6-FAM CTCTTAGACTCCTTCGCCAATC/ 089-095 (CACQ), [27]

CAGAATCAAAGAAGAGAAAGGTC
EMCs17 6-FAM CGCCACGATTAGCTCATTTTCA/ 210-222 (AGC)4(CCAA)s[27]
GAGGTAGGGTCTTCTTCGGTCATC

EMCs25 6-FAM ATGGGAAAATGGGTAAAGCAGTAA/140-158 (GA)12 [27]
AACCGGAGATAGGATTGAACAGAA

CsCAT15 6-FAM TTCTGCGACCTCGAAACCGA/ 125-160 (TO)12 [28]
GCTAGGGTTTTCATTTCTAG

2.3. Genetic Analyses

Genetic diversity parameters—including the number of different alleles (Na), effective alleles
(Ne), rare and private alleles, observed heterozygosity (Ho), expected heterozygosity (He), unbiased
expected heterozygosity (uHe), fixation index (F), PhiPT, and analysis of molecular variance
(AMOVA)—were calculated using GenAlEx version 6.5 [41]. Principal Coordinate Analysis (PCoA)
was performed in GenAlEx to visualize genetic relationships among individuals based on multilocus
genotype data.
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To infer population structure, a model-based Bayesian clustering analysis was conducted using
STRUCTURE version 2.3.3 [42]. The analysis tested values of K (number of genetic clusters) from 1
to 10 using the admixture model and correlated allele frequencies. Each run included a burn-in period
of 20,000 iterations followed by 200,000 Markov Chain Monte Carlo (MCMC) iterations, replicated 20
times for each K value.

The optimal number of clusters (K) was determined by evaluating the log-likelihood probability
[LnP(K)] and calculating the AK statistic using STRUCTURE SELECTOR [43]. The results were
processed and visualized using CLUMPAK (http://clumpak.tau.ac.il), which integrates the outputs
from STRUCTURE SELECTOR and aligns replicates using CLUMPP [44], followed by graphical
display via DISTRUCT [45].

3. Results

3.1. SSR Primer Screening and PCR Amplification

Testing of fifteen fluorescently labeled SSR primer pairs (Tables S1 and 2) was conducted in
single-primer PCR reactions using DNA from two chestnut samples. Loci that produced well-
resolved and reproducible electropherogram peaks, with clear differentiation between homozygous
and heterozygous genotypes, were selected for inclusion in the multiplex PCR assays.

Out of the 15 tested loci, five (EMCs38, CsCAT7, CsCAT6, CsCAT34, and CsCAT41) were
excluded due to the presence of three or more alleles per genotype, indicating potential non-specific
amplification or duplicated loci. Two loci (CsCAT3 and CsCAT16) failed to amplify, and one locus
(CsCATS) produced poorly resolved peaks, making reliable allele scoring difficult.

Based on expected product sizes and fluorescent dye compatibility, the remaining seven loci
were grouped into two multiplex PCR reactions. Multiplex 1 included five loci (EMCs2, EMCs10,
EMCs13, EMCs15, and EMCs17), while multiplex 2 included two loci (EMCs25 and CsCAT15)
(Figure 2a,b).
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12 " s . £ < 75 . 7 12 7 25 75
o bl 1300 |
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Figure 2. Profile of one sample of chestnut DNA amplified using multiplex 1 at five loci: (a) EMCs15, CsCAT15,
EMCs17, EMCs2, and EMCs10 and multiplex 2 at two loci, (b) EMCs25 and EMCs13.

3.2. Genetic Diversity Analysis of Loci and Populations

Allele frequency analysis across the seven selected microsatellite loci revealed distinct patterns
of genetic variation and population differentiation among the three chestnut populations (Table 3).
Sample sizes were consistent across loci and populations, ensuring comparability of genetic
parameters. The total number of alleles per locus ranged from three (EMCs13, EMCs15) to ten
(EMCs25), with the highest allelic richness observed at CsCAT15 (eight alleles) and EMCs25 (Table
S2).

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Locus EMCs2 exhibited a shared dominant allele (159) across populations (0.520-0.635), with
minor alleles contributing little to inter-population differentiation. At locus EMCs10, allele 216 was
prevalent across all populations, especially in HRK (0.775), whereas allele 226 had higher frequency
in PET (0.346), indicating regional allele frequency shifts. EMCs13 was dominated by allele 158 in all
populations, but allele 155 was more frequent in HRK (0.324), further supporting population-specific
allele distributions. At locus EMCs15, allele 88 was the most common across all populations (ranging
from 0.558 in PET to 0.670 in BAC), suggesting a shared ancestral allele. However, population-specific
patterns were observed, such as the higher frequency of allele 82 in HRK (0.314) and allele 79 in PET
(0.337), indicating localized genetic divergence. Locus EMCs17 showed population-specific trends:
allele 213 was dominant in PET (0.558) and BAC (0.530), while allele 209 was most frequent in HRK
(0.441). The locus EMCs25 exhibited the highest allelic richness (ten alleles), with several private
alleles observed exclusively in BAC, such as alleles 158 (0.330) and 144 (0.130). In contrast, PET and
HRK shared alleles like 156, though their relative frequencies differed. Finally, locus CsCAT15
displayed high allelic diversity, including several rare and private alleles. For instance, allele 132 was
frequent in PET (0.510) and BAC (0.490) but rare in HRK (0.088), while allele 122 was predominant in
HRK (0.578), highlighting pronounced differentiation.

Overall, the presence of shared alleles alongside distinct frequency profiles and private alleles—
particularly in BAC —suggests both common ancestry and localized genetic divergence, possibly due
to historical isolation or limited gene flow.

As shown in Table S3, the number of alleles (Na) per locus ranged from 3 to 7 across populations,
with an overall mean of 4.238, indicating moderate allelic richness. The effective number of alleles
(Ne) averaged 2.444, reflecting intermediate levels of allele frequency evenness. The Shannon’s
Information Index (I) had a mean value of 1.030, suggesting moderate genetic diversity, with the
highest I recorded at EMCs25 (1.389) and the lowest at EMCs10 (0.855).

The mean observed heterozygosity (Ho) was 0.488, slightly lower than both the expected
heterozygosity (He = 0.571) and unbiased expected heterozygosity (uHe = 0.576), indicating a mild
deficit of heterozygotes. This deficit may be attributed to inbreeding, genetic drift, or population
structure. Notably, locus EMCs25 had low Ho (0.296) despite high He (0.682), resulting in a strong
positive fixation index (F = 0.567), suggesting considerable inbreeding or substructuring at this locus.

Across all loci, the mean fixation index (F) was 0.127, indicating a modest excess of
homozygosity. While some loci exhibited negative F values—suggesting heterozygote excess (e.g.,
EMCs10 and EMCs15)—others such as EMCs25 showed high F values, pointing to strong inbreeding.

As shown in Table 3 and the mean population differentiation (FST) was 0.064 (SE = 0.015),
indicating low but statistically significant genetic differentiation among populations. FST values
ranged from 0.009 (EMCs2) to 0.112 (EMCs25), suggesting locus-specific evolutionary or
demographic pressures. Gene flow, estimated from FST, had a mean Nm value of 7.484 (SE = 3.432),
reflecting moderate to levels of gene exchange. Locus EMCs2 had extremely high inferred gene flow
(Nm =27.342), corresponding to its low FST, possibly reflecting neutrality or historical admixture. In
contrast, EMCs25 showed restricted gene flow (Nm = 1.974), consistent with its higher differentiation.

The average inbreeding coefficient within populations (FIS) was 0.125 (SE = 0.078), with locus-
specific variation from slightly negative (EMCs15: —0.048) to highly positive (EMCs25: 0.565),
indicating heterogeneity in mating patterns or substructure. The overall inbreeding coefficient (FIT)
had a mean value of 0.176 (SE = 0.081), reinforcing the presence of inbreeding or population
subdivision. These results suggest that while gene flow among populations remains relatively high,
local genetic structure and inbreeding persist, particularly at loci showing high differentiation, likely
influenced by environmental heterogeneity or limited dispersal.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Table 3. Genetic diversity and genetic differentiation values calculated with microsatellite (SSR) markers (FIT;
Fixation index, FIS; inbreeding coefficient; FST; genetic differentiation coefficient between populations, Nm;

Gene flow between populations).

Parameter EMCs2 EMCs10 EMCs13 EMCs15 EMCs17 EMCs25 CSCAT15 Total

Number of alleles 4 10 3 3 4 8 4 36 alleles
and length (bp) (214,216,(138,140, (155,158, (79,82, (156,159, (118,120, (205,209,
222,226) 144,146, 161) 88) 162,165) 122,124, 213,217)
148,150, 128,132,
154,156, 134,138)
158,160)
Mean+SE
FIS -0.033  0.565 0.095 -0.48 0.037 0.13 0.13 0.125+0.078
FIT -0.004 0.614 0.134 0.009 0.045 0.221 0.213 0.1760.081
FST 0.028 0.112 0.043 0.055 0.009 0.104 0.096 0.064+0.015
Nm 8.689 1974 5.55 4.326 27342  2.146 2.36 7.484+3.432

Although private alleles (Table 4) in HRK were of low frequency, their presence indicates some
level of genetic distinctiveness, potentially representing rare or recent variants. In contrast, the BAC
population not only harbored more private alleles but also exhibited higher frequencies. Notably,
three private alleles were found at locus EMCs25, including allele 144, which occurred at a relatively
high frequency of 0.130. This suggests possible local adaptation, historical isolation, or unique
selective pressures in the BAC population.

The elevated number and frequency of private alleles in BAC point to its greater genetic
differentiation and support the hypothesis that it may represent a more genetically distinct or isolated
gene pool. The presence of moderately frequent private alleles also implies restricted gene flow and
potential long-term divergence. Meanwhile, HRK contributes to overall diversity through rare,
unique alleles, despite their lower frequency.

The PET population, by contrast, exhibited no private alleles, indicating lower levels of genetic
differentiation or possibly higher levels of gene flow and genetic mixing with the other populations.
This absence suggests PET may function as a genetic connector or intermediary within the regional
chestnut metapopulation.

Table 4. List of private alleles in Castanea sativa population, HRK and BAC.

Population Locus Allele Frequency
HRK CsCAT15 120 0,020
HRK CsCAT15 134 0,010
HRK EMCs25 154 0,029
BAC CsCAT15 118 0,010
BAC EMCs2 156 0,010
BAC EMCs25 144 0,130
BAC EMCs25 150 0,010

Genetic diversity indices were estimated for the chestnut populations PET, HRK, and BAC using
seven SSR loci. Mean and SE values of genetic diversity indices were shown in Table 5. The number
of alleles per locus (Na) was identical in PET and HRK (4.143), while slightly higher in BAC (4.429),
indicating increased allelic richness. The BAC population also exhibited the highest number of
effective alleles (Ne = 2.631), followed by PET (2.390) and HRK (2.313), suggesting a more balanced
allele frequency distribution in BAC.

Shannon'’s Information Index (I), which incorporates both allele richness and evenness, was also
highest in BAC (1.096), followed by PET (1.015) and HRK (0.979). Observed heterozygosity (Ho) was
highest in PET (0.511), slightly lower in BAC (0.506), and lowest in HRK (0.448). Similarly, expected
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heterozygosity (He) was greatest in BAC (0.590), reflecting higher genetic variability, and lowest in
HRK (0.553).

The inbreeding coefficient (F) was lowest in PET (0.074), indicating minimal deviation from
Hardy—Weinberg equilibrium, while the highest value was observed in HRK (0.179), suggesting a
potential deficit of heterozygotes. An intermediate F value was recorded in BAC (0.127).

Overall, the BAC population exhibited the highest genetic diversity across most parameters (Na,
Ne, I, He), whereas the HRK population showed comparatively lower diversity and signs of
increased inbreeding.

Table 5. Genetic diversity parameters (Mean and SE), for Castanea sativa populations PET, HRK, BAC. N: average
number of alleles observed, Na: number of different alleles, Ne: effective allele number, I: Shannon index, Ho:

observed heterozygosity, He: expected heterozygosity, F: Fixation index, Stat: statistic (Mean and SE), Pop:

population.

Pop Stat N Na Ne I Ho He F

PET Mean 52 4.143 2.39 1.015 0.511 0.569 0.074
SE 0.553 0.173 0.081 0.07 0.03 0.127

HRK Mean 51 4.143 2.313 0.979 0.448 0.553 0.179
SE 0.508 0.157 0.071 0.043 0.036 0.071

BAC Mean 50 4.429 2.631 1.096 0.506 0.59 0.127
SE 0.571 0.321 0.113 0.044 0.042 0.085

Total Mean 51 4.238 2.444 1.03 0.488 0.571 0.127
SE 0.3 0.129 0.051 0.03 0.02 0.054

3.3. Genetic Differentiation Between Chestnut Populations: PET, HRK, and BAC

AMOVA based on individual genotypes indicated that most genetic variation occurred within
individuals (67%), followed by variation among individuals within populations (30%), and only a
small fraction among populations (3%) (Figure 3, Table 6).

R-statistics (Table 7) were employed to evaluate genetic differentiation within and among
chestnut populations, using the stepwise mutation model appropriate for microsatellite loci. The
analysis revealed low among-population differentiation, with an RST value of 0.033 (p = 0.001),
indicating minimal divergence attributable to allele size differences. This suggests that stepwise
mutation processes contribute little to the observed population structure. In contrast, within-
individual differentiation was substantial, as evidenced by RIS = 0.311 and RIT = 0.333 (p = 0.001 for
both), indicating high genetic diversity both within individuals and within populations. These
findings are consistent with the pre-dominantly outcrossing mating system of chestnut. The
estimated gene flow (Nm = 7.385) was high, supporting the hypothesis of extensive pollen and/or
seed dispersal among populations, which likely contributes to the low genetic differentiation
observed at the population level.

_—Among Pops

Percentages of Molecular Variance - 3%

Within Indiv
67%
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Figure 3. Percentages of molecular variance from AMOVA for Castanea sativa populations. Variation is
partitioned into three components: among populations (3%), among individuals within populations (30%), and
within individuals (67%).

Table 6. Analysis of Molecular Variance (AMOVA) showing the partitioning of genetic variation among

populations, among individuals, and within individuals.

Source df SS MS Est. Var. %
Among 2 1542.097 771.048 5.480 3%
Populations

Among 150 31826.374 212.176 50.300 30%
Individuals

Within 153 17071.000 111.575 111.575 67%
Individuals

Total 305 50439.471 167.355 100%

Note: df = degrees of freedom; SS = sum of squares; MS = mean square; Est. Var. = estimated variance; % =

percentage of total variance.

Table 7. R-statistics describing the genetic structure among and within Castanea sativa populations based on SSR
marker data. RST was calculated based on the stepwise mutation model using SSR markers. p-values are based
on 999 permutations. Gene flow (Nm) was estimated as Nm = (1 — RST) / (4 x RST).

Statistic Value P(rand > data) Interpretation

RST 0.033 0.001 Among-population differentiation (stepwise model)

RIS 0.311 0.001 Within-individual diversity relative to subpopulations
RIT 0.333 0.001 Within-individual diversity relative to total population
Nm 7.385 — Estimated gene flow (number of migrants per generation)

A two-level AMOVA, which partitions variance only among and within populations, yielded a
higher proportion of among-population variance (15%), with the remaining 85% occurring within
populations (Table 8). This increase reflects the combination of among-individual and within-
individual variation into a single within-population component, thereby inflating the relative
contribution of population differences.

To complement standard AMOVA, the PhiPT statistic was calculated to assess genetic
differentiation among populations by partitioning molecular variance while excluding the within-
individual component [10,46]. PhiPT is particularly appropriate for SSR data, as it considers repeat
length polymorphisms and the genetic distance between alleles, rather than relying solely on allele
frequencies. This provides a more nuanced measure of genetic differentiation for highly polymorphic
loci. As shown in Table 9, 14.6% of the total genetic variation was attributed to differences among
populations, while 85.4% was distributed within populations. This differentiation was statistically
significant (p < 0.01), indicating that the observed population structure is unlikely to result from
random genetic variation alone. These findings suggest a moderate level of genetic differentiation
among the three chestnut populations studied. The estimated number of migrants per generation
(Nm) was 1.461, suggesting moderate gene flow sufficient to counteract much of the genetic
differentiation caused by drift.
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Percentages of Molecular Variance

Figure 4. Percentages of molecular variance from two-level AMOVA for Castanea sativa Populations.

Table 8. Two-level AMOVA for Castanea sativa populations.

Source df SS MS Est. Var. %
Among Pops 2 90.659 45.330 0.798 15%
Within Pops 150 698.903 4.659 4.659 85%
Total 152 789.562 5.457 100%

Table 9. Summary statistics from AMOVA and gene flow analysis among Castanea sativa populations. PhiPT —
fixation index from AMOVA; Nm—number of migrants per generation.

Stat Value P (rand = data)
PhiPT 0.146 0.001
Nm 1.461

Pairwise Nei’s genetic distance and identity values (Figure 5) revealed low to moderate
differentiation among populations. The smallest genetic distance was observed between PET and
BAC (0.063; identity = 0.939), indicating a close genetic relationship. PET and HRK showed
intermediate differentiation (distance = 0.179; identity = 0.836), whereas the largest distance was
between HRK and BAC (0.244; identity = 0.783), suggesting comparatively greater divergence.

Pairwise FST values (Figure 6) supported these patterns, with the lowest genetic differentiation
between PET and BAC (FST = 0.018), followed by PET and HRK (FST = 0.058), and the highest
between HRK and BAC (FST = 0.067). All FST values were within the range generally interpreted as
low differentiation (0.05-0.15), indicating substantial within-population diversity and genetic

connectivity.
0.179 0.063 I 0.20

-0.15

PET

0.836

HRK

-0.10
I0405
0.00

Figure 5. Heatmap displaying Nei’s genetic distance (upper triangle) and Nei’s genetic identity (lower triangle)

Nei Genetic Distance

g- 0939

PET

among Castanea sativa populations from Petrova Gora (PET), Hrvatska Kostajnica (HRK), and Bacuga (BAC).
Warmer (red) shades indicate higher genetic distance (greater differentiation), whereas cooler (blue) shades

indicate lower genetic distance or higher genetic identity (greater similarity).
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Figure 6. Heatmap of pairwise FST values (lower triangle) showing genetic differentiation among Castanea sativa
populations from Petrova Gora (PET), Hrvatska Kostajnica (HRK), and Bacuga (BAC). Warmer (orange to red)
shades indicate higher FST values and greater genetic differentiation, while lighter shades indicate lower FST

values and higher genetic similarity.

To better elucidate the genetic structure among chestnut populations, three differentiation
metrics —PhiPT, FST, and RST —were compared. The overall PhiPT value of 0.146 indicated moderate
and statistically significant population differentiation, incorporating both allele frequency and
genetic distance. Pairwise FST estimates ranged from 0.018 to 0.067, suggesting low to moderate
levels of differentiation based solely on allele frequency variation. In contrast, the overall RST value
was considerably lower (0.033; p = 0.001), in-dicating minimal genetic differentiation when
accounting for the stepwise mutation mod-el characteristic of microsatellite evolution. This
discrepancy among metrics underscores their differing sensitivities: PhiPT and FST capture
frequency-based divergence, while RST incorporates the magnitude of allele size differences due to
mutational steps. The relatively low RST suggests that mutation-driven processes have a limited role
in shaping the genetic structure of these populations. Instead, the combined pattern —moderate
differentiation based on PhiPT and FST, but low differentiation by RST —implies that gene flow and
genetic drift, rather than stepwise mutation, are the predominant forces maintaining genetic
connectivity among chestnut populations.

3.5. Population Genetic Structure Analysis

Principal Coordinates Analysis (PCoA, Figure 7) revealed clear patterns of genetic relatedness
among the three populations, POP1 (PET), POP2 (HRK) and POP3 (BAC). The first two axes
accounted for 100% of the total genetic variation, with axis 1 alone explaining 84.82% and axis 2
explaining the remaining 15.18%. Axis 3 contributed no additional variation. POP1 (PET) and POP3
(BAC) clustered closely along the first coordinate axis, indicating high genetic similarity, while POP2
(HRK) was positioned more distantly, suggesting greater genetic divergence. Additionally, POP3
(BAC) showed distinct separation along the second coordinate, though the overall spatial proximity
between POP1 (PET) and POP3 (BAC) supports their close genetic relationship.

Principal Coordinates (PCoA)

¢ POP3

* POP2

Coord. 2

¢ POP1

Coord. 1
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Figure 7. Principal Coordinates Analysis (PCoA) illustrating the genetic relationships among three Castanea
sativa populations POP1 (PET), POP2 (HRK), and POP3 (BAC) based on SSR marker data.

STRUCTURE analysis, (Figure 8) based on SSR loci, was conducted to evaluate the population
structure of three chestnut populations: PET (POP1), HRK (POP2), and BAC (POP3). The most likely
number of genetic clusters (K) was inferred using both AK (K-Delta) and LnP(K) methods. The AK
method identified the optimal K value (K = 2) as the optimal value by detecting the highest rate of
change in the log-likelihood between successive K values, while the LnP(K) plot further supported
model fit across the tested K values. At K =1, all individuals were assigned to a single genetic cluster,
as expected under the assumption of no population structure. At K=2, a clear genetic separation was
observed: individuals from POP1 (PET) primarily grouped into one cluster (red), POP2 (HRK) into
another (green), and POP3 (BAC) displayed admixture from both, suggesting gene flow and greater
genetic similarity between POP1 and POP3. At K =3, all populations exhibited evidence of admixture.
Notably, POP2 began to show a distinct third cluster (blue), reinforcing its unique genetic profile.
POP3 continued to exhibit the highest degree of admixture, indicating potential historical gene flow
from both POP1 and POP2. These findings support the interpretation of POP2 as the most genetically
differentiated group among the three populations.

Dt = mean(|LIKI) 4 SSILIKI) Rate o hange of tne likzlihosd distributien mean)

(@) (b) (©
Figure 8. STRUCTURE analysis of three Castanea sativa populations. (A) AK and (B) LnP(K) plots used to

determine the most appropriate number of genetic clusters (K), identifying K = 2 as the optimal value. (C) Bar
plots showing individual assignment probabilities at K=1, 2, and 3 based on SSR loci, for the three populations:
1. PET, 2. HRK, and 3. BAC.

4. Discussion

4.1. SSR Marker Performance and Genetic Resolution

The screening of fluorescently labeled SSR primers proved effective for genotyping chestnut,
with seven loci retained after rigorous evaluation based on peak clarity, amplification quality, and
allelic reliability. Following the recommendations of Guichoux et al. [47], loci with polyploid-like
profiles, inconsistent amplification, or unresolved peaks were excluded to ensure marker robustness.
The successful implementation of multiplex PCR protocols enabled efficient and cost-effective
genotyping, critical for large-scale population studies. Among the retained loci, EMCs25 and
CsCAT15 displayed high allelic richness, confirming their informativeness for assessing population
diversity, as previously emphasized by Selkoe and Toonen [48].

4.2. Genetic Diversity and Allelic Patterns

All three Croatian populations exhibited moderate genetic diversity, aligning with previous
European studies on chestnut populations using SSR markers [49]. Among them, PET displayed the
highest observed heterozygosity, while BAC showed the greatest number and frequency of private
alleles, suggesting historical isolation or site-specific evolutionary processes [50]. The observed deficit
in heterozygosity (Ho < He) and moderate fixation index (F = 0.127) may indicate underlying
population structure or mild inbreeding —patterns typical for outcrossing hardwoods [51]. Locus-
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specific signals, especially from EMCs25, further highlight heterogeneity in demographic or selective
histories. Differences in genetic structure may also reflect age-class variation among individuals.
Genetic diversity and differentiation are shaped by evolutionary forces—mutation, gene flow, and
genetic drift—which accumulate over generations [52,53]. Thus, population demography and
management history likely contributed to the observed spatial and genetic patterns.

4.3. Population Differentiation

AMOVA results revealed that 67% of total genetic variation resided within individuals, with
only 3% among populations, a distribution consistent with outcrossing, wind-pollinated tree species
[54]. The PhiPT value (0.146, p = 0.001) and pairwise FST values (0.018-0.067) indicate low to
moderate population differentiation, similar to other European chestnut populations [55]. High
inferred gene flow (Nm =7.48) suggests substantial connectivity, limiting population divergence [56].
However, elevated differentiation at specific loci (e.g.,, EMCs25) and low local Nm values point to
possible microevolutionary processes such as local selection or dispersal barriers [57].

The application of R-statistics provided additional insight into mutation-scaled differentiation.
The low RST (0.033) relative to PhiPT and FST supports the conclusion that mutation plays a limited
role in shaping population structure, with gene flow and drift acting as stronger evolutionary forces
[58]. High intra-individual variance (RIS = 0.311; RIT = 0.333) reflects the outcrossing mating system
and reinforces the species' capacity to maintain high within-individual genetic diversity [59]. These
findings underscore the importance of using both frequency-based and mutation-sensitive statistics
when interpreting SSR data.

4.4. Population Structure Patterns

PCoA and STRUCTURE analyses provided complementary insights into population structure.
PET and BAC clustered closely, whereas HRK formed a distinct genetic unit. STRUCTURE analysis
identified K = 2 as the most probable number of genetic clusters, with BAC showing evidence of
admixture and HRK appearing genetically distinct—patterns consistent with FST and PhiPT results.
The genetic proximity between PET and BAC suggests historical or recent gene flow, while HRK's
differentiation may reflect geographic or ecological isolation. These patterns mirror findings in other
Mediterranean forest tree species [60], and the presence of private alleles in HRK and BAC further
supports localized evolutionary processes or restricted gene exchange.

4.5. Implications for Conservation and Genetic Resource Management

Although overall differentiation among populations was low, the presence of private alleles and
site-specific inbreeding patterns highlights the importance of localized conservation strategies. BAC’s
high allelic richness and HRK’s elevated inbreeding coefficient may result from historical bottlenecks
or habitat fragmentation, underscoring the need for targeted management and monitoring [61].
Conservation measures should aim to maintain both genetic connectivity and the unique genetic
attributes of isolated populations, particularly in the context of increasing threats from climate
change, invasive pathogens, and land-use change.

4.6. Conservation Implications for European Chestnut

These findings have broader implications for chestnut conservation at the European scale. The
high within-population diversity (67%) emphasizes the importance of preserving multiple
genetically rich stands to maintain adaptive potential. The presence of population-specific alleles in
BAC and HRK aligns with the goals of the Pan-European strategy for forest genetic resource
conservation [62]. Given its allelic richness and unique gene pool, the BAC population is a strong
candidate for both in situ and ex situ conservation. Despite low overall FST and high gene flow,
STRUCTURE and R-statistics revealed moderate population structuring, particularly in HRK,
warranting regionally adapted conservation approaches. These genetic data can inform seed

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202508.0975.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 13 August 2025 d0i:10.20944/preprints202508.0975.v1

14 of 18

sourcing, restoration, and breeding efforts, supporting forest resilience under future environmental
conditions, including disease pressure and climate change [63,64]. Ultimately, this study provides
essential genetic insights that can guide evidence-based conservation and management of sweet
chestnut across Europe, reinforcing its ecological and genetic value in forest ecosystems.

5. Conclusions

This study presents a comprehensive evaluation of the genetic diversity, structure, and
conservation relevance of three chestnut populations in Croatia using highly informative SSR
markers. The selected loci demonstrated strong genotyping performance, enabling accurate
assessment of population-level genetic variability. All three populations exhibited moderate genetic
diversity, consistent with patterns reported for other European chestnut populations. Notably, the
BAC population displayed the highest number and frequency of private alleles, while HRK emerged
as the most genetically distinct group. Analyses using AMOVA, F-statistics, and R-statistics
consistently revealed high levels of genetic variation within populations and low to moderate
differentiation among them —typical of outcrossing, wind-pollinated, and long-lived forest species.
STRUCTURE and PCoA analyses corroborated these findings, highlighting the genetic
distinctiveness of HRK and the admixed nature of BAC. These results suggest a combination of
historical gene flow and localized evolutionary pressures shaping current genetic structure. The
presence of population-specific genetic signatures, private alleles, and evidence of inbreeding
underscores the importance of implementing both in situ and ex situ conservation strategies.
Effective conservation planning should aim to preserve gene flow while protecting the unique genetic
composition of isolated or differentiated populations. Overall, this study highlights the value of
molecular tools in supporting conservation efforts and provides a solid genetic foundation for the
sustainable management of European chestnut. The prioritization of genetically diverse and distinct
populations, such as BAC and HRK, is essential for maintaining the adaptive potential of chestnut
under current and future environmental challenges.
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