
2021, vol. 85, 105–116

https://doi.org/10.12657/denbio.085.010

Łukasz Walas*, Grzegorz Iszkuło, Zoltan Barina, Monika Dering

Development of microsatellite markers 
for horse-chestnut (Aesculus hippocastanum), 
their polymorphism in natural Greek populations, 
and cross-amplification in related species

Received: 15 March 2021; Accepted: 22 April 2021

Abstract: New nuclear microsatellite markers (SSRs) were developed for Aesculus hippocastanum, a relict 
tree species from the Balkan Peninsula. The development of microsatellites was done using the Illumina 
MiSeq PE300 platform. Out of a set of 500 SSRs designed, a subset of 13 loci was tested using 290 individ-
uals from seven natural populations. Twelve species-specific loci were polymorphic. The number of alleles 
per locus ranged from 2 to 17 and expected heterozygosity from 0.089 to 0.800 with a mean value of 0.484. 
The population of Kalampaka had the lowest value of allelic richness (2.63) and gene diversity in compari-
son to the remaining populations. STRUCTURE analysis confirmed isolation of population Mariolata from 
the southern edge of the species range and genetic similarity among populations from the Pindos Mts. Ad-
ditionally, the utility of new SSRs in 29 individuals from nine other Aesculus taxa was tested. Eleven markers 
gave polymorphic products for all tested species. For 24 individuals, a high-quality product was obtained 
for each marker. Results confirmed the utility of specific markers for future population genetics studies.
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Introduction

Global climate changes are projected to affect 
the whole biosphere, by disturbing the function-
ing of ecosystems and shifting species distributions 
(Peñuelas et al., 2013; Pecl et al., 2017). Many en-
demic and relict taxa may not be able to withstand 
these changes, and their extinction could cause a 

significant decline in biodiversity (Casazza et al., 
2014). A study shows that stable climatic conditions 
support high endemism (Harrison & Noss, 2017), a 
factor that may no longer be valid in some regions 
soon. The Mediterranean hotspot of diversity is one 
of the most important areas in terms of plant diver-
sity in Europe – about 25,000 species occur in this 
region and half of them are endemics (Myers et al., 
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2000). Predictions for the future climate in the Med-
iterranean area show an increase in temperatures, re-
duction in rainfalls, and higher variance in seasonal 
patterns of precipitation (Giorgi & Lionello, 2008), 
which can pose a serious threat to many species, par-
ticularly endemics (Orsenigo et al., 2018). Consid-
ering the rapid pace of the current climate changes, 
more studies are needed to support setting up strate-
gies for the efficient conservation of endemic trees to 
prevent their loss and support their survival.

Horse-chestnut (Aesculus hippocastanum L.) is a 
Tertiary relict and endemic species that occurs in the 
mountainous regions of the Balkan Peninsula. This 
is the only representative of the genus Aesculus in Eu-
rope. The species is well-known because of its orna-
mental value, which was the reason for its great pop-
ularity in urban flora across Europe and worldwide 
(Lack, 2000). But despite that, natural populations 
of this species are currently endangered because of 
climate changes, human activities, as well as the 
spread of diseases and pests (Thalmann et al., 2003; 
Steele et al., 2010; Jagiełło et al., 2017; Walas et al., 
2018). The International Union for Conservation 
of Nature (IUCN) recommends urgent genetic re-
search on natural stands of horse-chestnut (Allen & 
Khela, 2017). Analysis of genetic diversity and struc-
ture can help to understand the interplay between 
demographic processes and selection which occur 
in the natural populations of this plant. Knowledge 
about the level and the spatial patterns of genetic 
diversity is crucial for planning an efficient in situ 
conservation strategy. Genetic markers, which allow 
describing population genetic structure with high 
accuracy, are a vital help in prioritizing the conser-
vation actions. The level of genetic diversity informs 
on how the species reacted to environmental factors 
in the past and what we can expect in the future in 
terms of its adaptive capacity. For that reason, data 
on genetic diversity is a prerequisite for designing 
a sound conservation strategy for horse-chestnut. 
However, genetic information must be generated us-
ing reliable methods that deliver good quality data 
to properly conclude on species genetic resources 
conserved in natural stands.

Despite fast technological progress, microsatel-
lite markers (SSRs) remain one of the most impor-
tant molecular ecology tools because of their easy 
allele detection, high polymorphism, and relatively 
low costs (Vieira et al., 2016; Mora et al., 2017). For 
small populations with low migration rates, as in the 
case of most endemic species, even a small number 
of microsatellites can provide significant informa-
tion on microevolutionary processes, their rate, and 
directions (Selkoe & Toonen, 2006). Due to the lack 
of specific microsatellites for A. hippocastanum, the 
markers developed for the closely related Japanese 
horse-chestnut, A. turbinata Blume were used for the 

assessment of the population genetic structure (Mi-
nami et al., 1998; Walas et al., 2019). Many SSRs 
show a high rate of transferability between close taxa; 
this has also been proven for several tree species and 
genera (Vignes et al., 2006; Ravishankar et al., 2011; 
Boratyński et al., 2014). However, cross-amplifica-
tion can give low-quality products, which may cause 
scoring errors. Additionally, reaction failures that 
may indicate the existence of interspecies sequence 
differences in the flanking DNA regions, which are 
targets for primers, may lead to a substantial null 
allele frequency, and in consequence, affect estima-
tors of intra- and interpopulation diversity, leading 
to biased inferences. A locus that is polymorphic in 
one species may be monomorphic in another, or the 
products may be non-specific (Sugai et al., 2016; 
Godoy et al., 2019). Therefore, the development 
of new, polymorphic markers specific to the A. hip-
pocastanum genome is necessary for accurate charac-
terisation of the population structure and patterns 
of genetic diversity in remnant natural stands of the 
species.

In our work, we aimed to characterise a set of new 
polymorphic markers designed for A. hippocastanum 
that could be used in diversity studies with conser-
vation perspectives. Three multiplex reactions for 
12 novel SSRs were optimised and tested in a study 
of the population genetic structure of natural pop-
ulations of the species from Greece. Additionally, 
we used STRUCTURE analysis to check, whether 
the size of the loci set might affect the detection of 
the population structure. For this purpose, we used 
species-specific and cross-amplified loci used in the 
previous study (Walas et al., 2019) to enlarge the 
marker set and evaluate its resolution power. Finally, 
we aimed to deliver information about the potential 
utility of these newly designed SSRs in other Aesculus 
taxa.

Materials and methods

The development of novel microsatellites was 
performed at AllGenetics (www.allgenetics.eu). One 
sample was used to generate a library with the Nex-
tera XT DNA Library Preparation Kit (Illumina). The 
library was enriched with fragments with microsatel-
lite motifs by hybridisation to four groups of oligore-
peats (AG, AC, ATCT, and ACG) and was sequenced 
in the Illumina MiSeq PE300 platform (Macrogen 
Inc.). The library produced 6,990,226 sequences. 
Reads were processed in Geneious 10.2.3 (Biomat-
ters Ltd). Primer design was carried out in Primer 3 
software (Koressaar & Remm, 2007; Untergasser et 
al., 2012), implemented in Geneious 10.2.3. Finally, 
500 primer pairs were developed during the proce-
dure (Table S1). These primer pairs are located at 
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the flanking regions of the microsatellite motifs. For-
ty primer pairs were randomly chosen for the next 
step of the procedure. These pairs were multiplexed 
in the sets of three to five markers, based on their 
features, and tested in eight individuals. In the last 
step, 10 primers were tested in three individuals, to 
optimize the final PCR reaction.

A total number of 13 primer pairs – 10 tested in 
AllGenetics and three additional (AH_037, AH_051, 
AH_054, AH_101, AH_129, AH_222, AH_257, 
AH_269, AH_359, AH_375, AH_419, AH_447, and 
AH_485) were organised into three sets according to 
their properties and expected amplicon sizes (Tables 
1 and 2). These markers were tested on 290 individ-
uals of A. hippocastanum originating from seven nat-
ural populations from Greece (Table 3) and used in 
the previous study (Walas et al., 2019). DNA was 
extracted from leaves according to the protocol de-
scribed by Dumolin et al. (1995). PCR reactions 
were conducted in a volume of 10 μL, containing 1 
× reaction buffer, 0.1 μg of BSA (Bovine Serum Al-
bumin), 1.5 mM MgCl2, 2 μM of dNTP mix, 0.5 U 
of SilverTaq polymerase (Syngen, Poland), 0.05 μM 
of each starter and 100 ng of DNA. Reactions were 
conducted using the following protocol: initial dena-
turation at 95 °C for 12 min, followed by 30 cycles of 
denaturation at 95 °C for 30 s, annealing at 57 °C for 
90 s, elongation at 72 °C for 30 s; 8 cycles of 95 °C 
for 30 s, 53 °C for 90 s, 72 °C for 30 s and final elon-
gation at 68 °C for 15 min. Products of amplification 
were analysed using 3130 Genetic Analyser (Applied 
Biosystems, Foster City, California, USA) with inter-
nal size standard GeneScan LIZ-500. Genotypes were 
scored using GENEMAPPER v. 4.0 (Applied Biosys-
tems). Amplification and genotyping for eight loci 
developed for A. turbinata (AT3D6, AT6D8, AT7D1, 
AT5D2, AT6D11, AT6D2, AT7D8, and AT6D12) 
were conducted during the previous study (Walas et 
al., 2019).

New markers were also tested on 29 individu-
als representing nine taxa from the genus Aesculus 

collected from the Adam Mickiewicz University Bo-
tanical Garden in Poznań and from Kórnik Arbore-
tum of the Institute of Dendrology PAS. The collected 
individuals were as follows: A. ×carnea Hayne (3 in-
dividuals), A. chinensis Bunge (2 individuals), A. flava 
Sol. (4 individuals), A. glabra Willd. (7 individuals), 
A. ×hybrida DC. (1 individual), A. ×neglecta Lindl. 
(4 individuals), A. parviflora Walter (3 individuals), 
A. pavia L. (3 individuals), and A. turbinata Blume (2 
individuals).

Basic diversity estimates such as an average num-
ber of alleles (Na) and an effective number of alleles 
(Ne) were estimated using GENEALEX 6.4 (Peakall 
& Smouse, 2006). FSTAT v. 2.9.3 (Goudet, 2001) 
was used to calculate allelic richness (Ar), while IN-
EST v. 2.0 (Chybicki, 2016) was applied for calcu-
lating genotyping error rate (b), observed (Ho) and 
expected (He) heterozygosity, as well as inbreeding 
coefficient (FIS). Wright’s fixation index (FST) was 
estimated in FREENA, with and without Excluding 
Null Alleles (ENA) correction (Chapuis & Estoup, 
2007). The latter software was also used to estimate 
the frequency of the null alleles (Null). A test of 

Table 2. Arrangement of 13 microsatellite markers into 
multiplex reactions

Loci Multiplex Dye N
AH_051 I PET 14
AH_054 I VIC 7
AH_269 I FAM 2
AH_359 I FAM 7
AH_447 I NED 17
AH_101 II NED 2
AH_129 II PET 5
AH_037 II FAM 6
AH_419 II VIC 6
AH_222 III FAM 3
AH_257 III NED 7
AH_375 III PET 6
AH_485 III VIC 7

N – number of alleles.

Table 1. Species-specific primers for 13 microsatellites tested in the Aesculus hippocastanum

Loci Forward Primer Reverse Primer Size range (bp) Motif
AH_037 ATTGAACGCAGCTCTCACCT GTGAACTAAGACCGTGCCGT 68–98 (CTCTC)5

AH_051 TCGGGATGTCGTTATTAGGC CCAGAAATTCCGCACTAAGC 280–312 (AT)7

AH_054 AGCCTCCTCTCGACGTACAA CGCCGAAGCTGTTGATTATT 138–162 (TCG)7

AH_101 CGCACTCGCAAGTTTGAGTA TGGTCATCACAGTGGCTGAT 202–205 (TAG)5

AH_129 CCTGGAAATCTCAACCAGGA CTTTGGAAGGAGGCATCTCA 104–114 (AT)5

AH_222 AGAACTGCTTCCAGACCACG CCTGCAAACAGAATCGGAAT 150–162 (TTC)5

AH_257 AATGGTTACTGACGTGGCCT CGCGTGTCTTAAACGAGTCA 80–98 (CT)5

AH_269 TTGTCACGAACATGTCCACC ATGGTTCACCTTGAACTGGG 216–232 (TG)5

AH_359 CTCCTCGACCAACAACACTG AGGACATTTCGAGGATGACG 92–128 (CTCCCT)5

AH_375 TTACAATCCTCCAACCCTGC ATATCACCCAGCACCTCCCT 233–257 (CAA)5

AH_419 GTTCTCCCTTGGCCTTGACT GGTAAAGCGAGGTACGCAAA 111–129 (CAG)8

AH_447 CGGGTAGTAGCACAGCAACA TTGGAACCAATTCAGAACCG 105–139 (TA)7

AH_485 CATGATCGGTTGAACAGTGC TGTCGAGCAAACACATCAGG 82–106 (GTG)6
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Hardy-Weinberg Equilibrium (HWE) was performed 
using the hw.test function in the package “pegas” and 
visualised with the function levelplot from the package 
“lattice” in the R environment (Sarkar, 2008; Paradis, 
2010; R Core Team, 2013). Genotyping linkage dis-
equilibrium (LD) for each pair of loci was calculated 
with GENEPOP on the Web application (Raymond, 
1995; Rousset, 2008) using likelihood ratio statistics 
and default Markov chain parameters. For HWE and 
LD tests, the p-value was corrected using Bonferroni 
correction. Analysis of Molecular Variance was con-
ducted in GENEALEX (Peakall & Smouse, 2006). 
This software was also applied for the calculation of 
the Codom-Genotypic Genetic Distance between all 
tested species. Obtained pairwise distances were vis-
ualized with the function pcoa in the package “ape” 
in the R environment (R Core Team, 2013; Paradis & 
Schliep, 2019).

Individuals were divided into genetic clusters 
using a non-spatial Bayesian clustering model im-
plemented in STRUCTURE 2.3.4 (Pritchard et al., 
2000). The procedure included 10 independent runs 
with 105 of burn-in and 106 MCMC iterations with the 
maximum number of clusters set to K=8, correlated 
allele frequencies within populations assumed, and 
mixed ancestry of individuals allowed. Three analy-
ses were performed: 1) for species-specific loci only 
(a set of 12 loci), 2) for cross-amplified loci (from 
A. turbinata; a set of 8 loci) and 3) for combined sets 
of loci. To estimate the best-supported number of 
clusters, Evanno’s delta K method implemented in 
CLUMPAK (Kopelman et al., 2015) was used.

Reserve Selection analysis from DIVA-GIS soft-
ware (Hijmans et al., 2011) was used to indicate the 
populations with the priority of conservation. This 
method estimates the minimum number of geo-
graphical units (such as regions or populations) nec-
essary to conserve all genetic diversity of the targeted 
species. We used alleles obtained for species-specific 
loci with “Rarity” option, which takes into account 
the frequency of the alleles. The results of the analy-
sis were visualized in QGIS 3.10.6. (QGIS Develop-
ment Team, 2012).

Results
Twelve of the tested loci were polymorphic, and 

the number of alleles ranged between 2 and 17. Locus 
AH_269 showed the same profile of microsatellite 
peaks for all tested individuals and thus it was ex-
cluded from further analysis due to lack of polymor-
phism (Table 4, Table S2). The remaining loci showed 
good interpretable and reproducible polymorphic pat-
terns without visible errors, such as stutter bands or 
split peaks (Fig. S1). The efficiency of amplification 
in A. hippocastanum was high as we obtained 0–3.1% 
of missing data, with the average value reaching only 
0.9%. The highest missing values were observed for 
loci AH_419 (3.1%) and AH_375 (2.8%). Additional-
ly, genotyping error (0.07%) was very low in compar-
ison with the typical range noted for microsatellites 
(Wang, 2018) and was lower than the error rate in 
cross-amplified markers, for which mistyping was 
0.11% (Table S3). Wright’s fixation index was slight-
ly lower for specific markers than for cross-amplified 
loci (values of FST with ENA correction were 0.113 
and 0.116, respectively). Expected heterozygosity 
ranged between 0.089 (locus AH_222) and 0.800 (lo-
cus AH_447), with a mean value of 0.484. The aver-
age frequency of null alleles was 0.062, with values 
>0.1 noted in loci AH_037 (0.111), AH_419 (0.113) 
and AH_257 (0.118). These markers should be used 
with caution, preferably with the correction methods 
applied in FREENA or another software that accounts 
for null alleles (Chapuis & Estoup, 2007). According 
to the analysis performed for a set of 12 loci, some 
pairs of loci were in significant linkage disequilibri-
um (Table S4). Specifically, loci AH_051 and AH_257 
were associated with four other loci, AH_485 with 
three loci, while AH_054 and AH_375 were associat-
ed with two loci. However, the number of pairs with 
significant linkage disequilibrium differed in each 
population analysed separately. In two populations 
(Kalampaka and Karitsa) all loci were independent. 
Loci AH_257 and AH_375 did not conform to HWE 
in five populations and locus AH_447 did not con-
form in four populations (Fig. 1).

Table 3. Location of the populations of Aesculus hippocastanum used in this study

Population Voucher Latitude Longitude Altitude Region N
Ondria KOR 51217

40°20'N 21°05'E 1463 Pindos Mts 50
KOR 51218

Kalampaka No voucher 39°48'N 21°16'E 1371 Pindos Mts 23
Dasos Nanitsa KOR 51216 39°42'N 21°21'E 1029 Pindos Mts 93
Vaeni No voucher 39°12'N 21°42'E 1089 Pindos Mts 32
Mariolata KOR 51230

38°37'N 22°26'E 1239 Parnassus Massif 42
KOR 51219

Karitsa KOR 51280 39°48'N 22°45'E 705 Ossa Massif 24
Perivoli KOR 51226 39°58'N 21°11'E 915 Pindos Mts 26

N – number of individuals sampled
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The average number of alleles in a population 
(Na) ranged from 2.67 in Kalampaka to 4.92 in Ka-
ritsa I, whereas the average effective number of al-
leles (Ne) varied from 1.74 in Kalampaka to 2.26 in 
Vaeni (Table 5). In the population of Kalampaka, loci 
AH_222 and AH_375 were monomorphic. Average 
allelic richness (AR) was 3.71 and was similar in 
all populations except for Kalampaka, where it was 

much lower (2.63). Genetic diversity (He) ranged 
from 0.345 in Kalampaka to 0.495 in Perivoli, while 
observed heterozygosity (Ho) varied from 0.326 in 
Kalampaka to 0.394 in Ondria. The average number 
of private alleles was 3.14. Totally, 22 private alleles 
were detected which is much more than in the pre-
vious study with SSRs loci designed for A. turbinata 
in which 13 private alleles were observed (Walas et 
al., 2019). AMOVA showed that 13% of molecular 
variance occurs among populations, 16% among in-
dividuals, and 71% within individuals (Table S5).

The new SSRs were successfully amplified in all 
tested taxa and gave polymorphic and high-quality 
products. For one individual of A. chinensis, we did 
not obtain the products for AH_037, AH_101, and 
AH_419 loci. Primer AH_051 did not give the prod-
uct in one individual of A. flava, one of A. glabra, one 
of A. ×neglecta, and one of A. parviflora. Additionally, 
18 alleles not present in A. hippocastanum were ob-
served in other species (Table S2). Eight alleles were 
detected in A. chinensis – of which two were present-
ed only in this species (one for AH_051 and one 
for AH_054 markers). Seven alleles not detected in 
A. hippocastanum were noted in A. flava, eight in A. 
glabra (two alleles for AH_129 were unique for this 
species), eight in A. ×hybrida (one allele of AH_222 
was detected only in this taxa), eleven in A. ×neglec-
ta, two for A. parviflora, one in A. turbinata and five 
in A. pavia. All alleles detected in A. ×carnea were 
presented also in A. hippocastanum. Interestingly, lo-
cus AG_375 was monomorphic for all species except 
for A. hippocastanum. Despite the results, the useful-
ness of these SSRs for initial species identification 
should be verified with a greater number of individu-
als. Codom-Genotypic Genetic Distance between all 
tested species showed results in accordance with the 
current taxonomy (Fig. 2, Table S6).

Analysis of genetic structure based on 20 loci 
(12 specific for A. hippocastanum and 8 specific for A. 
turbinata) made with STRUCTURE (Pritchard et al., 
2000) defined seven genetic clusters, which clearly 

Fig. 1. Results of the test of Hardy-Weinberg equilibrium 
(HWE) according to loci and populations (p-values 
were corrected using Bonferroni correction). Signifi-
cant departures from HWE are indicated by grey color. 
“M“ indicates that locus is monomorphic in a given 
population

Population numbers: 1 – Ondria, 2 – Kalampaka, 3 – Dasos Nanit-
sa, 4 – Vaeni, 5 – Mariolata, 6 – Karitsa, 7 – Perivoli.

Table 4. Variability of newly designed SSRs markers specific for Aesculus hippocastanum

Loci Na Ne Null AR HO HE FIS FST FST ENA b

AH_037 4.14 2.11 0.111 4.204 0.329 0.570 0.424 0.233 0.202 0.01%
AH_051 6.43 2.82 0.034 8.211 0.573 0.733 0.218 0.203 0.200 0.04%
AH_054 4.71 2.39 0.004 5.172 0.627 0.638 0.018 0.141 0.139 0.59%
AH_101 2.00 1.45 0.075 2.140 0.190 0.325 0.415 0.179 0.172 0.01%
AH_129 2.57 1.25 0.034 2.377 0.148 0.154 0.035 0.140 0.137 0.01%
AH_222 2.00 1.10 0.008 1.937 0.086 0.089 0.032 0.012 0.011 0.01%
AH_257 4.71 2.74 0.118 5.333 0.429 0.681 0.370 0.046 0.056 0.01%
AH_359 4.43 2.54 0.053 4.501 0.516 0.648 0.204 0.107 0.101 0.01%
AH_375 3.57 1.42 0.083 4.054 0.202 0.332 0.390 0.042 0.064 0.03%
AH_419 3.29 1.65 0.113 3.782 0.224 0.435 0.484 0.044 0.054 0.02%
AH_447 7.43 3.74 0.068 9.357 0.668 0.800 0.165 0.137 0.135 0.02%
AH_485 3.57 1.64 0.048 4.857 0.363 0.405 0.103 0.106 0.087 0.02%
Average 4.08 2.07 0.062 4.660 0.363 0.484 0.238 0.116 0.113 0.07%
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Table 5. Parameters of genetic diversity of the studied populations of Aesculus hippocastanum for the loci designed in 
this study

Population N Na Ne Null AR AP HO HE FIS b

Ondria 50 4.42 2.22 0.068 3.90 3 0.394 0.472 0.030 0.16%
Kalampaka 23 2.67 1.74 0.036 2.63 0 0.326 0.345 0.025 0.09%
Dasos Nanitsa 93 4.92 1.92 0.078 3.88 6 0.346 0.427 0.024 0.23%
Vaeni 32 4.25 2.26 0.074 3.96 2 0.342 0.433 0.124 0.08%
Mariolata 42 4.42 2.08 0.050 3.87 3 0.371 0.411 0.042 0.05%
Karitsa 24 3.92 2.07 0.042 3.83 4 0.392 0.431 0.054 0.42%
Perivoli 26 3.92 2.20 0.086 3.89 4 0.385 0.495 0.065 0.48%
Average 4.07 2.07 0.062 3.71 3.14 0.370 0.430 0.050 0.22%

N – number of individuals, Na – the average number of alleles, Ne – effective number of alleles, Null – frequency of null alleles, AR – allel-
ic richness, AP – number of private alleles, Ho – observed heterozygosity, HE – expected heterozygosity, FIS – inbreeding coefficient, 
b – genotyping error rate.

Fig. 2. Results of Principal Coordinate Analysis according to Codom-Genotypic Genetic Distance for tested taxa from 
genus Aesculus

Fig 3. Individuals grouped by population and genetic clustering as a result of the STRUCTURE analysis
A – clusters for all loci for K=7; B – the best K for all loci; C – clusters for loci developed for Aesculus turbinata for K=3; D – the best K 

for loci developed for A. turbinata; E – clusters for loci developed for A. hippocastanum for K=5; F – the best K for loci developed for 
A. hippocastanum.
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matched to the populations investigated (Fig. 3). 
Analyses for both sets of loci separately showed K=3 
and K=5 as the most probable for cross-amplified 
loci and species-specific loci, respectively. However, 
based on the species-specific loci set, K=3 and K=5 
were almost equally probable. UPGMA clustering 
(Fig. 4) showed isolation of Mariolata and similari-
ty between populations from the Pindos Mountains, 
which was also confirmed by values of the pairwise 
FST (Table S7). Reserve selection analysis pointed at 
Dasos Nanitsa, Karitsa and Mariolata as sites that 
should be protected with high priority (Fig. 5).

Discussion

The new markers, specific for A. hippocastanum, 
showed lower allelic richness than cross-amplified 
loci from A. turbinata (Table 4, Table S3). The ex-
pected and observed heterozygosity estimated with 
specific markers were also lower. This result can be 

Fig. 4. UPGMA tree based on Nei’s genetic distances for 
natural populations of Aesculus hippocastanum

Fig. 5. Location of the analyzed populations of Aesculus hippocastanum (red dots). The size of the dots indicates the conser-
vation priority according to the allelic richness values. Dashed areas show Sites of Community Importance (SCI) for 
the protection of flora and fauna in Greece (source: geoadata.gov.gr)
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related to the length of the microsatellite motifs be-
cause markers with dinucleotide motifs usually have 
a higher mutation rate and a higher number of alleles 
than markers with longer motifs (Zurn et al., 2020). 
All cross-amplified loci have a dinucleotide motif, 
whereas as many as eight new markers have a longer 
motif. However, species-specific loci with the high-
est values of allelic richness (AH_051, AH_257, and 
AH_447) have a dinucleotide motif (Table 1 and 4). 
Consequently, because the heterozygosity is partly a 
function of the number of alleles (Zurn et al., 2020), 
we found a lower genetic diversity value for specific 
loci. However, FIS and the frequency of null alleles 
were at a similar level (Tables 4 and S3).

Although a small number of individuals per taxon 
was used in our study, a simple test of Codom-Gen-
otypic Genetic Distance between species performed 
in GENEALEX (Peakall & Smouse, 2006) showed re-
sults consistent with the current systematic position 
of individual taxa (Fig. 2, Table S6). Species from 
section Pavia (A. glabra, A. flava, A. ×neglecta, and A. 
pavia) and A. ×hybrida, which is a hybrid between 
A. flava and A. pavia, were included in one group. 
The second group was formed by representatives of 
section Aesculus (A. hippocastanum and A. turbinata), 
section Macrothyrsus (A. parviflora), and A. ×carnea, 
which is a hybrid between A. hippocastanum and A. 
pavia. A close relationship between sections Aesculus 
and Macrothyrsus was previously reported in a phy-
logenetic study (Harris & Xiang, 2009). Aesculus chin-
ensis, a representative of section Calothyrsus, was dif-
ferent from the other taxa which actually reflects its 
current systematic position (Harris & Xiang, 2009) 
(Fig. 2). In view of this, our results indicate that pol-
ymorphic microsatellites developed for one Aesculus 
species can be successfully used for other species 
from this genus in a situation of lack of the spe-
cies-specific markers (Bačovský et al., 2017; Walas et 
al., 2019). In addition, we provide a list of nearly 500 
pairs of primers that can be potentially applied in A. 
hippocastanum and other taxa (Table S1).

Analysis conducted in STRUCTURE, based on 
20 loci, defined seven clusters of horse-chestnut, 
whereas for cross-amplified loci and species-specif-
ic loci it showed three and five groups, respective-
ly. It is commonly known that an increased number 
of used markers may help in better recognition of 
the genetic structure and more correctly describes 
diversity indices. Inspection of barplots generated 
by STRUCTURE with species-specific and cross-am-
plified loci revealed some differences in population 
structure, especially in populations from the Pindos 
Mts. Based on species-specific SSRs, Kalampaka 
stand was defined as more distinct from the remain-
ing populations from the northern Pindos Mts., i.e. 
Dasos Nanitsa and Ondria. The distinctiveness of 
Kalampaka may reflect the particular demographic 

history of this genetically depleted population (Table 
5). Both marker sets are convergent in this aspect 
and show low allelic and gene diversity of Kalam-
paka in contrast to other populations (Walas et al., 
2019) that may suggest drift-induced differentiation 
detected by STRUCTURE analysis. Despite that, an-
other population from this area, Perivoli, was con-
stantly different from the neighbouring stands and 
showed genetic affinities to the marginally located 
population from Karitsa, irrespectively of the mark-
ers set (Fig. 3). Similarly, population Mariolata from 
the southern edge of the species range was always 
located in the distinct cluster using either specific or 
cross-amplified markers, which confirms that both 
marker sets are largely convergent in the detection 
of the genetic structure. The major discrepancy re-
lates to the rate of the detected admixture which 
was higher for specific loci than for non-specific loci. 
Accordingly, Ondria was the most admixed popula-
tion because only 30% of the individuals from that 
stand possessed the genome with 95% of the mem-
bership to a single cluster. On the contrary, most of 
the individuals from Perivoli and Karitsa reached 
this high level of membership (65.38% and 70.83%, 
respectively). The most probable explanation for 
this situation is the presence of a lower allelic diver-
sity discovered with the set of the species-specific 
loci that in turn, resulted in a lower resolution and 
individual genealogy of each locus that may have in-
terfered with the results. The genotypic error rate 
that can overestimate the level of the admixture was 
too low in our case to have such an impact (Reeves 
et al., 2016).

UPGMA clustering (Fig. 4) based on Nei genetic 
distances revealed the pattern which is partly congru-
ent with the Bayesian inferences and demonstrated 
the distinctiveness of the marginal population Ma-
riolata. It confirmed also the similarity between On-
dria and Kalampaka populations. Additionally, Vae-
ni seemed to be genetically closer to Dasos Nanitsa 
than to Karitsa or Perivoli, which was confirmed also 
by the value of the pairwise FST (Table S7) but disa-
grees with the STRUCTURE results. The main con-
clusion that can be drawn from the cluster analysis is 
the general genetic similarity of the populations from 
the Pindos Mts. except for Perivoli that was also de-
tected by the Bayesian approach (Fig. 3). In pairwise 
comparisons, the highest genetic differentiation was 
noted between Kalampaka and Karitsa that originate 
from distinct mountain ranges (Table S7). Generally, 
the pairwise differentiation values were high which 
agrees with the Bayesian inferences about significant 
genetic structure in A. hippocastanum.

The genetic separation of the populations from 
the Pindos Mts., the Ossa Massif, and the Parnassus 
Massif as revealed by different methods used in this 
study, reflects spatial isolation of different mountain 
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ranges that currently provide suitable habitats for 
horse-chestnut. This pattern of differentiation is 
commonly reported for species inhabiting mountains 
(Noguerales et al., 2016). Horse-chestnut occurs in 
a topographically complex landscape, frequently in 
inaccessible mountainous habitats, which reduces 
the opportunity of gene flow at the landscape level. 
This particularly refers to Perivoli that despite its lo-
cation in Pindos Mts. lacks significant similarity to 
other stands from this mountain range which likely 
demonstrates limited gene flow that was also sug-
gested in the previous estimation of migration rate 
(Walas et al., 2019). Additionally, the reproduction 
mode and species biology limit genetic connectivity 
among populations separated geographically.

An efficient allocation of the conservation efforts 
in the case of the endemic and relic species requires 
broad knowledge not only about their ecology but 
also their genetic structure, its attributes, and fac-
tors. Based on such collection of the data, efficient 
Conservation Units may be set to protect not only 
the biological objects (populations and species) but 
also to support the maintenance of the evolutionary 
processes (Médail & Baumel, 2018). Microsatellite 
markers can be successfully used in conservation 
prioritization (Mattioni, 2017; Médail & Baumel, 
2018). The reserve selection analysis, conducted in 
DIVA-GIS software (Hijmans et al., 2001), recog-
nised Dasos Nanitsa and Karitsa as populations with 
the highest priority for conservation (Fig. 5). Unfor-
tunately, Dasos Nanitsa, as well as other populations 
from the northern Pindos, are not recognised as the 
Sites of Community Importance (SCI) designed for 
the protection of flora and fauna in Greece. It is even 
more worrying as the horse-chestnut has not been 
included in the Red List of Greece (Phitos et al., 
2009). Thus, a large part of the gene pool of this spe-
cies may be lost as a result of a lack of formal protec-
tion. Populations from the edge of the species range, 
like Mariolata and Karitsa, which also harbour a high 
genetic diversity can be endangered with extinction 
because of the projected climatic changes (Walas et 
al., 2019). Their peripheral geographical location 
that implies isolation and ecological marginality as 
revealed in ecological niche modelling, may induce 
population reduction and decline (Walas et al., 2019; 
Schueler et al., 2014). Presented results are focused 
only on the Greek range while getting the deep in-
sight into the species genetic resources would re-
quire the inclusion of populations from Albania and 
North Macedonia into the investigation.

Microsatellite analysis is easy to perform and 
is highly informative; therefore it is a widely used 
tool in population and conservation genetics studies 
(Madesis et al., 2013; Vieira et al., 2016). Although 
many new methods and approaches have appeared in 
molecular biology due to technological advancement, 

SSRs remain useful, and even comparable with SNPs 
(Emanuelli et al., 2013; Filippi et al., 2015; Hodel 
et al., 2017; Zurn et al., 2020). If we think about a 
genetic tool that is easy and repeatedly used in rou-
tine analysis aiming to support conservationists and 
practitioners in their decisions, microsatellite mark-
ers fulfil these requirements in terms of the techno-
logical and biological aspects. Integration of genetic 
methods into conservation management, though it 
is still not a routine procedure (Taylor et al., 2017), 
becomes a more and more important approach that 
may facilitate the development of an effective strat-
egy for the conservation of living organisms (McMa-
hon et al., 2014).
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