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Abstract
Minuartia smejkalii is an obligate serpentinophyte plant endemic to the Czech Republic. Since the 1960s, the species’ habitat 
has undergone strong human-mediated fragmentation, resulting in extinction of some populations and dramatic size reduction 
of the remaining populations. Thus, contrary to the typically stable serpentine habitats, M. smejkalii habitats underwent a 
recent and severe decline, which can exacerbate the effects of fragmentation on population genetic structure. We examined 
the genetic structure of all known M. smejkalii populations and two populations of M. corcontica and M. caespitosa, which 
are closely related, using RADSeq. The results indicate low, but clear differentiation among the three species, thus support-
ing the status of M. smejkalii as an independent taxon, though more extensive analysis of the whole group is needed. We 
further show high genetic diversity within M. smejkalii populations, low to moderate among-populations differentiation, 
and moderate regional differentiation. This could be due to the outcrossing mating system of M. smejkalii promoting high 
levels of gene flow and historical factors (multiple founder events, a recent bottleneck and/or a genetic time lag). We finally 
demonstrate that 2–3% of the markers show differentiation patterns consistent with divergent selection, suggesting that some 
local adaptation might have occured in M. smejkalii. Based on our observations, but without any experimental testing for 
local adaptation, if a conservation action is to be carried out, we recommend strictly separating the material from the two 
regions, and if possible, separating the populations within a region.
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Introduction

Securing species persistence under the threat of human-
mediated habitat fragmentation and reduction is a major con-
cern for conservation biologists (Fahrig 2003; Lindenmayer 
and Fischer 2013). Classical in situ conservation approaches 

consist of restoration of habitat and species diversity, main-
taining or increasing population sizes, and reintroducing 
species in locations where they went extinct. Lately, conser-
vation policies are increasingly focusing on the preservation 
of genetic diversity in threatened species (Rodríguez-Quilón 
et al. 2016). Because it reduces population size and con-
nectivity, habitat fragmentation can erode genetic variation 
through increased genetic drift and inbreeding, and reduced 
gene flow (Young et al. 1996). In endangered species in 
particular, high genetic diversity is important to buffer the 
potential negative impacts of environmental change, increase 
the adaptive potential of populations, and reduce the risk of 
inbreeding depression (Mimura et al. 2017).

Endemic species are a priority category for conservation, 
since their restricted geographic distribution makes them 
particularly vulnerable to habitat fragmentation and reduc-
tion (Wolf 2001; Wolf and Harrison 2001). Maintaining high 
genetic diversity is crucial for the long-term conservation of 
endemic species, as they rarely, if at all, migrate towards new 
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habitats when facing habitat degradation. A typical example 
of such a scenario is obligate serpentinophyte species, whose 
survival is bound to serpentine soils in nature. Serpentine 
soils have an ubiquitous but highly patchy distribution, cov-
ering less than 1% of the total dryland, which limits the 
possibility for migration of serpentine-adapted populations. 
These soils are characterized by high concentrations of toxic 
heavy metals (magnesium, nickel, cobalt, chromium), low 
levels of nutrients (potassium, phosphorous, nitrogen), and 
are often steep, rocky and subject to erosion. These condi-
tions are frequently linked with low water retention. Thus, 
populations growing on serpentine soils experience strong 
selective pressures, as they need to adapt to the soil chemical 
composition, drought, and high temperatures (Linhart and 
Grant 1996; Brady et al. 2005). Due to the extreme condi-
tions, the vegetation on serpentine soils is usually sparse, 
which results in a less competitive environment. As a conse-
quence, serpentine-adapted populations, even when capable 
of growing on non-serpentine soils alone, are quickly extir-
pated because they cannot outcompete the non-serpentine 
species, likely because of a trade-off between stress toler-
ance and competitive abilities (Kruckeberg 1984; Harrison 
and Rajakaruna 2011).

The strong selective pressure and spatial isolation of ser-
pentine soils are expected to result in low genetic diversity 
in serpentine species through bottlenecks, founder effects, 
or rapid elimination of poorly adapted genotypes (Whit-
taker 1954; Moore et al. 2013). Yet a remarkable number 
of serpentine species show high genetic variation within 
populations and small regional scales that are equal to or 
surpass genetic variation of their non-serpentine congeners 
(Ducousso et al. 1990; Linhart and Grant 1996; Mengoni 
et al. 2000; Mattner et al. 2002; Quintela-Sabarís et al. 2010; 
Moore et al. 2013). Possible explanations for this are gene 
flow from neighboring serpentine and non-serpentine habi-
tats (if the species is not a strict serpentinophyte), multiple 
events of colonization in the past when serpentine soils acted 
as refugia for non-competitive genotypes, or the accumula-
tion of new mutations and variants if the serpentine popula-
tions were isolated for a long time (Ducousso et al. 1990; 
Mengoni et al. 2000; Słomka et al. 2011). Typical serpentine 
habitats, although scattered, are usually stable over long time 
periods (Cheptou et al. 2017), which can help to maintain 
and build up genetic diversity of serpentine species.

A disjunct geographic range encompassing a wide 
edaphic niche ranging from calcareous and siliceous sub-
strates to serpentines soils is well exemplified in the Minu-
artia verna agg. The M. verna agg. includes perennial taxa 
widely distributed in the Northern hemisphere (Meusel et al. 
1965), but confined to various open habitats. The complex 
was widely distributed during the last glacial maxima, but 
in the Holocene its range retracted to so-called interglacial 
refugia on various extreme substrates, including serpentine 

soils, by the changing climatic conditions and increased 
competition from other species (Novák 1960). Being sub-
jected to long-term geographic isolation and highly stress-
ful serpentine soil conditions, the relict populations of M. 
verna agg. became genetically isolated through genetic drift, 
mutation and selection, resulting in several relict species 
(sensu biogeographic relicts, Lomolino et al. 2017) within 
the aggregate (Novák 1960; Mayer et al. 1994; Chytrý et al. 
2017). Depending on the taxonomic concept, the M. verna 
agg. complex consists of between 3 and 15 species, often 
with contrasting edaphic preferences and geographic ranges. 
One of these is species is Minuarita smejkalii, an endemic 
to the Czech Republic and confined to small serpentine out-
crops in highlands of the Central part of the Czech Republic 
(Dvořáková 1988). Two other species of the M. verna agg. 
complex are present in the Czech Republic: M. corcontica is 
an endemic occurring exclusively in the in Krkonoše Moun-
tains (Dvořáková 2003), and M. caespitosa has a distribution 
which extends to Germany and Belgium (Kubát 2002). Up 
until now, the distinction among the three Minuartia species 
has only been made based on morphology (Dvořáková 1988, 
2003), and no genetic comparisons have yet been made.

Being an obligate serpentinophyte, M. smejkalii’s natu-
ral occurrences are highly restricted by the patchy distribu-
tion of serpentine soils. Known habitats of M. smejkalii 
have been dramatically reduced in size and fragmented 
since the 1960–1970 by human actions. Thus, contrary 
to their typically fragmented but stable-over-time ser-
pentine habitats, the habitat of M. smejkalii underwent a 
recent destruction followed by strong population decline. 
This could result in a severe reduction of genetic diversity 
through genetic drift, inbreeding, new and strong selective 
pressures, possibly leading to an extinction vortex (Chep-
tou et al. 2017).

In this study, we used codominant RADseq SNP mark-
ers to genotype individuals from all known localities of 
M. smejkalii, as well as two Czech populations of each M. 
caespitosa and M. corcontica. Our first aim was to disentan-
gle the three congeneric species occurring within the Czech 
Republic based on the SNP markers, in order to contribute 
to the understanding of the taxonomic status of M. smejka-
lii and thus help conservation by clarifying its IUCN sta-
tus. We then focused on the structuring of genetic diversity 
within the species of M. smejkalii and examined how it is 
partitioned on different geographic scales—between regions, 
among populations within a region, and among subpopula-
tions. We also tested for the presence of outlier loci in our 
data set, which are putatively under selection, or at the very 
least population- or region-specific (private) alleles (Foll 
and Gaggiotti 2008). Altogether, these results are the first 
step into developing an efficient conservation strategy for M. 
smejkalii that maximizes its genetic diversity while avoiding 
deleterious effects of inbreeding or outbreeding depression.
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Materials and methods

Population description and sampling

Minuartia smejkalii (Dvořáková) is a Czech-endemic spe-
cies, with a self-compatible, but predominantly outcross-
ing mating system. M. smejkalii belongs to the species of 
priority European interest according to Habitats directive 
92/43/EEC, Annex II. It is also included in the Conven-
tion on the Conservation of European Wildlife and Natural 
Habitats and the IUCN international Red list (Bilz 2011). 
According to the Czech laws, M. smejkalii is critically 
endangered (Grulich 2012). The distribution of M. sme-
jkalii has historically been limited to three regions, all 
occurring within an area of 500 km2: Borecká skalka Natu-
ral Monument, Hadce u Želivky National Natural Monu-
ment and Hadce u Hrnčíř Natural Monument (the latter 
two hereafter referred to as Želivka and Hrnčíře). Popula-
tions in the Borecká skalka region went extinct because 
of mining activities and the expansion of self-seeded trees 
in the 1960s. More than half of the available serpentine 
rocks suitable for the species in the Želivka region were 
destroyed by the construction of a motorway and a dam 
between 1965 and 1975 (Pešout 2001). In Hrnčíře, M. sme-
jkalii occurred on several serpentine localities but they 
were destroyed by agricultural intensification in the 1960s. 
Currently, M. smejkalii in Hrnčíře survives only on one 
site which is an open area in a cultural forest.

In the Želivka region M. smejkalii occurs on rock 
platforms, crevices, and shallow serpentine soils, and 
fragmented grassland patches in open pine forests with 
sporadic vegetation (Asplenion serpentinii and A. cunei-
folii-Armerion serpentini communities). There are six 

geographically distinct populations in the Želivka region: 
Z1–5 which are all within 600 m from of each other and 
Z6, which is located about 2000 m to the east. Populations 
Z2, Z3 and Z4 were further divided in subpopulations, 
which correspond to distinctive rock platforms (Table 1; 
Fig. 1). The total population size in the Želivka region 
varied between 400 and 1200 in the last 13 years (Pánk-
ová, pers.obs). Populations on the border of the region are 
the smallest or have already gone extinct. In the Hrnčíře 
region, M. smejkalii grows in one population (marked as 
H) divided in two subpopulations—one in cultural pine 
forest openings with 21–97 individuals in the last 13 years, 
and a new subpopulation, naturally established in 2011 
along a nearby forest path after tree cutting with 110–227 
individuals (Table 1; Fig. 1). 

Two other Minuartia species from the M. verna agg. com-
plex occurring in the Czech Republic were also included 
in the study. Minuartia caespitosa has a broad distribution 
from eastern Belgium, through north-western Germany to 
northern Czech Republic (Hejný and Slavík 2003). Minuar-
tia caespitosa occurs in the Czech Republic in a 2 km2 area 
in Hradčanské stěny (Hradčany further in the text), where 
they occur in calcareous grasslands on small, unstable sand 
dunes with sporadic vegetation at the bottom of sandstone 
rocks (Sádlo et al. 2011). For the purpose of this study, 
two populations 0.4 km from each other in the region of 
Hradčany were sampled. Minuartia corcontica is endemic 
to the Czech Republic that at present grows in two popula-
tions in the Krkonoše National Park (Krkonoše further in the 
text), on pyroxen gneiss with a high mineral and sulphide 
content covering an area of approximately 0.06 km2. Only 
one population in this area (divided in two subpopulations), 
is accessible for sampling and was thus sampled for this 
study (Fig. 1).

Table 1  Population genetics 
characteristics

N number of genotyped individuals, λ Simson index of the probability that two random genotypes in the 
population are different, Ia index of association, %nonHW percentage of the loci in the population that are 
not in Hardy–Weinberg equilibrium, Hobs observed heterozygosity, Hexp expected heterozygosity, FIS fixa-
tion index

Species Region Subpops Pop N λ Ia % nonHW Hobs Hexp FIS

M. corcontica Krkonoše 1 MC 5 0.8 5 5.687 0.206 0.154 − 0.335
1 VC 5 0.8 4.07 6.299 0.221 0.173 − 0.281

M. caespitosa Hradčany 1 SK1 5 0.8 4.63 5.074 0.214 0.174 − 0.232
1 SK2 4 0.75 2.85 5.774 0.213 0.174 − 0.224

M. smejkalii Želivka 1 Z1 9 0.889 1.93 7.962 0.210 0.192 − 0.095
11 Z2 28 0.964 2.5 5.424 0.259 0.217 − 0.193

1 Z3 9 0.889 1.47 20.385 0.269 0.206 − 0.305
2 Z4 10 0.9 2.16 9.099 0.247 0.204 − 0.213
1 Z5 10 0.9 2.92 9.274 0.244 0.213 − 0.146
1 Z6 9 0.889 2.47 7.612 0.213 0.208 − 0.027

Hrnčíře 1 H 14 0.929 10.88 12.073 0.255 0.210 − 0.218
Total 108 0.991
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For genotyping we sampled vegetative tissue that con-
sisted of a stem fragment with a few green leaves. The num-
ber of individuals sampled per population varied according 
to the species and population size and structure. In popula-
tions Z1, Z5 and Z6, for which a subpopulation structure 
was not defined, up to ten individuals per population were 
sampled. In populations that were further divided in subpop-
ulations, three (Z2 with 11 subpopulations) to five (H, Z3, 
and Z4 with 2 subpopulations) individuals were sampled per 
subpopulation. For M. corcontica, five individuals per sub-
population, i.e. 10 samples in total were collected (Table 1). 
The number of samples was limited by the low population 
size and difficulty in accessing the species. We sampled the 
same number of plants for M. caespitosa, i.e. five individuals 
per population. While this species is more widespread, for 
the purpose of this study we only sampled the population 
that is geographically the closest to M. smejkalii. Altogether, 
this resulted in 119 Minuartia samples.

DNA extraction and RADSeq genotyping

Total genomic DNA of 119 individuals was extracted from 
dehydrated leaves using a modified cetyltrimethylammo-
nium bromide (CTAB) method (Lodhi et al. 1994). Library 
preparation and sequencing were made by SNPsaurus, LLC, 
following a previously established protocol (Russello et al. 
2015). Genomic DNA was converted into nextRAD gen-
otyping-by-sequencing libraries. Genomic DNA was first 
fragmented with Nextera reagent (Illumina, Inc.), which also 
ligates short adapter sequences to the ends of the fragments. 
The Nextera reaction was scaled for fragmenting 10 ng of 
genomic DNA, although 20 ng of genomic DNA was used 
for input to compensate for the amount of degraded DNA 
in the samples and to increase fragment sizes. Fragmented 
DNA was then amplified for 26 cycles at 73°, with one of the 
primers matching the adapter and extending nine nucleotides 
into the genomic DNA with the selective sequence GTG TAG 
AGC. Thus, only fragments starting with a sequence that can 
be hybridized by the selective sequence of the primer were 
efficiently amplified. The indexes used and the PCR protocol 
are part of Nextera DNA library preparation kit (Illumina, 
Inc.). No technical replicates were included. The nextRAD 
libraries were sequenced on a HiSeq4000 with two lanes 
(60 and 59 individuals in each line). The nextRAD libraries 
were sequenced on a HiSeq4000 with two lanes of 150 bp 
reads (University of Oregon). The genotyping analysis used 
custom scripts (SNPsaurus, LLC) that trimmed the reads 
using bbduk (Bushnell 2014).

A de novo reference genome was created by collect-
ing 10 million reads in total, evenly from the samples, and 
excluding loci that had a depth of coverage of fewer than 
five (insufficient coverage) or more than 1000 (derived 
from clonal amplification or repetitive elements; Morris 

et al. 2016). The remaining loci were then aligned to each 
other to identify allelic loci and collapse allelic haplotypes 
to a single locus. All reads were mapped to the reference 
with an alignment identity threshold of 90% using bbmap 
(Bushnell 2014). Genotype calling was done using Sam-
tools and bcftools. The vcf was filtered to remove alleles 
with a population frequency of < 3% which are likely due 
to a genotyping error. Loci that were heterozygous in all 
samples or had more than 2 alleles per sample (suggesting 
collapsed paralogs) were removed. The absence of artifacts 
was confirmed by counting SNPs at each read nucleotide 
position and determining that SNP number did not increase 
with reduced base quality at the end of the read.

Statistical analyses

Because our RADSeq loci are anonymous, we tested for 
candidate loci under selection (outlier loci) using BayeScan 
2.1 (Foll and Gaggiotti 2008). Twenty pilot runs of 5000 
iterations were run, and the estimates were made from 5000 
iterations with a thinning interval of 10, after a burn-in 
period of 10,000 iterations. We set a prior odds ratio of 10 
(prior belief that a selection model is 1/10 as likely as a neu-
tral model for a given SNP), which is considered as a strong 
evidence for selection (Foll and Gaggiotti 2008).

For the purposes of the evaluation of the genetic cluster-
ing of the individuals, we considered statistical techniques 
based on Bayesian clustering as very effective because they 
do not involve a priori hypotheses about sample clustering. 
We used Bayesian K-means clustering as described for Dis-
criminant Analysis of Principal Components (DAPC, Jom-
bart et al. 2010). It processes PC-scaled data by K-means 
clustering and maximizes the manifestation of the major 
pattern involved in the data by subsequent discriminant 
analysis (Jombart et al. 2010). The best clustering K was 
chosen according to step-wise decrease of BIC (the biggest 
decrease) with regard to absolute minimal value of the BIC, 
as discussed in Jombart et al. (2010).

Most computations were performed in R 3.4 (R Core 
Team 2014). We used packages ade4 (Dray and Dufour 
2007), adegenet (Jombart 2008), APE (Paradis et al. 2004), 
pegas (Paradis 2010), Poppr (Kamvar et al. 2014) and vcfR 
(Knaus and Grünwald 2017). We calculated the distribution 
and diversity of multi locus genotypes (MLGs) within spe-
cies (package poppr), F-statistics (package hierfstat), allelic 
richness (package poppr), index of association (Brown et al. 
1980; Smith et al. 1993; Agapow and Burt 2001; package 
poppr), departure from Hardy–Weinberg equilibrium (HWE, 
Jombart 2008; package pegas), Principal Coordinate Analy-
sis (PCoA, Dray et al. 2003; packages ade4 and adegenet), 
and K-means clustering (with 10,000,000 iterations and 
maximal K = 35, Jombart et al. 2010; package adegenet). We 
applied NeigborNet network analysis using Uncorrected_P 
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distance matrix in SplitsTree (Huson and Bryant 2005) to 
better display presumably tree-like relationships among 
samples.

Because  FST estimates in small populations are dependent 
on the sample size, for the  FST comparisons among popula-
tions of M. smejkalii we randomly sampled ten individuals 
in population Z2 which had 30 individuals in total. We did 
not estimate  FST among the populations of different species, 
as they have been completely geographically isolated since 
the last glacial period, which effectively prevents gene flow 
among them.

Testing of how genetic diversity was structured between 
species, geographic regions, populations and subpopula-
tions was conducted using analysis of molecular variance 
(AMOVA). Because the data set was not balanced, in par-
ticular with the number of subpopulations and populations 
differing among regions and species, we first examined how 
the variance was distributed in the entire data set (all popu-
lations), including all hierarchical levels, and then we ran 
a separate AMOVA for the M. smejkalii data only (popu-
lations Z1–Z6, H; hierarchical levels—region, population, 
subpopulation), for the Želivka populations only (popula-
tions Z1–Z6; hierarchical levels population, subpopulation), 
and for populations Z2 and Z3 each (subpopulation).

Finally, we tested for the occurrence of recent population 
bottlenecks using the software BOTTLENECK 1.2.02 (Piry 
et al. 1999), assuming an infinite allele model of mutation 
which is the most suitable for biallelic SNP markers (Cor-
nuet and Luikart 1996; Kogura et al. 2011). Because sample 
sizes were smaller than the recommended sizes except for 
population Z2, we only analyzed population Z2 on its own, 
and we also analyzed all Želivka populations as a single 
population to increase the power of the analyses. To deter-
mine whether observed population heterozygosity was sig-
nificantly greater than that expected under mutation-drift 
balance, we applied the sign test and the standardized dif-
ference test based on 10,000 iterations.

Results

SNP loci characteristics

Out of the 119 genotyped individuals, nine were elimi-
nated because they had over 75% missing data—one from 
M. caespitosa (population SK2), two from Z2 and six from 
population H. There were 12,599 potential SNP sites (vari-
ants), distributed over 2800 short reads (contigs). The aver-
age depth of coverage was 67.15 (standard error 2.43, Online 
resource 3). For the subsequent analyses, only loci with 
< 2.5% missing data (null alleles) were retained, resulting 
in 1 143 polymorphic SNP sites (loci).

Identification of putatively adaptive loci

Out of the 1143 analyzed loci, a negligible number were 
under divergent selection among species and between the 
two regions of M. smejkalii (six and three respectively). We 
detected 20 loci among populations of M. smejkalii (1.7% of 
the total number of analyzed loci), and 34 among subpopu-
lations (3.2%, Online resource 2) under putative divergent 
selection. We thus recalculated  FST without outlier loci for 
populations and subpopulations only.

Population genetics and demography

Genotypic richness was at its maximal value in all popula-
tions since each individual had a unique multilocus geno-
type. The index of association was between 1.5 and 3 in the 
Želivka populations, and 10.8 in population H, suggesting 
higher linkage disequilibrium in the latter. In the other spe-
cies, the index of association was between 3 and 4.5 for 
both M. corcontica and M. caespitosa (Table 1). Testing 
for Hardy–Weinberg equilibrium within each population 
showed that between 5 and 20% of the loci were not in equi-
librium. This was likely due to heterozygote excess which 
was observed for all populations (negative  FIS) to different 
extents.

Assuming an infinite allele mutation model, the num-
ber of loci exhibiting heterozygosity excess relative to the 
expected heterozygosity under mutation-drift balance was 
significantly higher (p value < 0.001 for all statistical tests 
and all analyzed samples), suggesting the occurrence of a 
recent population bottleneck. Note that because of the low 
sample sizes for M. corcontica, M. caespitosa and M. sme-
jkalii in the Hrnčíře region, testing for bottlenecks could 
only be done in the Želivka region and in population Z2.

Among‑species differentiation

According to the K-means clustering, the most plausible 
number of clusters was two when all species are analyzed 
together (Online resource 3). With two clusters, the DAPC 
results showed a clear separation between M. smejkalii 
and the other species, with all specimens being correctly 
assigned to their designated species (Fig. 2). A biologically 
meaningful structure was also observed with four clusters: 
M. concortica, M. caespitosa, and the regions Želivka and 
Hrnčíře, although the clustering was not supported by the 
step-wise selection method of K. The SpitsTree clustered all 
individuals of M. corcontica and M. caespitosa in two sister 
clades separated from all M. smejkalii individuals (Fig. 3). 
The AMOVA results showed that most of the genetic varia-
tion was found within populations (individual level, Fig. 4). 
About 20% of the genetic variation was explained by the 
species, and population and subpopulation explained a small 
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(2.7 and 1.8%, respectively) but significant amount of the 
genetic variation.  

Among‑region and population differentiation

Global  FST among populations of M. smejkalii was 0.036. 
Pairwise  FST between populations were quite similar for all 
populations, ranging from 0.027 to 0.052, including popula-
tion H which comes from a different region than the popula-
tions Z1–Z6. Removing the loci putatively under selection 

from the estimates resulted in lower global  FST (0.022) and 
overall lower pairwise  FST among populations (Table 2).

According to the K-means clustering, the best number 
of clusters for M. smejkalii populations were analyzed was 
one—the BIC for K = 2 was not supported by the step-wise 
selection for K (Online resource 3). The SplitsTree clustered 
individuals of the Hrnčíře population in one clade, nested in 
the Želivka clade (Fig. 3). The AMOVA results showed that 
almost 77% of the total genetic variation was found within 
subpopulations, 18% was between regions, 1.9% among 

Fig. 2  Results of K-means clustering with two clusters. First line below the x-axis corresponds to population names, second to species

Minuar�a corcon�ca
Krkonoše

Minuar�a smejkalii
Hrnčíře

Minuar�a smejkalii
Želivka

Minuar�a caespitosa
Hradčany

0.01

Fig. 3  SplitsTree network delimiting species (M. corcontica, M. 
caespitosa and M. smejkalii). Within populations of M. smejkalii, 
samples from Hrnčíře are nested within samples from Želivka. The 

population from Hrnčíře is strongly differentiated from the Želivka 
population, especially in comparison with the  other species (M. 
caespitosa, M. corcontica)
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subpopulations, whereas the population did not have signifi-
cant effect on genetic diversity partitioning (Fig. 4).

Within region differentiation (Želivka)

Within the region of Želivka, the K-means clustering sug-
gested that the best estimate of structure was obtained for 
K = 1, and the SplitsTree analysis did not detect any clustering 
by population. According to the AMOVA results, population 
and subpopulation were significant and explained 14.5% and 
2.1% of the total variation, respectively (Fig. 4).

Discussion

Patterns of among‑species genetic variation

Present-day conservation policies require a reliable taxo-
nomic identification of the endangered taxa, especially 
for establishing conservation priorities when available 
resources are limited (McNeely 2002; Wege et al. 2015). 
The taxonomic status of the Czech endemic species M. 
smejkalii is not fully resolved, with a recent taxonomic 

Fig. 4  Percentage of variation 
explained by the embedded 
hierarchical levels (species, 
region, population, subpopula-
tion) in different AMOVA. All 
species—analysis of the entire 
data set, M. smejkalii—only 
M. smejkalii populations, 
Želivka—only the six popula-
tions from Želivka, Z2 and 
Z3—only the populations 
divided into subpopulations 
(11 and two subpopulations of 
populations Z2 and Z3 respec-
tively). Significant variance 
components are marked with an 
asterisk

0% 20% 40% 60% 80% 100%

All species

M. smejkalii

Želivka

Z2

Z3

 Species Region Popula�on Subpopula�on Individual
* *Z3 - - - 2.2 97.3

Z2 - - - 4.7* 95.3

Zelivka - - 14.5* 2.1* 83.4

M.smejkalii - 18.4* 3.0 1.9* 76.7

All species 2.3* 4.5 2.7* 1.8* 70.7

Table 2  Pairwise population 
 FST estimates for all loci (above 
the diagonal) and for putatively 
neutral loci only (below 
diagonal)

To avoid comparing samples of different size, in population Z2 ten individuals (out of 28) were randomly 
drawn and used for the estimates

Z1 Z2 Z3 Z4 Z5 Z6 H

Z1 0.039 0.043 0.043 0.048 0.038 0.052
Z2 0.035 0.027 0.028 0.035 0.033 0.037
Z3 0.040 0.027 0.035 0.038 0.039 0.040
Z4 0.036 0.023 0.031 0.041 0.036 0.038
Z5 0.038 0.026 0.030 0.033 0.034 0.047
Z6 0.034 0.026 0.036 0.030 0.030 0.045
H 0.038 0.028 0.029 0.030 0.034 0.032
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study classifying it as a synonym of the widespread M. 
verna ssp. gerardii (Dillenberger and Kadereit 2014). 
However, Dillenberger and Kadereit (2014) did not men-
tion having any sample from the Czech Republic for their 
analysis and likely thus did not have M. smejkalii in their 
material at all. The best way for proper distinction between 
Minuartia species is the morphology of seeds (Hejný and 
Slavík 2003). Comparison of the seed morphology of M. 
verna ssp. verna (Germany 300–400 m above sea level), 
M. verna ssp. gerardii (Austrian Alps, more than 1200 
m above sea level), and M. smejkalii, M. caespitosa, and 
M. corcontica from this study under electron microscope 
showed that each subspecies/species had different seed 
morphology, especially in its protuberance (Pánková and 
Machač unpubl).

Our clustering analyses clearly separated all M. smejkalii 
individuals from M. corcontica and M. caespitosa, the other 
two species which originated from M. verna agg. and occur 
in the Czech Republic, suggesting an independent taxo-
nomic status of M. smejkalii. The exact taxonomic level of 
M. smejkalii (species, subspecies, ecotype) needs yet to be 
determined in a global treatment of the whole M. verna agg., 
which is the goal of an ongoing study which uses very broad 
taxonomic sampling of Minuartia in central Europe (Jindřich 
Chrtek, pers. com.). Although this expanded sampling might 
produce results which do not warrant its endemic status in 
the Czech Republic, the differentiation of M. smejkalii from 
the other Minuartia species of the M. verna agg. in the 
Czech Republic supports its treatment as a separate entity 
in conservation programs (Montalvo and Ellstrand 2000; 
Hufford and Mazer 2003; McKay et al. 2005).

Patterns of within species genetic variation

Minuartia smejkalii is an endemic taxon with fragmented 
distribution, reduced number of populations, small popula-
tion size, growing in an unfavorable, serpentine soil envi-
ronment, which can result in high genetic drift and inbreed-
ing, and strong local selective pressure. This should cause 
reduced within population genetic diversity, and possibly 
increased among-population genetic variation (Hamrick 
and Godt 1989; Ellstrand and Elam 1993; Linhart and Grant 
1996; Whitlock et al. 2016). Our AMOVA results showed 
however moderate regional differentiation, low to moder-
ate population differentiation within the Želivka region, and 
high genetic variation within populations. Similar results 
have also been observed for other rare, endangered, and 
endemic species (Ellstrand and Elam 1993). For instance, 
Petunia secreta, a Brazilian endemic with a very similar 
distribution to M. smejkalii, showed genetic differentia-
tion between two regions about 20 km apart, but not within 
regions, where the populations were < 0.2 km apart (Tur-
chetto et al. 2016).

Genetic differentiation at relatively small geographic 
scales, such as those between the regions Želivka and 
Hrnčíře in this study, is commonly observed in serpentine 
species (Linhart and Grant 1996; Mattner et al. 2002). This 
regional differentiation could be caused by the lack of con-
nectivity among serpentine patches between regions result-
ing in isolation by distance, and/or because of differences in 
regional environmental conditions, resulting in contrasting 
selective pressures. The levels of regional differentiation in 
M. smejkalii according to  FST estimates in this study were 
between 0.028 and 0.052 (depending on the populations and 
loci included in the estimates), which is much lower than 
those found for other serpentine Minuartia species: 0.186 
for M. laricifolia ssp laricifolia, 0.1–0.279 for M. laricifolia 
ssp ophiolitica, 0.249 for M. biflora and 0.895 for the selfing 
M. rubella (Borgen 1999; Moore et al. 2013). This could 
suggest some gene flow between regions in the past despite 
the ridge that separates the Želivka and Hrnčíře sites. The 
different  FST estimates can also be due to the different types 
of markers used in different studies with contrasting poly-
morphism, genome coverage or dominance levels (AFLP, 
Moore et al. 2013; allozymes, Borgen 1999). However, 
 FST estimates are also influenced by the sampling method, 
population size, history, or mating system, which makes it 
difficult to conclude on the extent to which the marker type 
influence the estimates (Mariette et al. 2002; Leipold et al. 
2018).

Low levels of regional genetic differentiation however 
are not necessarily excluding the possibility of local adapta-
tion. Mosca et al. (2012) showed that some conifer popula-
tions differentiated by < 5% according to molecular mark-
ers, could still show strong patterns of local adaptation in 
quantitative genetic traits. In line with this, we detected 
between 2 and 3% (depending on the levels of analysis) of 
outlier loci putatively under divergent selection suggesting 
the occurrence of local adaptation on the population level 
(nested within region). Interpreting outlier loci as adaptive 
should however be made with caution, as outliers can result 
also from low recombination rates due to non-evolutionary 
processes (Shafer et al. 2015). To confirm their adaptive 
value, the outlier loci need to be either correlated with fit-
ness related traits, or their function needs to be identified 
using a reference genome (Fuentes-Pardo and Ruzzante 
2017) which is not yet available for M. smejkalii or any other 
Minuartia species.

Genetic differentiation among the populations in the 
Želivka region was very low when all M. smejkalii species 
were analyzed with AMOVA, and moderate when only pop-
ulations from Želivka were analyzed. Therefore, most of the 
genetic variation in our system, regardless of the AMOVA 
hierarchy was within populations. Similar results have also 
been observed for the Alpine populations of M. laricifolia 
spp. laricifolia (Moore et al. 2013). Several serpentine soil 
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specialist species also showed relatively low among-pop-
ulation genetic differentiation and high within-population 
genetic variation (Mengoni et al. 2000; Mattner et al. 2002; 
Quintela-Sabarís et al. 2010; Babst-Kostecka et al. 2014). 
More generally, population genetic differentiation of rare 
species is sometimes comparable and even greater than 
that of congeneric widespread species (Gitzendanner and 
Soltis 2000; Zawko et al. 2001; Ellis et al. 2006; Turchetto 
et al. 2016; Lanes et al. 2018) especially in perennial plants 
(Cabrera-Toledo et al. 2008).

High within- and low among-population genetic diversity 
can be a consequence of an outcrossing mating system and 
long life cycle (Nybom and Bartish 2000). Outcrossing spe-
cies have in general  FST values of 0.2 or less, (Mattner et al. 
2002) and high within population genetic variation, in par-
ticular in dioecious or self-incompatible species (Cabrera-
Toledo et al. 2008). Although M. smejkalii is self-compati-
ble (Stojanova, pers.obs.), it does not have any mechanisms 
facilitating self-pollination: flowers isolated from pollinators 
tend to produce smaller seed sets than open pollinated flow-
ers (Pánková, pers. obs.). Furthermore, some plants grown 
in a greenhouse show protogynous flowering patterns—early 
season flowers are mostly female, and hermaphrodite flow-
ers develop later during the season (Stojanova, pers. obs.). 
Altogether, these results suggest a highly outcrossing mating 
system, which could explain the observed levels of genetic 
variation.

Another possible explanation for the observed patterns 
of genetic diversity in M. smejkalii is the effect of historical 
evolutionary processes. For instance, independent coloniza-
tion of different sites, with multiple founder events or gene 
flow between serpentine and (now extinct) non-serpentine 
populations may have contributed to historically high levels 
of genetic variation in some serpentine species (Moore et al. 
2013). This scenario seems unlikely for M. smejkalii, as no 
other related species (i.e. descendants from M. verna agg.) 
has been recorded in the region. High levels of genetic vari-
ation can also be maintained by genetic time lags, especially 
in long-lived species that only recently encountered habitat 
fragmentation (Cabrera-Toledo et al. 2008; Epps and Keyg-
hobadi 2015). The habitat fragmentation of M. smejkalii 
began in the 1960, and the species could have had as little 
as four generations since then. Indeed, plants recorded in 
2001 are still alive and reproducing at the time of this study, 
18 years later. In line with this, the observed heterozygosity 
was higher than the expected heterozygosity in all popula-
tions, consistent with occurrence of a recent bottleneck. This 
suggests that the populations of M. smejkalii have still not 
reached a genetic equilibrium after the disturbance of their 
habitat, and the high levels of genetic diversity are likely a 
transient state (Cornuet and Luikart 1996). Thus, without 
conservation efforts the populations genetic diversity might 
decline in the future.

Conservation recommendations

Despite recent habitat fragmentation and population size 
reduction, M. smejkalii still maintains high levels of genetic 
diversity within populations, moderate regional differen-
tiation and low to moderate among-populations differentia-
tion. Determining the exact causes for the observed genetic 
structure requires further observations and experimental 
work to characterize the breeding system of the species in 
more detail, experimentally test for local adaptations, and 
detect potential effects or absence of selective pressure. It 
is, however, plausible that the high levels of genetic diver-
sity are only a transient state following a recent population 
disturbance, and will not be maintained indefinitely if no 
conservation actions are undertaken.

The ex situ conservation efforts of M. smejkalii should 
focus on maintaining the observed genetic diversity while 
increasing population size and territory. This requires choos-
ing appropriate seed source to enhance population size for 
each region. Based solely on the results of this study, it is 
difficult to unequivocally recommend a single conservation 
strategy.

Given the genetic differentiation between regions, we 
do not recommend mixing individuals from the regions of 
Želivka and Hrnčíře. Within a region, low among-popula-
tion differentiation is taken as a justification for the use of 
transplants regardless of their population of origin, since 
they will not erode the local genetic structure of the extant 
populations (Cabrera-Toledo et al. 2008). However, patterns 
of molecular diversity are not necessarily related to adaptive 
traits (Reed and Frankham 2001; Kramer and Havens 2009). 
In line with this, we detected several outlier loci which could 
be compatible with patterns of divergent selection. Based on 
these observations, one might recommend a conservation 
strategy using exclusively material coming from the same 
population. A counter argument to this is the mating system 
of M. smejkalii, which is likely outcrossing. If this is indeed 
true, using only within-population/within-region transplants 
could increase the risk of inbreeding depression through 
biparental inbreeding. Experimental assays are currently 
being conducted to test for the existence of inbreeding and 
outbreeding depression in M. smejkalii, which will provide 
the necessary input for a reliable and efficient conservation 
strategy. In the meanwhile, if any conservation action is to 
be carried out, we recommend the use of individuals from 
the same region chosen to maximize the genetic diversity 
within populations.
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