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Abstract

Mountain plants adapted to specific environments are increasingly threatened by global warming. A major concern is
forced altitudinal shift, habitat fragmentation, disruption of plant-pollinator interactions, or challenges from competitors and
invasive species. Numerous studies shed light on these complex dynamics and highlight the need for immediate conservation
action, with maintaining the greatest possible genetic diversity in populations as one of the main goals. One such species
threatened by climate change that is on the IUCN World Red List is the spring pasqueflower Pulsatilla vernalis (L.) Mill
(Ranunculaceae). Our study describes recent advances and applications of nuclear microsatellite markers in the Pulsatilla
subgenus, which includes both diploid and tetraploid species. To date, few studies have been conducted on the genetic structure
of P. vernalis populations, and no specific markers have been developed for this purpose. In the present study, we attempted
to amplify microsatellite loci for diploid P. vernalis using a cross-species procedure originally developed for tetraploid P.
vulgaris. Using this procedure, eight polymorphic markers were successfully transferred to P. vernalis. The selected loci were
tested on samples collected from relict lowland populations that are nearly extinct in Central Europe. Analysis of 82 individuals
from three Polish lowland populations revealed that these markers were highly polymorphic, with two to 13 alleles per locus
and observed heterozygosity ranging from 0.037 to 0.654. FIS coefficient values were not statistically significant for any of
the loci (p>0.05) and ranged from -0.200 to 0.696. We tested how informative cross-amplified loci distinguished individuals
and which loci deviated from Hardy-Weinberg Equilibrium. We conclude that the microsatellite markers tested in this study
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can be successfully used for population genetic studies of P. vernalis.
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Introduction

Mountain ecosystems, characterized by unique
biodiversity and complicated ecological processes, are
particularly vulnerable to the effects of climate warming
(Elsen & Tingley, 2015). Rising temperatures can cause a
shift in altitudinal zones, forcing plant and animal species
to migrate or become extinct. Mountain plants adapted to
certain cold environments are not only forced to move at
altitude, but also to fragment their habitat, disrupt plant-
pollinator interactions, or face challenges from competitors
and invasive species (Engler ef al., 2011).

One such species threatened by climate change that is
on the IUCN World Red List is the spring pasqueflower
Pulsatilla vernalis (L.) Mill (Ranunculaceae) (Chappuis,
2014). Pulsatilla vernalis is a species endemic to Europe,
typically found in the mountains of western and central
Europe and in the Scandinavian chains. It also occurs in
lowland areas in the central and northern European plains,
where it is referred to as a glacial relict (Ronikier et al.,
2008; Kiedrzynski et al., 2017). Lowland populations are
most at risk of extinction; they are highly unstable and
often consist of only a small number of individuals (Grzyl
& Ronikier, 2011). In Poland, the population of P. vernalis
has experienced a drastic decline in recent decades and is
considered one of the rarest plants in the national flora
(Grzyl & Ronikier, 2011; Ronikier, Grzyl & Wojtowicz,
2014). In Germany, only a few relict populations are known
from the Bavarian region, which are threatened with
extinction (Scheuerer, 1996). Numerous lowland
populations are still reported from the northern European
lowlands in Scandinavia and Russia, while others in the

Czech Republic and Belarus are considered to have
disappeared (Grzyl & Ronikier, 2011; Chappuis, 2014;
Ronikier, Grzyl & Woéjtowicz, 2014).

Many studies shed light on the complex dynamics of
mountain biota and emphasize the need for immediate
conservation action, with maintaining the greatest possible
genetic diversity in populations as one of the main goals
(Qian et al., 2021). Genetic diversity is the basis for species
adaptability and enables populations to cope with
environmental changes and various stressors (Hohenlohe
et al., 2021). Therefore, conservation strategies must
prioritize genetic diversity as an integral component and
recognize its critical role in conserving species and
ecosystems. Widespread interest in endangered Pulsatilla
species throughout the Northern Hemisphere is prompting
researchers to develop and compare different genetic tools,
including traditional neutral SSR (single sequence repeats)
markers and adaptive ISJ (intron-exon splice junctions)
markers (example for P. patens from Bilska & Szczecinska
(2016)). In addition, recent advances in sequencing
technology enable the description of Pulsatilla chloroplast
and mitochondrial genomes (Szczecinska & Sawicki,
2015; Szandar et al., 2022), and even more, performing a
comparative analysis of organellar genomes enables the
evaluation of their effectiveness in studies of population
variability and genetic structure (Szandar et al., 2023).

In the case of P vernalis, immediate and more
intensive monitoring of existing populations is needed.
Considering the rapid decline and specific habitat
requirements, especially in lowland populations (Zielinska
et al., 2016), the search for low-cost and effective genetic
tools is needed. Apart from dominant markers such as
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AFLP (Ronikier, 2002; Betz ef al., 2013), no codominant
have been used to study the genetic structure and diversity
of P. vernalis populations. Therefore, the present study was
conducted to evaluate the potential of previously
developed SSR markers in the subgenus Pulsatilla for
microsatellite loci analysis in P. vernalis and to assess their
utility for population studies of this endangered species.

Microsatellite markers are an effective tool for
studying genetic variation among and within populations.
Microsatellites are defined as tandem repeats of short (2 to
6 nucleotides) DNA motifs that form more or less uniform
segments up to 100 nucleotides in length. Because these
genetic markers are noncoding DNA segments, mutations
that may occur in them generally do not result in changes in
the fitness of a living organism and are not repaired
(Chambers & MacAvoy, 2000). Therefore, the mutation rate
of microsatellites is high and consequently such repetitive
sequences are polymorphic. As such, they have been used
as genetic markers for various purposes, such as genomics
and genetic disease detection, paternity determination,
forensics, animal breeding monitoring, population genetics
research, and reconstruction of gene flow between
populations in the recent past (Selkoe & Toonen, 2006).
Because of the above properties, microsatellite markers are
used for population genetic studies.

Unfortunately, the selection of new SSR markers
involves a significant financial and time investment. A
much faster and less expensive alternative is the use of
cross-amplification, i.e., the use of already evolved loci
from related species. However, this approach has its own
limitations, since the success of amplification depends
mainly on the degree of relatedness of the species under
study, and even in the case of successfully amplified loci,
their degree of polymorphism may not be satisfactory and
they may have monomorphic features. Therefore, there is
a great need for preliminary studies using cross-species
amplification.

Our study describes recent advances and applications
of nuclear microsatellite markers in the subgenus
Pulsatilla, which includes both diploid and tetraploid
species. Results of cross-species amplification of
microsatellite markers for the diploid Pulsatilla vernalis
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are presented, using primers originally designed for the
tetraploid Pulsatilla vulgaris (DiLeo et al., 2015).

Materials and Method

Identifying candidate SSR markers: From Pulsatilla
species, 40 nuclear microsatellite loci have been developed:
12 for P. patens (Szczecinska et al., 2013) and 28 for P
vulgaris (DiLeo et al., 2015; Gargiulo et al., 2019). Recently,
six of the above-mentioned loci (five from P, patens and one
from P vulgaris) were transferred to P cernua in a
phylogeographic study from Japan (Takaishi et al., 2019).

The transferability and analysis of markers requires
particular care as P. patens, P. cernua and P. vernalis are
diploids (2n=2x=16), while P. vulgaris is an allotetraploid
(2n=4x=32) (Sramké et al., 2019), and these different
patterns of inheritance should be taken into consideration
(Dufresne et al., 2014). Fortunately, as our target species,
P. vernalis, is diploid, and the source, P. vulgaris, is
tetraploid, the cross-amplification procedure do not
involve as many pitfalls as if the SSR markers has been
transferred in the opposite direction.

To determine the genetic/phylogenetic distance
between the analysed target species and the source taxa from
which nuclear SSR markers were developed and used, a
phylogenetic tree was prepared, with the internal transcribed
spacer (ITS) as a nuclear marker. Among the barcoding
single loci, the ITS marker showed the highest interspecific
distances and the highest rate of correct identification in the
Pulsatilla species (Li et al., 2019). The constructed
phylogenetic tree displays the current “state-of-the-art” of
the SSR markers being developed and used in Pulsatilla
species (Fig. 1). The tree was created using sequences of
chosen Pulsatilla species from GenBank Accession
numbers, with these presented in the following order on the
phylogenetic tree: Pulsatilla vulgaris MK341851, P.
integrifolia MK550993, P. rubra MK550991, P. tatewakii
MK550979, P. cernua MK341836, P. patens MK550998, P.
vernalis MN997025, P. pratensis MK551003, Anemone
turczaninovii MK341812, P. halleri MK551001, A. alpine
MK341853. The phylogenetic analyses were performed
with MEGA X using maximum likelihood (ML) algorithms,
with 1000 bootstrap steps, under the Tamura-Nei model.
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Fig. 1. The current “state-of-the-art” of nuclear SSR markers, in use or in development, present in taxa from Pulsatilla, subgenus
Pulsatilla. The phylogenetic relations between Pulsatilla species were conducted according to the ITS region based on the maximum
likelihood algorithm, 1000 bootstrap steps and the Tamura-Nei model.
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Plant material and DNA extraction: In total, 82 samples
were collected from three lowland locations of P. vernalis
in Poland: Bory Tucholskie (N = 40), Bocheniec (N = 19)
and Rogowiec (N = 23). Plant material was immediately
dried and stored in silica gel. The samples were collected
with the permission given by Polish Minister of
Environment and  Regional  Directorates of
Environmental Protection (Bory Tucholskie - RDOS-Gd-
WZG.6400.122.2018.MM. 1; Rogowiec -
WPN.6400.74.z; Bocheniec — WPN.1.6400.18.2018.BD).
For DNA extraction, 2 to 10 gms of dry P. vernalis leaves
were used. DNA isolation was performed using the
NucleoSpin® Plant II (Macherey-Nagel, Germany) kit
according to a modified procedure. Briefly, cell lysis was
performed in a 600 pl volume of PL2 lysis buffer. The
volumes of precipitation buffer after the PL3 lysis step
(150 pl) and PC binding buffer (900 pl) were also
increased. The final elution of DNA was performed in a
volume of 50 pl of elution buffer, after which the isolates
were stored at -20°C until further analysis.

Amplification: PCR reactions were performed for all 18
loci developed for P. vulgaris (Dileo et al., 2015). Of these,
10 loci which provided an undyed PCR product were
subjected to further steps to obtain genotypes with dyed
primers (Table 1). The markers were amplified in 3
multiplexes (dyes in parentheses): multiplex A — PV32
(VIC), PV52 (VIC), PV54 (6- FAM), PV65 (VIC),
multiplex B — PV9 (6- FAM), PV27 (6- FAM), PV44
(PET), PV48 (PET), multiplex C-PV50 (NED), PV59
(PET). PCR reactions were performed under the following
conditions: initial denaturation 95°C —15 min, denaturation
94°C-30 s, primer annealing stage, multiplex A at 56°C,
multiplex B at 54°C, multiplex C at 60°C — 90 s, extension
72°C — 1 min, final extension 60°C — 30 min. in each case,
33 cycles were used for the reactions. Each PCR reaction
was composed of 5 ul of the Multiplex PCR Kit (Qiagen,
Germany), 1 pl of each 10 nM primer, 1 pl of PCR water
and 2 pl of extracted DNA, which gave a final reaction
volume of 10 pl. The PCR products were genotyped on an
ABI 3500 capillary sequencer (Applied Biosystems, USA),
and the genotypes were read out in GeneMapper ver. 5
(Thermo Fisher Scientific Inc, USA).

Data analysis: To determine if loci are in Hardy-Weinberg
equilibrium (HWE) according to populations, we used pegas
R package (Paradis, 2010). Function hw. Test () computes
the 2 statistic and p-values, derived from 1000
permutations. We visualized results by locus and population
as a heatmap in lattice R package (Sarkar, 2008). We defined
significant p-value as a<0.05 to detect candidate loci where
we might reject the hypothesis of HWE.

Genotype SSR data were imported into poppr R
package (Kamvar et al., 2014). To assess how much power
we had to discriminate between unique individuals given a
random sample of nn loci, a genotype accumulation curve
was conducted. We specified sample = 1000 in function
call. This means that nn loci were randomly sampled 1000
times to create the distribution visualized in boxplots.

For the amplified locus, allele size, the number of
alleles (Na), allelic richness (R), heterozygosity observed
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(Ho), and expected (Hg) and inbreeding (Fis) coefficient
were estimated. All calculations were done in FSTAT ver.
2.9.3.2 (Goudet, 1995), and GeneAlEx ver. 6.5 (Peakall &
Smouse, 2012) software.

Results

Ten out of the initially tested 18 loci yielded amplified
PCR products (Table 1). Two of the loci (PV44, PV4S)
demonstrated monomorphic alleles, and these were
excluded from further statistical analysis. The remaining 8
loci proved to be polymorphic in Pulsatilla vernalis but
with a highly variable number of alleles (from 2 to 13, for
82 individuals) (Table 2).

We identified candidate cross-amplified loci that
might be rejecting the hypothesis of HWE according to
studied populations of P. vernalis (Fig. 2). Two loci (PV65
and PV27) are suspected to be in HWE (p<0.05) in all
studied populations. However, we have any population
which is being in HWE according to all loci analyzed.

In the analysis of genotype accumulation curve, we
confirmed that for the used loci a plateau has been reached
at eight loci, hence we have sampled enough loci in the
analysis necessary to discriminate individuals (Fig. 3).

| | |
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Fig. 2. Candidate cross-amplified loci where might be rejecting
the hypothesis of Hardy-Weinberg equilibrium (HWE) according
to studied populations of Pulsatilla vernalis. Loci shown in
pink(darker) are suspected of not being in HWE with p<0.05.
Populations abbreviations: Boch — Bocheniec, BT — Bory
Tucholskie, Rog — Rogowiec.
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The allelic richness across eight loci ranged from
1.406 to 9.568, which correlated with the total number of
alleles obtained. Observed (Ho) and expected (Hg)
heterozygosity ranged from 0.037 to 0.654 and from 0.036
to 0.878, respectively. The Fis coefficient ranged from -
0.200 to 0.696, and none of its values were statistically
significant (p>0.05; Table 2).

Discussion

The main goal of this study was to determine the
suitability of genetic markers for population studies of P,
vernalis, while minimizing the cost and time of developing
new microsatellite markers. Promising results were
obtained for eight loci that were cross amplified for P.
vernalis. Although it is suggested that a minimum of ten
microsatellite markers are appropriate in population studies
(Koskinen et al., 2004), analyses based on smaller numbers
of markers have also yielded satisfactory results (Bilska &
Szczecinska, 2016; Luo ef al., 2016; Takaishi et al., 2019).
Moreover, our analysis of genotype accumulation curve,
confirms that we have sampled enough loci in the analysis
necessary to discriminate individuals.

Of 18 polymorphic loci originally developed for
Pulsatilla vulgaris (Dileo et al., 2015)., ten have been
successfully amplified for P vernalis. Two of the loci
(PV44, PV48) showed monomorphic alleles in both the
species P. vernalis study and in P. vulgaris, the target
species (DiLeo ef al., 2015).
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The observed heterozygosity for Pulsatilla vulgaris
differed from previously obtained values (Dileo et al.,
2015); for example, the heterozygosity of locus PV27 was
found to be Ho= 0.83 for n = 41), and lower values were
obtained also for locus PV52 (Ho= 0.146 vs Ho= 0.75 for
n=41). Only locus PV65 demonstrated a similar level of
heterozygosity to those observed in German populations of
P, vulgaris (Dileo et al., 2015).

Although Pulsatilla vulgaris is an allotetraploid
species, some markers showed behavior characteristic of
disomic inheritance and were labeled as “diploid” markers;
others demonstrated more than two alleles for each
individual, and these were called “tetraploid” markers, as
this was suspected to be indicative of tetrasomic
inheritance (Dileo ef al., 2015). However, in the case of P,
vernalis, no such phenomenon was noted and typically two
alleles were observed for each specimen.

Our successful amplification of eight microsatellite
loci in P. vernalis demonstrates that such cross-
amplification between closely related species offers
accurate results while avoiding costly and time-consuming
procedures. The threats of the spring pasqueflower
populations bring with them a growing need for the
development of new research methods whose results can
be applied to conservation initiatives. Our findings provide
new, easy-to-apply, and relatively inexpensive tools for
better understanding the intraspecific genetic diversity of
P. vernalis — species of high conservation importance.
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Fig. 3. The genotype accumulation curve through increasing number of nuclear SSR loci used in the analysis of Pulsatilla vernalis

accessions.
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Table 1. Characteristics of ten microsatellite markers developed for P. vulgaris (2x=32) according to Dileo ez al., (2015),
and conditions of their cross-amplification to P. vernalis (4x=16); T. = annealing temperature; D — conditions
according to Dileo et al., (2015); M — modified conditions.

Lo-cus Primer sequences (5'-3") Rn(:l;f;t cS:sl}g;l:);. Ta (°C) | Multi-plex Fluo(;‘;zcent 1\;; ril;;r ac(c;:sns]isoilnlrio.
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Table 2. Statistics for eight cross-amplified microsatellite loci for 82 samples collected from three lowland
populations of P. vernalis. Na — number of alleles, R — allelic richness, Ho — observed heterozygosity, He — expected
heterozygosity, Fis — fixation index. None of Fis values were statistically significant (p>0.05).

Locus Allele range (size) Na R Ho He Fis
PV9 283-299 5 4.589 0.333 0.671 0.504
PVv27 395-425 10 6.000 0.224 0.737 0.696
PV32 366-414 8 5.944 0.418 0.745 0.439
PV50 405-417 2 1.406 0.037 0.036 -0.019
PV52 266-308 6 2.813 0.146 0.182 0.196
PV54 203-207 3 2.916 0.654 0.545 -0.200
PV59 150-204 9 7.481 0.456 0.828 0.449
PV65 140-174 13 9.568 0.650 0.878 0.260
Mean - 7.00 5.089 0.365 0.578 0.291
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