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Abstract: Salix lapponum is a relict species that occurs in peat bogs. The most numerous population in Po-
land, which is located on Lake Bikcze, was selected as a source of plant material for genetic analysis to check
if it could be used to translocate and establish new populations in the future. For this purpose, the genetic
variability of five groups of plants, which were located 50 to 130 m away from one another, was assessed
using the AFLP method. GenoType software did not indicate clonal individuals in the studied population.
Although the groups were located at short distances from one another, the genetic differentiation between
them, expressed as @, and G, coefficients, was very high and the clustering methods adopted showed the
presence of genetic structure. The lack of correlation between geographic distance and pair-wise @, indi-
cated that at least in the past the gene flow was fluent, but nowadays seedling recruitment is barely visible.
These results can be explained by the fact that from the beginning of the 21st century the Lake Bikcze pop-
ulation has dramatically decreased in size. On the other hand, the expected heterozygosity in each group
is quite high. If we want to use this population as a donor of reproductive material, action should be taken
as quickly as possible.
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is an entomophilous and melliferous species (Krusze-
Inicki et al., 2014; Pogorzelec et al., 2014a).

Salix lapponum L. (downy willow) is one of the two
relict boreal species from the family Salicaceae that
now occurs in eastern Poland (the other one is S. myr-
tilloides). This is an inconspicuous shrub, reaching a
height of 1 m up to 2 m. Downy willow is a perennial
plant, a nanophanerophyte, characterized by dioecy. It

S. lapponum is commonly found in subarctic and
boreal peatlands of Northern and Northeastern Eu-
rope as well as of western Siberia. Isolated popula-
tions are also encountered in some mountain ranges
of Central and Southern Europe as well as in Scot-
land (Kruszelnicki et al., 2014).
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In lowland areas of Poland, S. lapponum occurs
mainly on the eastern side of the Vistula River. Cur-
rently, its confirmed stands are located in the Eecz-
na-Wlodawa Lakeland in the Polesie National Park,
in the Biebrza National Park, and in the Knyszynska
Forest. Two populations in the Karkonosze Moun-
tains grow on the subalpine floor as an endemic asso-
ciation of Salicetum lapponum W. Mat. 1965 (Kruszel-
nicki et al., 2014; Pogorzelec et al., 2014a).

This plant prefers specific habitat conditions that
are found in eastern Poland only in peatland ecosys-
tems (Pogorzelec et al., 2014b; Kolos et al., 2015;
Serafin et al., 2015): sunny or partially shaded wet
and moist places, pH 4-6, oligotrophic or mesotroph-
ic habitats, but abundantly rich in organic matter —
marshy soils in fens, less frequently in transitional
bogs. It generally occurs individually or in small clus-
ters (Pogorzelec, 2008; Serafin et al., 2015).

S. lapponum is legally protected in Poland, but the
number of its stands and its population size have sys-
tematically decreased since the 1950’s (Pogorzelec et
al., 2014a). As a glacial relict, it has the status of crit-
ically endangered species (CR) according to the ‘Pol-
ish Red Book of Plants’. This species should be sub-
jected to immediate conservation in order to restore
appropriate levels of distribution of the populations
that still exist in Poland (Kruszelnicki et al., 2014;
Mirek et al., 2006).

Multidirectional research on S. lapponum has been
conducted in the Polesie Lubelskie region since 2000
and it includes issues related both to the function-
ing of its populations (among others, changes in
population numbers, sex ratio, among- and with-
in-population genetic diversity) and to particular
individuals (selected key stages of the breeding cy-
cle) (Pogorzelec et al., 2014c). Active conservation
of this species, involving the establishment of new
populations and the replenishment of the existing
populations occurring in the Polesie National Park,
should be an action that will be the ultimate out-
come of the efforts to fully get to know this species.
According to Guerrant (2007), the most important
goal of reintroduction of endangered plant species is
to establish resilient and self-sustaining populations
that have sufficiently diverse gene pools to undergo
adaptive evolutionary change. Attempts to reintro-
duce rare species often fail due to the fact that the
implementation of such reintroduction programs is
not based on reliable knowledge of their biology and
ecology (Reading et al., 2002). Taking into account
the above, an attempt was undertaken to determine
whether the most numerous S. lapponum popula-
tion in eastern Poland can become a source of plant
material for ex situ breeding and in consequence be
used to replenish and establish new populations of
this species. For this purpose, a study was conduct-
ed on the genetic variability of a selected population

whose stand is located on Lake Bikcze — N51°22.724’
E023°02.563" (Leczna-Wtodawa Lakeland) in order
to evaluate the adaptive potential of individuals com-
prising this population.

Materials and Methods

Study object and sampling

Salix lapponum plants making up the most numer-
ous (about 300 individuals) population of this spe-
cies in eastern Poland were selected as a source of
plant material for genetic analysis. This is a group of
plants that is characterized by a stable sex ratio (1: 1).
Each year, more than 70% of individuals flower and
produce seeds capable of germination (Pogorzelec et
al., 2014c). However, since 2000 this population has
tended to quickly reduce its resources, simultaneous-
ly exhibiting low recruitment of seedlings or the com-
plete absence of seedling recruitment (Pogorzelec et
al., 2014a). The reasons for this are mainly attributed
to the changes occurring in the habitat, primarily the
unstable groundwater level and the accelerated pro-
cess of ecological succession that is manifested in the
study area by a rapid expansion of undesired species,
both herbaceous and woody plants. In the peat bog
on Lake Bikcze, during the spring period there are
unfavorable conditions for the growth of small-size
willow seedlings. A too high water level in the spring
probably does not allow them to be anchored in the
soil or causes their quick death. S. lapponum shrubs
comprising the population on Lake Bikcze are dis-
persed within an area of about 1 ha, making up 5
distinct groups located 50 to 130 m away from one
another. Individual specimens grow both in the open
bog in the sunny zone and among grey willow (S.
cinerea) shrubs encroaching the bog area.

The number of analyzed plants in each of the five
groups, which were named A - E, was approximately
30 individuals and DNA from 151 specimens alto-
gether was isolated from the Bikcze population. The
plant material was sampled randomly, but at least
at a 1 m distance between individuals within one
group. Young leaves of S. lapponum shrubs were col-
lected in spring 2011 and kept frozen until DNA iso-
lation, which was performed according to Porebski et
al. (1997) with some alterations. Then, DNA content
was measured and all samples were diluted to a final
concentration of 20 ng/ul.

AFLP (Amplified Fragment Length
Polymorphism) analysis

The procedure was carried out according to Vos
et al. (1995) with modifications. EcoRI and Msel
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enzymes were used for genomic DNA digestion for
3 h at 37°C and then they were inactivated at 70°C.
Adapter ligation was performed during 12 h incuba-
tion at 20°C. DNA modified in this way was a tem-
plate for pre-amplification reactions. The primers
were complementary to the adapter sequences and
they additionally had one selective nucleotide at 3’
end. The first step of PCR was 94°C initial denatur-
ation that lasted 2 min and it was followed by 30
cycles of denaturation, annealing and primer ex-
tension at 94°C, 56°C and 72°C, respectively. Each
of these steps lasted 1 min. The final extension was
carried out at 72°C for 5 min. The reaction solutions
were then diluted at 1 : 19 and 2.5 ul was added as
a template for selective amplification reactions. The
primers for these reactions had three selective nu-
cleotides and five different combinations were used:
E-ACA/M-CAA, E-AGC/M-CAA, E-ACA/M-CAT,
E-AAC/M-CAT, and E-AAC/M-CTC. The thermal
profile was as follows: initial denaturation lasted 2
min at 94°C, then 41 cycles with the succeeding steps
followed: 94°C for 30 s, a touchdown annealing tem-
perature decreased from 65°C to 56°C in 13 cycles
and during the subsequent 28 cycles this step had a
constant temperature of 56°C for 30 s, the extension
step lasted 1 min at 72°C, while the final extension
was performed at 72°C for 5 min. The products were
separated on 6% denaturing polyacrylamide gels and
then silver stained.

Data analysis

Based on the polyacrylamide gels, a binary matrix
was obtained, where 1 was attributed to the presence
of a band and 0 to the absence of a band. It was ap-
plied as a source data for further studies.

GenoType software (Meirmans & Van Tiender-
en, 2004), which compares the band profiles of all
pairs of individuals, was used to investigate clonality
level in the studied population. The specimens that
are separate genets should differ from each other in
three or more loci. In contrast to that, identical or
very similar profiles (one or two band differences)
can indicate ramets of the same genet. The results
are shown in the form of a plot where individuals
that have the same number of band differences are
gathered in separate groups.

To check whether each pair of loci was in linkage
disequilibrium (LD), Arlequin ver. 3.5 (Excoffier et
al., 2005) was adopted. The significance of associa-
tion was tested using the ¥ test (p = 0.05) (Miyashi-
ta et al., 1999). The number of loci in disequilibrium
was compared to all possible pairs in order to define
the LD loci percentage in the whole population or
each group from A to E separately.

Unbiased expected heterozygosity (H,), per-
centage of polymorphic products as well as private

bands were estimated by GenAlex 6.502 (Peakall &
Smouse, 2012).

In order to assess if there is a genetic structure of
the five groups making up the population from Lake
Bikcze, different analyses were conducted. Principal
Component Analysis (PCA) was carried out using
Past3 (Hammer et al.,, 2001). 95% concentration
ellipses were designated for each group. Past3 soft-
ware was also used to construct UPGMA tree which
was based on Jaccard’s similarity matrix. The cophe-
netic correlation coefficient was estimated for den-
drogram. The last method used to seek the genet-
ic structure was a Bayesian approach implemented
using STRUCTURE 2.3.4. software (Pritchard et al.,
2000). The following parameters were defined for
this analysis: 150 000 burn-ins, 100 000 iterations
of Markov chain Monte Carlo (MCMC), admixture
and correlated allele frequencies models. From 1 to
8 genetic clusters (K) were tested and the number of
replicates for each K value was set to 20. In order to
indicate the most possible number of genetic clus-
ters, a procedure based on the second-order rate of
change of the likelihood function (AK), described by
Evanno et al. (2005), was included. The online pro-
gram Structure Harvester (Earl & von Holdt, 2012)
was used to carry out this process. Finally, CLUMPP
(Jakobsson & Rosenberg, 2007) and DISTRUCT
(Rosenberg, 2004) softwares were employed to pres-
ent the results in graphical form.

The next part of the analysis was to check how
much of the genetic variation was located between
the groups of individuals and therefore two coeffi-
cients were computed. The first one was ®,, which
was estimated by AMOVA procedure in GenAlex,
with 10 000 permutations. The other one is G and
it was calculated according to the following formula:
(H, - H)/H,, where H_ is total genetic heterozygosi-
ty and H, is the mean value of heterozygosity for all
populations. The Mantel test (Mantel, 1967) was ap-
plied to seek the relationship between pairwise @,
and geographical distance. The statistical significance
was checked by performing 10 000 permutations.

Results

The first step of the analysis was to verify clonal-
ity. The GenoType software did not indicate clonal
individuals in the studied population (Fig. 1). The
lowest number of band differences between speci-
mens was five and this pair of individuals belonged
to group C. Based on these results, it can be stated
that each S. lapponum plant from Lake Bikcze that was
taken for analysis was a separate genet.

At the whole population level, the contribution
of LD loci was over four times higher than expect-
ed by chance (5%) (Table 1). When the groups were
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Fig. 1. A histogram of the number of allelic locus differences for each possible Salix lapponum individuals’ pair based on
GenoType software results from the AFLP matrix
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Fig. 2. The principal component analysis (PCA) plots based on AFLP data for S. lapponum. The ellipses indicate a region
on the plot where 95% of group points are expected to appear

Table 1. Linkage disequilibrium at 0.05 level in each group separately and the whole population of S. lapponum based on

the AFLP matrix
Group of individuals A B C D E The whole population
No. of loci combinations 11476 11325 11476 11476 11476 11476
No. of LD loci combinations 577 668 885 538 484 2348
Percentage of LD loci 5.03 5.90 7.71 4.89 4.22 20.46
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Fig. 3. Dendrogram depicting Jaccard’s similarity based on the AFLP matrix of five Salix lapponum groups from the Lake
Bikcze population
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Fig. 4. The graphic representation of the Salix lapponum structure for AFLP method for 2 clusters assumed (K = 2). White
and grey represent diverse genetic backgrounds and black vertical lines separate groups

Table 2. The within-group genetic diversity of S. lapponum from the Lake Bikcze population based on AFLP data

Groups No. of bands  Percentage of polymorphic loci No. of private bands Unbiased expected heterozygosity (H,)

A 133 75.82 0 0.204
B 145 82.35 2 0.230
C 124 66.67 1 0.183
D 137 71.24 0 0.196
E 131 66.67 1 0.190

Total 153 - 4 -

Mean - 72.55 - 0.201

analyzed separately, the frequency of linkage disequi- DDiscussion

librium loci pairs was much lower, but in most cases
it was still greater than 5%.

The percentage of polymorphic loci was 72.55%
and it exceeded 80% only for group B. These results
were reflected in unbiased expected heterozygosity
(H,), which was the highest also for group B. Alto-
gether, four private bands were obtained.

All procedures that were designed to cluster indi-
viduals indicated the genetic structure of all analyzed
groups. On the PCA plot (Fig. 2), group A was the
most separated from the rest of the population, but
groups B and C as well as D and E overlapped consid-
erably. The first and second components explained,
respectively, 10.98% and 6.14% of the variance. The
same pattern was observed in the dendrogram (Fig.
3) which had clusters that suited all the five groups.
The cophenetic correlation was equal to 0.7895.

STRUCTURE analysis showed that the most
probable number of genetic clusters was 2 (K = 2)
(Fig. 4). The distribution of genetic background was
similar to the PCA plot: groups A, B and C shared
membership to one cluster, while groups D and E
belonged to the other one, both with only a little ad-
mixture of the opposite background.

The differentiation among groups based on the
AMOVA procedure revealed that 25% of the varia-
tion was distributed between groups (®,, = 0.25).
This result was significant after performing 10 000
permutations. The Gy parameter was also very high
(G, = 0.23).

The Mantel test showed no correlation between
geographic distance and pairwise among-group dif-
ferentiation (®,,) (r = 0.213, p = 0.228).

According to Ren et al. (2014), it is more proba-
ble that reintroduction of a species will be successful
if individuals used as the source of genetic material
come from different populations. Alternatively, Go-
defroid (2011) states that multiple sources of plant
material are not necessary if a single population has
sufficient genetic diversity and plants should be re-
introduced from material originating from a popu-
lation whose numbers are not at risk of decreasing.
Due to the risk of impoverishment of the gene pool
associated with inbreeding or genetic drift, it is ex-
tremely important that the source population should
be characterized by optimum gender structure, while
individuals should be capable of generative repro-
duction. It is extremely problematic when in a given
area there is only one population that can potential-
ly be a source of plant material for reintroduction.
We have to do with such a situation in the case of
the relict species S. lapponum. A survey of its stands
shows that in eastern Poland there is only one pop-
ulation of this species that can be considered to be
functioning properly, despite that its numbers have
been observed to decrease significantly since 2000.
The population located on Lake Bikcze was select-
ed as the only one that offers a chance of obtaining
sufficiently diverse plant material thanks to which it
will be possible to establish an ex situ plant nursery
necessary to carry out active conservation measures.

Despite that the Lake Bikcze population consists
of territorially separate groups (which were desig-
nated with letters from A to E in this study), due to
the small distances between them it was expected
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that the intensive gene flow would contribute to low
among-group diversity and the lack of population
structure. However, the results obtained based on
the AFLP method proved to be totally different. The
applied clustering methods (PCA, UPGMA dendro-
gram based on Jaccard’s similarity and STRUCTURE
analysis) showed the presence of genetic structure.
Moreover, there was a clear division into two separate
clusters: the first one included the overlapping groups
A - C, while the second one comprised groups D and
E. The analysis of molecular variance (AMOVA) re-
vealed that most of the genetic diversity was located
within the groups (A - E), but the @, value was ex-
tremely high for groups located at such a close dis-
tance. It was similar in the case of the G, coefficient.
These values were especially surprising in the light
of the results described in the paper by Pogorzelec
et al. (2014c), where the genetic diversity obtained
by ISSR markers between four populations located in
the Leczna-Wlodawa Lakeland was twice smaller. The
present @, value may result from very high linkage
disequilibrium of loci, which was especially high at
the whole population level, and from applying the
AFLP method whose results in many publications
significantly differ from those obtained by ISSR (Ab-
delhamid et al., 2014; Badfar-Chaleshtori et al., 2012;
Chen et al., 2010; Khadivi-Khub & Soorni, 2014).
Despite that S. lapponum seeds are wind dispersed,
they are usually deposited close to the parent plant
due to the specific structure of the phytocenosis at
the studied site (Pogorzelec et al., 2014b). Its pollen
is carried by insects that could certainly cover the dis-
tances within the area occupied by the entire popula-
tion, but due to the quite weak recruitment of young
individuals, which seems to be a feature character-
istic of the genus Salix (Douhovnikoff et al., 2005;
Sochor et al., 2013; Stamati et al., 2007) we cannot
notice the effects of gene flow at this level. Howev-
er, the lack of correlation between genetic differen-
tiation and geographic distance may indicate that at
least in the past the gene flow was fluent. If the loss
of alleles as a result of genetic drift is not compensat-
ed by the inflow of migrants from other groups of in-
dividuals, such a population is at the risk of losing its
genetic diversity (Young et al., 1996). This is a very
disturbing conclusion not only for the analyzed pop-
ulation but for the entire species, because it shows
that under peatland conditions S. lapponum is not
able to maintain even the minimum level of seedling
recruitment and species continuity without human
intervention. The S. lapponum stands in the eastern
Poland are located only on peat bogs. Many of these
ecosystems have been destroyed and fragmented
since the 1950’s (mainly by the Wieprz-Krzna Canal
system, the Lublin Coal Basin, and agriculture) and
now are isolated from each other by environmental
barriers that limit gene flow by diaspores. Natural

and anthropogenically induced changes in habitats
influence their quality and hence proper functioning
of sensitive relict species (Serafin et al., 2015).
Information on the demographic changes that
have taken place in this population from the begin-
ning of the 21st century can also be useful in the
interpretation of these results. Still in 2000, several
thousands of S. lapponum individuals were recorded
on Lake Bikcze. The current resources of this popu-
lation are estimated at about 300 individuals. Such a
drastic decrease in population size over a very short
time could have caused a bottleneck effect. The pres-
ent population is only a small fraction of the one
that existed over a dozen years ago and therefore it
should be assumed that the alleles, also including
rare or even unique ones, have been lost togeth-
er with the lost individuals. From another point of
view, the Bikcze population is still the most numer-
ous in eastern Poland and the only one with 100%
polymorphic loci (Pogorzelec et al., 2014c). It is not
certain what factor caused such sudden extinction of
so many individuals, but it can surely be said that
the population has been genetically impoverished to
a large extent. In spite of that, in each of the analyzed
groups of S. lapponum individuals (A-E) the param-
eters determining within-population diversity (the
proportion of polymorphic loci, heterozygosity) were
high. Such comparison of the results shows that the
fragmentation occurred relatively recently, which is
also indicated by the conclusions drawn by Gare-
ca et al. (2013) who analyzed divided populations
of species of the genus Polylepis. Downy willow is a
long-living species and the individuals that are now
growing on Lake Bikcze were most probably present
there over a dozen or even several dozen years ago;
hence, we can assume that no significant transforma-
tion between the generations has taken place there
over this time and that the high genetic diversity of
the particular groups is a remnant after a numerous
and dense population that existed there previously.
Unfortunately, each successive generation produced
by generative reproduction in a population whose
habitat has been fragmented is usually characterized
by a much lower level of heterozygosity (Aguilar et
al., 2008; Gareca et al., 2013). Taking into account
that it is the only population in Eeczna-Wiodawa
Lakeland with young individuals, this can be a reason
for the smallest value of heterozygosity of the Bikcze
population in Pogorzelec et al. (2014c). Due to that
fact, the studied population should be used as quick-
ly as possible as a donor of reproductive material in
the form of both seeds and organ parts for in vitro re-
generation. The longevity of S. lapponum individuals
protects this species against the loss of its genetic di-
versity (Young et al., 1996; Gugerli et al., 1999; Steh-
lik et al., 2001; Nybom, 2004) and gives time to take
measures aimed at its active conservation. Another
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factor that can delay the negative consequences of
habitat fragmentation and population isolation is the
capacity for vegetative reproduction which extends
the periods between individual generations (Brzosko
et al., 2009; Hilmo et al., 2012). However, the analy-
sis performed using GenoType software revealed the
absence of individuals with identical product profiles
in the studied population. Based on the results ob-
tained by Pogorzelec et al. (2014c) and Stamati et al.
(2007), S. lapponum reproduces mainly sexually.

Despite that currently it is most numerous in
eastern Poland, the S. lapponum population on Lake
Bikcze has been drastically reduced over the last doz-
en or so years. From the genetic point of view, two
parameters can be clearly seen: high diversity among
the distinguished groups of individuals making up
the population (expressed as the @, and G, coeffi-
cients) and high within-population differentiation.
While the former one indicates that the popula-
tion as a whole is not homogenous, the high value
of heterozygosity is a positive signal since it gives a
chance of preserving this feature among individuals
that will be obtained with human participation and
introduced at different locations. Given that, active
conservation measures for Salix lapponum should be
taken as quickly as possible.
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