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Abstract
Patterns of genetic variation and spatial genetic structure (SGS) were investigated in Cross-
ocalyx hellerianus, a strictly epixylic dioicous liverwort (Scapaniaceae s.l., Marchantio-

phyta). Studied populations were located in Fennoscandia and Central Europe, with

localities differing in availability of substrate and the population connectivity, and their popu-

lations consequently different in size, density, and prevailing reproductive mode. A set of

nine polymorphic microsatellites was successfully developed and used. Identical individuals

were only found within populations. Especially in large populations, the majority of the indi-

viduals were genetically unique. Resampled number of genotypes, mean number of

observed alleles per locus after rarefaction, and Nei’s gene diversity in large populations

reached high values and ranged between 4.41–4.97, 3.13–4.45, and 0.94–0.99, respec-

tively. On the contrary, the values in small populations were lower and ranged between

1.00–4.42, 1.00–2.73, and 0.00–0.95, respectively. As expected, large populations were

found to be more genetically diverse than small populations but relatively big diversity of

genotypes was also found in small populations. This indicated that even small populations

are important sources of genetic variation in bryophytes and processes causing loss of

genetic variation might be compensated by other sources of variability, of which somatic

mutations might play an important role. The presence of SGS was discovered in all popula-

tions. Large populations possessed less SGS, with individuals showing a pronounced

decrease in kinship over 50 cm of distance. Apparent SGS of small populations even at dis-

tances up to 16 meters suggests the aggregation of similar genotypes, caused predomi-

nantly by the deposition of asexually formed gemmae. Although no strong kinship was

detectable at the distances over 16 meters in both small and large populations, identical

genotypes were occasionally detected at longer distances (20–80 m), suggesting effective

dispersal of asexual propagules.
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Introduction
The structure of genetic diversity on fine scales within populations and on larger scales among
populations may bring valuable insights into the reproductive systems of studied organisms
including the assessment of reproductive effort, rates of sexual and vegetative reproduction, dis-
persal capacity of diaspores and levels of gene flow among populations. Bryophytes are generally
considered to possess high dispersal capacity of their sexually originating spores [1, 2], which
however is often impaired by the relatively low reproductive effort allocated into the production
of energetically costly sporophytes. In dioicous bryophytes, which constitute a significant pro-
portion as opposed to the situation in remaining land plants [3, 4], the sexual reproduction is
further complicated by the necessity of spatial proximity of male and female gametangia, as the
dispersal range for sperm is generally very short [5, 6] On the other hand, most bryophytes also
propagate by means of vegetative fragments, and a notable proportion of bryophytes produce
specialized vegetative diaspores, such as the gametophytic gemmae, which were proven to pos-
sess a dispersal capacity comparable to spores and even effectively contributing to gene flow
among populations [7]. Recruitment of progeny is nevertheless not only dependent on the for-
mation and dispersal capacity of diaspores, but also on the diaspore establishment and sustain-
able growth conditions for mature plants. A significant proportion of bryophytes are known to
be strictly specialized in particular substrates or habitats [8], and one such examples of habitat
specialization are the epixylic species, i.e. species growing on decomposing wood matter.
Decomposing wood supports a rich community of plants, fungi and animals [9]. Decaying logs
are a very dynamic substratum with a non-random patchy distribution, restricted duration and
time-variable quality [8, 10] where composition of bryophyte communities changes following
the decay stage of logs [11]. Moreover, a sufficient amount of decomposing wood is missing
from most human-managed forests and is only present in natural and old-growth forests. These
unfortunately belong to prime examples of habitats under globally strong anthropogenic pres-
sure [12]. Epixylic species are thus handicapped on two scales. The suitable substrate is not con-
tinuously available, as exemplified in a study of the epixylic liverwort Ptilidium pulcherrimum,
which showed that less than 1% of produced spores were deposited on substrate suitable for
establishment [13]. On the landscape scale, extensive forestry has resulted in considerable
decrease and fragmentation of forest habitats, in which the specific substrate occurs. To date, no
strictly epixylic bryophyte has been studied, although the genetic diversity and structure of epi-
phytic forest bryophytes has been addressed in several studies [14–16]. Genetic variation in
wood living fungi and beetles, to our knowledge the only studied epixylic organisms, showed
low gene flow and low genetic variation among isolated and fragmented populations similarly
as it was the case in other forest dwelling species [16–18].

Recent studies of population genetic variability and spatial genetic structure using DNA fin-
gerprinting methods have shown a remarkable variability of results, showing the uniqueness of
parameters of individual reproduction systems in different taxa. One of the most interesting
findings is that the level of genetic differentiation among bryophytes reproducing mostly or
exclusively vegetatively was in several cases surprisingly high [19–21]. The genetic variability in
mostly non-sexual populations can be maintained by migration from neighboring populations,
occasional sporophyte production, or by the accumulation of somatic mutations [19, 20, 22].
Studies of spatial genetic structure (SGS) in bryophyte populations are also relatively rare [14,
23–26]. Only one study [23] focused on small-scale pattern of SGS in the liverwort species Bar-
bilophozia attenuataMart. (Loeske), which is a species closely related to our object of study,
possessing a similar reproduction mode.

We have studied Crossocalyx hellerianus (Nees ex Lindenb.) Meyl., a minute, circumboreally
distributed dioicous epixylic liverwort (Fig 1) of the family Scapaniaceae s.l. (Anastrophyllaceae
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[27, 28]). Both sexually formed spores and asexual gemmae are produced, with both being
approximately 10–12 μm in diameter. Sexual reproduction is described as occasional in Nordic
countries (sporophyte formation was observed in 2.5–12% of the colonies [29]), whereas in
other parts of European distribution area it might be much rarer, e.g. they were never reported
from Ireland and Britain [30, 31]. On the contrary, gemmae are always present and generally
abundant. It is considered to be a colonist species with the potential life span of only a few
years [32], inhabiting decaying logs (mostly of spruce) of intermediate decay stages [33]. With
respect to its habitat preference, it usually occurs in old-growth spruce forests with high
amounts of coarse woody debris [33] and therefore it is relatively rare in all parts of its distribu-
tion area. In the countries of this study, it has been classified as Near Threatened (NT) in Fin-
land [34], and Endangered (EN) in the Czech Republic [35] according to IUCN criteria. In the
latter country, only 8 populations are recently known, with only one population classified as
large (see below for definitions).

Fig 1. The studied speciesCrossocalyx hellerianus. Pictures from Vesijako Strict Nature Reserve (A) overgrown log of C. hellerianus, (B) C. hellerianus in
detail. Light microscope pictures (C) gemmiparous shoot, (D) perianth, (E) gemmae.

doi:10.1371/journal.pone.0133134.g001
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The study populations, located in Scandinavia and Central Europe, differ in size, density,
prevailing reproductive mode, and population connectivity. Thus, these populations represent
a suitable study system for investigations on patterns of genetic variation with regard to the
above mentioned population characteristics. The studied liverwort moreover produces sexual
and vegetative diaspores of potentially very similar dispersal capacities with respect to their
size, which facilitates the inference on dispersal efficiency. We hypothesized that the popula-
tion size or density and prevailing reproductive mode would be mirrored in the population
genetic diversity and fine-scale spatial genetic structure. Microsatellite markers, which have
been developed for his study, further allowed for the assessment of gene flow levels among pop-
ulations and rates between sexual and asexual reproduction.

Material and Methods

Study sites and sampling
Sampling was performed in Finland (FI, 4 populations) and in the Czech Republic (CZ, 6 pop-
ulations; Table 1 and S1 Fig). Mean geographic distances among CZ populations amounted to
55 km, those among FI populations 62 km, and the distances among CZ and FI populations
averaged 1500 km (S1 Fig). Studied Finnish populations are located in the boreal zone of south-
ern Finland, representing only a part of regional populations [34]. Czech populations are
located in South Bohemia within the temperate zone and represent all known Czech localities
as of 2012. The Finnish forests are mainly old virgin forests dominated by spruce with several
canopy layers (pines, birches and aspens), characterized by huge amounts of decaying conifer
wood, which is reflected in the relatively common occurrence of Crossocalyx hellerianus. The
Czech forests represent small extant fragments of herb-rich and acidophilous montane mixed
old-growth forests with the tree composition and herb vegetation approaching the natural one,
dominated mostly by beech with spruce admixtures. The amount of suitable decaying wood is
only high in the Boubínský prales National Nature Reserve among the Czech forests. Conse-
quently, C. hellerianus is relatively common only in this reserve, while the other Czech localities
support only very small populations of the liverwort (Table 1).

In populations, where C. hellerianus was abundant (with more than 10 logs supporting the
species, further on assigned as ‘large’ populations, Table 1), 8–9 logs were sampled. In smaller
populations (‘small’, Table 1), all logs supporting the occurrence of C. hellerianus were sampled
and surroundings of these logs (up to 0.5 km around) were investigated for possible
occurrence.

Approximately 0.5×0.5 cm was sampled from every occurrence of C. hellerianus at a mini-
mum distance of 20 cm; the maximum distance depended on the patchy distribution of species
on each sampled log (Fig 2). For detection of genetic structure at the smallest spatial distances,
three shoots were taken from four pairs of neighboring patches (one pair on each log) in large
populations and three shoots from two pairs of neighboring patches in small populations. One
shoot was taken from each of the other patches. Distances among shoots that originated from
the same patch were arbitrary equaled to one centimeter and distances among the sampled
patches were measured. The small size of the population Nová Bystřice (10×15 cm) allowed for
removal of only five shoots.

All studied populations were searched for the production of sporophytes. As these are
ephemeral and we were not able to record them at the time of visit, perianths were considered
as the indication of the sexual reproduction. Perianths (Fig 1D) of the leafy liverworts are
gametophytic structures of foliar origin around the archegonium which serve the protection of
developing capsule. Perianths were searched in all sampled patches, using a stereo-microscope.
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Ethics statement
All necessary permits were obtained for field studies to collect species material. Metsähallitus
issued the permission for entry into Finish localities and Nature Conservation Agency of the
Czech Republic issued the entry permission into Czech localities. No special permission is
required for sampling of Crossocalyx hellerianus in the respective countries, although it is con-
sidered is Endangered (EN) species in the Czech Republic according to IUCN criteria [32],

Table 1. List of study populations with quantitative data.

Locality
abbr.

Population Coordinates [WGS
84]

Country Population
size

Number of
sampled logs

Date of sampling (DD.
MM.YY)

Z Boubínský prales National Nature
Reserve

48°58'32"N, 13°
48'54"E

CZ LARGE 9 17.11.12

G Kamenná hill 48°49'08"N, 13°
48'50"E

CZ SMALL 3 22.11.12

M Medvědí hora Nature Monument 48°37'13"N, 14°
13'40"E

CZ SMALL 2 16.09.12

Y Milešický prales Nature Reserve 48°59'06"N, 13°
50'19"E

CZ SMALL 5 17.11.12

R Nová Bystřice 49°01'13"N, 15°
01'16"E

CZ SMALL 1 08.05.12

P Žofínský prales National Nature
Reserve

48°40'10"N, 14°
42'20"E

CZ SMALL 2 13.10.12

N Nuuksio National Park 60°18'36"N, 24°
29'57"E

FI LARGE 8 11.08.12

S Sudenpesänkangas Nature
Reserve

61°12'15"N, 25°
11'49"E

FI LARGE 8 08.08.12

K Kotinen Nature Reserve 61°14'28"N, 25°
03'47"E

FI LARGE 8 08.08.12

V Vesijako Strict Nature Reserve 61°21'00"N, 25°
06'04"E

FI LARGE 8 09.08.12

doi:10.1371/journal.pone.0133134.t001

Fig 2. Schematic illustration ofCrossocalyx hellerianus sampling on logs.

doi:10.1371/journal.pone.0133134.g002
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which however does constitute the basis for legal protection in that country (see S1 File). The
species sampled are not listed by CITES (Convention on the International Trade in Endan-
gered Species). All studied localities are on public lands.

Genetic analysis
A SSR-enriched genomic library was constructed using a biotin-streptavidin capture method
[36]. Screening of SSR-enriched genomic library was performed using combined approach
involving traditional cloning and Sanger sequencing of the library, together with direct 454
pyrosequencing of the library on a GS Junior System (454 Life Sciences, Branford, USA) as
described in [37]. Specific primers were designed using Primer3 [38, 39], see Table 2.

Total genomic DNA was extracted from each of the analyzed shoots using the NaOH
method [40]. PCRs were performed in a reaction mixture containing 0.5 μL of genomic DNA,
2.5 mMMgCl2, 0.2 mM dNTPs, 0.3 μM primers, 0.25 U Taq polymerase (Top-Bio, Prague,
Czech Republic) in the manufacturer’s reaction buffer, and sterile water to make up a final vol-
ume of 5 μL. Amplifications were performed with an initial denaturation of 3 min at 94°C, fol-
lowed by 45 cycles of 1 min denaturation at 94°C, 30 s at primer-specific annealing temperature
(Table 2), 15–30 s extension at 72°C, and a final extension of 10 min at 72°C. PCR products
were pooled and analyzed using fragment analysis on an ABI 3730xl DNA Analyser (Applied
Biosystems) with GeneScan 600 LIZ (Applied Biosystems, Foster City, USA) as the internal size
standard. Microsatellite alleles were scored using GeneMarker v1.80 (SoftGenetics LLC, State
College, USA) and were coded as a number of repeats of the SSR motif. Samples in which ampli-
fication of more than three loci failed were omitted. Allelic data are available in S2 File.

Data analysis
Nei’s gene diversity (Ĥ) was calculated using Arlequin v3.5 [41]. Number of genotypes—Ng

and number of recurrent genotypes—Nrg were calculated in the GenClone 2.0 program [42].
With respect to different sample size of populations, values of Ng were resampled using Gen-
Clone 2.0, and HP-Rare software [43] was used for rarefaction of mean number of observed
alleles per locus—Na. For both Ng and Na calculations, the sample sizes were adjusted to five
(the smallest sample in the comparison). The probability that individuals shared the same mul-
tilocus genotypes (MLG) were derived from sexual reproduction involving recombination
(Psex) calculated in the GenClone 2.0. Samples with missing data were excluded from all above
mentioned computations.

In addition to Psex assessment, linkage disequilibrium analysis was performed to assess
whether marker distributions resulted from sexual or asexual reproduction. Multilocus linkage

Table 2. Characterization of the nine microsatellite loci developed forCrossocalyx hellerianus.

Repeat motif Ta [°C] Forward primer (5'- 3') Reverse primer (5'- 3') No. of alleles Size range [bp] GenBank accession no.

(TG)13 58 CCACTTTCCATTGTGACCTTT AGTTTCTTCTCCGCCATCA 7 148–160 KM065844

(AC)10 54 GGACGCACTAACTCGTTTTCTC GGTCCAGCATGAGGTTGATT 33 246–314 KM065843

(TG)24 54 TTCTGTCATTTTCGGATTTGG GTGGGCAACTTCTTTGGACT 18 384–426 KM065842

(TC)24 54 TTGGGATGAGAAAAGTGA CCTCGTATTGATTGTGGGTAT 24 486–536 KM065838

(GT)10 54 CCTTGCAGCTCATATCTTGTT CCTTTCGTCCACCATAAGTCC 14 205–237 KM065837

(CA)11 54 CCAAGCATGAACTAATCCCATC GCAAAGGTAACACCAAAGTGAG 5 158–172 KM065839

(CA)21 58 TCAAGAACCTTACATCCAAACC GCATCACTCACTCCTCACCA 25 307–357 KM065840

(AC)13 54 CGTGGAAAGACTGTTGAGGA GGATTTGAGGCGAGGGATAG 7 173–185 KM065845

(GT)13 54 CAAGCCAACAAGGAGAGAGATT AAGCCCAATGTGAAGAAGGA 12 226–260 KM065841

doi:10.1371/journal.pone.0133134.t002
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disequilibrium was tested using the index of association modified to remove the effect of num-
ber of loci analyzed (rd [44]) and calculated for each population using Multilocus v 1.3. Signifi-
cance was tested by comparing the observed dataset against the null hypothesis of infinite
amount of sex and recombination by random shuffling the alleles amongst individuals using
1,000 randomizations.

Hierarchical structure of genetic variation was examined using analysis of molecular vari-
ance (AMOVA) in Arlequin v 3.5 [41] with calculations based on the RST-like method, using
the sum of squared size differences. The RST-like method was preferred because a preliminary
allele permutation test performed in SPAGeDi 1.4 software [45] was significant, indicating that
an allele size-based statistic was informative for population differentiation and may contain
more information than allele identity measures such as FST, which is likely to provide a biased
estimate of gene flow [46]. The following partitioning of genetic variation was tested: between
distant geographic regions (Czech Republic and Finland) and among localities within the
regions. The analysis based on FST-like method showed that variation among populations
within regions was slightly higher than variation between the two geographic regions (CZ vs.
FI). In addition, the pairwise RST values for all populations were computed. The significance of
AMOVA components and of pairwise RST values was tested using 10,000 permutations.

To reveal the fine-scale spatial genetic structure (SGS), a spatial autocorrelation analysis was
conducted in SPAGeDi 1.4 software [45]. Distance classes with upper boundaries of 0.01, 0.5,
1, 2, 4, 8, 16 and 500 m were used (spatial sampling information is available in S3 File). Multilo-
cus pairwise kinship coefficients (Fij) based on Nason’s kinship coefficient [47] were calculated.
To test the influence of population size on SGS, populations were further assigned into three
groups: small CZ populations, large FI populations and the large CZ population (see Table 1).
For each group of populations, mean multilocus pairwise kinship coefficient values were plot-
ted against the upper boundaries of geographic distance classes. Significance of the mean Fij
per distance class was tested using 1,000 random permutations of individuals.

The spatial extent of clonal dispersal was quantified using distance classes and population
assignment defined as above. The percentage of clones within each of the distance classes was
calculated using pairwise comparisons which included identical genotypes and they were plot-
ted against the upper boundaries of classes. In addition, the maximum distance among samples
of the same genotype was recorded for each population.

Results

Population genetic analyses
Nine polymorphic microsatellite markers from the liverwort Crossocalyx hellerianus were
developed (Table 2 and S2 Fig). All genotyped material was haploid and the microsatellite loci
contained between 5 and 33 alleles (Table 2). The final dataset of 393 successfully genotyped
samples contained two samples with missing data for three loci, four samples with missing
data for two loci, and 52 samples with missing data for one locus, respectively. 243 MLGs were
found among the 335 genotyped individuals (without missing data). Identical genotypes were
only rarely detected inside large FI and CZ populations, while in small CZ populations recur-
rent genotypes occurred at higher rates (Fig 3 and S3 Fig). Identical genotypes were relatively
frequently detected only within individual logs (see below). No identical genotype has been
found among populations.

Resampled number of genotypes (Ng), mean number of observed alleles per locus (Na) after
rarefaction, and Nei’s gene diversity (Ĥ) varied from 1.00 to 4.97, 1.00 to 4.45, and 0.233 to
0.995, respectively (Fig 3). Lower values of Na, Ng andĤ were detected in small CZ populations;
the small CZ population R contained a single MLG.

Genetic Structure of Crossocalyx hellerianus

PLOSONE | DOI:10.1371/journal.pone.0133134 July 17, 2015 7 / 19



The analysis of molecular variance based on RST-like method (Table 3) showed that the
highest proportion of genetic variation occurred within populations (67.7%), followed by the
variation between the two geographic regions (CZ vs. FI; 25.3%), and the variation among pop-
ulations (7.0%). Separate analyses of both regional datasets found higher rate of variation
among CZ populations (18.5%) than among FI populations (6.2%).

The highest pairwise RST values were usually observed between CZ and FI populations (Fig
4 and S1 Table), which is in agreement with geographic distances separating both regions (ca.
1,500 km). Nevertheless, considerable divergence was also found among most of the CZ popu-
lations, with pairwise RST values usually higher than 0.1 (11 out of 15 values). On the contrary,
the pairwise RST values between FI populations except the most remote population N did not
exceed the value of 0.1. Even in case of population N, the pairwise comparisons with the
remaining FI populations (K, S and V) revealed generally lower RST values than those observed
among CZ populations separated by even shorter geographic distances (the distances between
N and other FI populations spanned 106–120 km, whereas 18–92 km separated CZ popula-
tions, respectively). The pairwise RST values among geographically close populations (separated

Fig 3. Genetic diversity indices forCrossocalyx hellerianus populations. (A) Sample size (N), number of genotypes (Ng) and number of recurrent
genotypes (Nrg, i.e. those occurring more than once) computed for all samples in each population. (B) Resampled values of number of genotypes (Ng), mean
number of observed alleles per locus (Na) after rarefaction, and Nei’s gene diversity (Ĥ). Abbreviations of localities correspond to Table 1.

doi:10.1371/journal.pone.0133134.g003
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by distances not exceeding 18 km, i.e. CZ populations G, Z, Y, and FI populations S, K, V,
respectively) were higher among CZ populations (see S1 Fig).

Significant and high rd values indicating linkage disequilibrium were found in all small CZ
populations (Table 4). Only the value for the large FI population N was comparable to values

Table 3. The distribution of genetic variation based on the analysis of molecular variance (AMOVA).

Source of variation d.f. Variance component Variance % Fixation index

Between CZ and FI groups of populations 1 53.5 25.3 FCT = 0.253**

Among populations within groups 8 14.9 7 FSC = 0.094***

Within populations 382 143.3 67.7 FST = 0.323***

Total (CZ and FI) 391 211.7

Among CZ populations 5 21.9 18.5 FST = 0.185***

Within CZ populations 129 96.8 81.5

Total (CZ) 134 118.7

Among FI populations 3 11.8 6.2 FST = 0.062***

Within FI populations 254 180.0 93.9

Total (FI) 257 191.8

Significance of F values is marked as *** P < 0.001; ** P < 0.01.

doi:10.1371/journal.pone.0133134.t003

Fig 4. Genetic differentiation.Genetic differentiation among populations between and within the two geographic areas based on pairwise RST values.

doi:10.1371/journal.pone.0133134.g004
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of small CZ populations. Non-significant or low values of linkage disequilibrium were observed
in populations with high Ng, Na, Ĥ. These populations also contained a high number of
observed patches with perianths, indicating the production of sporophytes.

Spatial genetic structure
Kinship coefficient in small CZ populations reached initial values of 0.77 on distances up to 1
cm, and varied from 0.48 to 0.72 on distances between 50 cm and 16 m (Fig 5). On the other
hand, kinship coefficients in large populations were considerably lower, reaching the initial val-
ues of 0.47 and 0.37 on distances up to 1 cm, respectively, and varied from 0.02 to 0.28 on dis-
tances between 50 cm and 16 m. On distances exceeding 16 m, the kinship coefficient
decreased and dropped below zero in all population groups.

The spatial extent of clonal dispersal differed between small and large populations (Fig 6
and S4 Fig). In small CZ populations, the percentage of pairwise comparisons with observed
identical genotypes sustained high values (31.0–75.9%) for the first six distance classes (1 cm–

8 m), and started to decrease at the distances exceeding 16 m. The pattern found in large FI
and CZ populations were rather similar to each other. High initial values of clonality were
observed only in the first two distance classes (< 1 and 1–50 cm), then suddenly dropped in
the third class (50–100 cm), and decreased more or less gradually at longer distances. However,
the percentage of clonality was higher in the large CZ population than in all large FI popula-
tions. The probability of sexual origin (Psex) was relatively high for some of the putative clones
from small CZ populations, but negligible for majority of individuals from large CZ and FI
populations (S4 Fig).

The maximum extent of clonal dispersal was found in the population V, with shoots sharing
the same genotype separated by 80 m (Table 4). Nevertheless, considerably long distances
among shoots of identical genotypes (� 20 m) were found in all FI populations sampled (see
Table 4). The maximum distance value for small CZ population was 15 m in population G,
with clones always confined to one log.

Table 4. Linkage disequilibrium, maximum distance between the sameMLG, % of patches with perianths.

Locality Linkage disequilibrium (rd) Max. distance between samples of the same genotype [m] % of patches with perianths

Z 0.06*** 6.8 7.5

G 0.44*** 15 0

M 0.87*** 10 8.3

Y 0.20*** 0.01 0

R – 0.01 0

P 0.26*** 3.5 0

N 0.22*** 50 25.9

S 0.01 20 8.6

K 0.03** 62 24.5

V 0.02 80 25

Linkage disequilibrium (significance of rd values is marked as *** P < 0.001; ** P < 0.01) based on data at nine microsatellite loci in Crossocalyx
hellerianus, maximum distance between samples of the same multilocus genotype, and percentage of patches with perianths. Locality R comprised a

single multilocus genotype.

doi:10.1371/journal.pone.0133134.t004
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Discussion

Genetic variability
The observed pattern of genetic variation in studied populations of Crossocalyx hellerianus, as
documented by values of Ng, Na and Ĥ, is congruent with the general assumption that larger
populations (here FI populations N, S, K, V and CZ population Z) tend to have bigger pool of
genotypes/alleles. In large populations, the majority of the individuals were genetically unique,
whereas small populations showed higher ratio between N/Ng. The reduced variation in

Fig 5. Spatial autocorrelation analysis based onmicrosatellite data. Populations of Crossocalyx hellerianus were divided into three categories (Table 1):
small CZ pop., large FI pop., large CZ pop. The Nason’s kinship coefficients (Fij) are positioned along the X-axis at the mean pairwise distance within each
distance class. Vertical bars show standard errors. Significance of average F values is marked as *** P < 0.001; ** P < 0.01; * P < 0.05.

doi:10.1371/journal.pone.0133134.g005

Fig 6. Percentages of clones within distance classes.Number of all pairwise comparisons in each distance: 0.01 m– 58, 96, 24; 0.5 m– 54, 211, 35; 1 m–

43, 166, 30; 2 m– 31, 274, 39; 4 m– 75, 321, 39; 8 m– 36, 266, 48; 16 m– 87, 168, 48; 500 m– 270, 6558, 948 for small CZ pop., large FI pop., large CZ pop.,
respectively. Long distances among clones (> 16 m) were found only in all FI populations (blue arrow).

doi:10.1371/journal.pone.0133134.g006
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smaller populations may result from processes such as bottleneck, genetic drift or inbreeding
[48, 49]. Nevertheless, several bryophyte studies found no relation between population size and
genetic variation [15, 19, 50]. Moderate levels of genetic diversity found in small CZ popula-
tions of C. hellerianus support the earlier views that even small populations are important
sources of genetic variation in bryophytes [19, 50] and that such populations may not be drasti-
cally threatened by processes causing loss of genetic variation (genetic risk [51]). Interestingly,
genetic diversity of the small CZ populations Y and P is somewhat higher than those found in
other small CZ populations. Possible explanation could include the history, in course of which
these populations experienced significant reduction of population size as a consequence of a
severe drop in the availability of substrate. It is known that the tree species composition in the
Žofín forest (population P) changed significantly from Abies alba dominated forest towards
broad-leaved forest dominated by Fagus sylvatica with only a minor percentage of spruce
(Picea abies 15% [52]). The population Y could have benefited from the past or recent gene
flow from nearby large population Z, as evidenced by the lowest detected genetic differentiation
based on pairwise RST values (S1 Table).

Fully identical individuals were only found within populations. A large diversity of multilo-
cus genotypes within populations appears to be common in both liverworts [19, 20, 23] and
mosses [24, 53], irrespective of the prevailing reproductive mode. The unexpected genetic vari-
ation found in taxa with rare sexual reproduction or even in asexually reproducing populations
[19–21] implies other sources of genetic diversity than recombination events. The authors
mostly suggest neutral somatic mutations, originating in various vegetative parts as the proba-
bly most important source. According to Weismann’s doctrine [54], only the germ line (i.e.
cells giving rise to gametes) has evolutionary significance and somatic variation within individ-
uals is not transmitted to progeny [55]. However, this is not the true for majority of land plants
including bryophytes, as the sequestration of somatic cells and germ line is incomplete, and the
extent to which cells or tissues become irreversibly excluded from propagation is rather low
[55]. Both sexual organs and asexual propagules are formed in later ontogenetic phases from
somatic stem cells, leading to transmission of mutations originated in somatic tissues directly
to gametes and/or asexual gemmae or vegetative fragments. In other words, the nature and rel-
ative contribution to novel alleles is basically indistinguishable for both sexual and asexual
propagules. The propagation of somatic mutations is further enhanced by consistently greater
mutation rates in somatic tissues than in germ lines [56]. In plants, as well as in other clonal or
modular organisms, such as aphids, freshwater snails, bryozoans, or reef corals, the somatic
cells in bryophytes undergo high number of cell divisions before gametes and/or asexual propa-
gules are formed, providing relatively high probability of mutation during numerous DNA rep-
lications [57]. In liverworts, a single apical cell is responsible for the shoot growth, and each
somatic mutation in this cell is propagated to all thallus parts, which originated from mitotic
divisions following the mutation event. Similarly, any somatic mutation that occurred in leaf
cells that gave rise to the asexual propagules (gemmae) of liverworts, which often are only 1–2
celled, can easily be directly expressed in the progeny.

Other explanations of remarkable genetic diversity in predominantly and/or seemingly
asexual bryophytes may involve e.g. population establishment by multiple genotypes, or peri-
odical occurrence of sexual reproduction generating novel recombinant genotypes. Recruit-
ment of new genotypes from neighboring populations seems to be a rather improbable and
rare event in the studied system, as no identical MLG were shared among populations, not
even between the spatially closest populations Z and Y, distant only 4 km. Occasional and
unobserved sexual reproduction, which might be a major source of variation in large popula-
tions with stable reproductive system even with only small number of reproducing individuals
per generation [58], also probably plays a minor role in generating the genetic diversity of
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Crossocalyx hellerianus, as the frequency of these events is massively outweighed by the gem-
mae production. The study [59] reported only 32% of bisexual colonies, and only 12% of colo-
nies producing sporophytes and even these numbers are much higher than in studied Central
European populations (only two out of six populations producing perianths at all and 8% of
perianth-forming patches in these populations; Table 4). Moreover, the estimated gemmae out-
put per square centimeter of C. hellerianus colony exceeded the spore production nearly five
times, while the ability to germinate in both types of propagules was similar [59]. Prevailing
asexual reproduction and absence of recombination in small CZ populations of C. hellerianus
is also indicated by high values of linkage disequilibrium (or Psex values). Significant and rather
high linkage disequilibrium was also found in the large FI population N, although the percent-
age of patches with perianths (25.9%) was comparable with other large FI populations. Never-
theless, the slightly lower genetic variation as inferred from Ng, Na and Ĥ values was congruent
with linkage disequilibrium. This pattern could be explained by low portion of gametophytes
arising from sexually produced spores or as a result of inbreeding. Mating may occur among
haploid siblings originating from the same sporophyte as a result of non-existing mechanism
to distinguish among differently related gametes [60]. Inbreeding would further reduce the rel-
ative contribution of otherwise rare sexual reproduction for genetic variation in C. hellerianus.
Especially small CZ populations showed high values of linkage disequilibrium, rather low num-
ber of genotypes and aggregation of similar genotypes, which is consistent with the assumption
of low recombination efficiency. Therefore, genetic variation in small CZ populations has most
likely been caused by somatic mutations, past genetic variation prior to population reduction,
and/or establishment by multiple genotypes, although we cannot rule out the contribution of
sexual reproduction with respect to the facts discussed above.

Estimates of genetic differentiation among populations reflect the amount of gene flow
between them [61]. Isolation by distance inferred from pairwise RST values was found in most
of the studied populations. Genetic differentiation was rather low among the FI populations
(RST values usually< 0.1), whereas the values among the CZ populations mostly exceeded 0.1
(Fig 4). This implies greater gene flow among Finnish populations than it is the case in the
Czech Republic, which might be explained by the less fragmented landscape of forests with bet-
ter availability of decaying wood substrate in Finland. Lesser extent of gene flow among CZ
populations can be demonstrated in comparison of genetic differentiation between similarly
distant FI and CZ populations. The small CZ population G was considerably differentiated
from the 18 km distant Y and Z populations, which is in contrast with low RST values among
FI populations V, S and K, respectively, separated by similar spatial distances (7–18 km). We
suppose that suitable substrate, enabling step-by-step dispersal [14, 62] supports gene flow
among FI populations in contrast to the complete lack of ‘substrate bridges’ among the CZ
populations. Our results are in accordance with other studies of genetic differentiation in wood
living fungi and beetles [17, 18]. Generally, habitat loss and fragmentation have negative effect
on the genetic structure of populations with respect to the restricted level of gene flow. The
combination of reduced gene flow among isolated populations and their reduced size leads to
genetic drift and the fixation of different alleles, which brings strong genetic differentiation
among populations [48, 49].

Spatial genetic structure
Direct observations of propagule dispersal in Crossocalyx hellerianum [7] showed that a pro-
portion of propagules deposit within few meters from source colonies but a considerable pro-
portion may disperse over farther distances. In the absence of any specialized dispersal
adaptations, the wind probably serves as the main dispersal vector, and the deposition of
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propagules may be further enhanced by water during rainy days. Dispersal by animal vectors
such as the ants, hardly has an important role [23]. Anyway, the direct methods have limited
use for large spatial scale studies (few hundreds of meters) or for studies on short timescale. In
these cases, indirect methods revealing the spatial genetic structure can bring a reasonable
assessment of propagule dispersal.

High values of kinship coefficients observed in most of the small populations provided the
evidence for aggregation of similar genotypes. This can be caused by the relatively low level of
genetic diversity resulting from bottleneck and/or founder effect, prevailing asexual reproduc-
tion or breeding of related individuals, as discussed above. Spatial distribution reflects both
substrate availability and the mode of reproduction. If suitable habitats are evenly distributed
and spore production is frequent, allowing effective dispersal at the middle and long distances,
randomness in distribution, reflected in the absence of SGS, can be achieved [33]. This is not
the case at localities with small populations of C. hellerianus, where the amount of decaying
wood is generally low and essentially all available substrate is occupied. Random SGS cannot
be achieved in the absence of sexual reproduction, evidenced by high values of linkage disequi-
librium and absence of perianths in small CZ populations. Asexual reproduction by gemmae
represents here the most important and efficient role in maintaining the populations. This is in
agreement with previously postulated conclusions in vascular plant studies [63, 64].

Recent investigations of SGS in seed plants, reviewed in [65] showed that its presence is pos-
itively correlated with self-compatibility, low population densities, and poorly dispersed seeds.
In C. hellerianus, large populations possessed less SGS than small populations, with their indi-
viduals showing marked decrease in kinship over 50 cm distances and appearing to be without
any obvious kinship on distances exceeding 16 m. This result reflects higher population density
and more frequent spore production observed in large populations, both allowing more effi-
cient dispersal of different or novel MLGs on farther distances, which reduces the pattern of
SGS. Anyway, even in large populations, the plants continue to produce gemmae massively,
contributing to aggregation of genotypes and presence of SGS over short distances. Vegetative
reproduction by gemmae obviously contributes to economic balance avoiding the costly pro-
duction of sporophytes [59].

Comparison of SGS shape between studied populations of C. hellerianus and the small-scale
pattern of SGS in a closely related liverwort species, Barbilophozia attenuata [23] shows similar
patterns between large CZ and FI populations and the shape for B. attenuata, whereas small
CZ populations of C. hellerianus differed in noticeably strong SGS. Whereas the kinship coeffi-
cients reached zero over 8–10 m in B. attenuata, they approached zero not earlier that at dis-
tance of 16 m and turned negative at distance of 500 m in C. hellerianus, reflecting the
aggregation of genotypes over larger distances in the latter species. This might infer that B.
attenuata produces sporophytes more often or the gemmae of C. hellerianus have better dis-
persal capacity. The latter explanation can be supported by the difference in propagule weight,
because the smaller gemmae of C. hellerianus have about eight times smaller volume than the
gemmae of B. attenuata.

In our study, clones, probably arising from gemmae, were detected even at distances of 20,
50, 62, and 80 m. Although some of the identical MLG may have arisen from sexual reproduc-
tion, the probability of such events was negligible in large FI and CZ populations (S4 Fig).
Higher frequency of clones distributed over long distances in FI populations thus probably
reflects the larger spatial extent of these populations. The observation of clones spanning long
distances is consistent with the results of an earlier experiment [7], who found considerable
potential for long-distance dispersal of gemmae in C. hellerianus. We observed most of clones
to be dispersed only within logs at short distances in large populations, whereas small CZ pop-
ulations showed significant portion of clones dispersed at distances up to 10 m (Fig 6). The
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apparently more efficient dispersal of clones in small CZ populations might however rather be
the consequence of the absent sporophyte production. On the other hand, the clonal pattern of
FI populations seemingly involving long distance dispersal might be a consequence of several
successive step-by-step dispersal events over much shorter distances, as the continuous avail-
ability of epixylic substratum in space and time at Finnish localities increases the probability of
successful establishment.

Conclusions
Genetic diversity in populations of the dioicous epixylic liverwort Crossocalyx hellerianus was
related to population size but even the small populations were found to be important sources of
genetic variation. Recombination connected with sexual reproduction only plays a significant
role in generating the genetic diversity in large populations of C. hellerianus, whereas smaller
populations are maintained by vegetative diaspores and their main source of genetic diversity
are probably the somatic mutations. We were able to demonstrate notably low levels of gene
flow among populations in Central Europe, where habitat fragmentation poses a significant bar-
rier to dispersal of diaspores. Populations from southern Finland show lower levels of inter-pop-
ulation differentiation at the same distances, which can probably be explained by the presence
of step-by-step dispersal. The fine scale study of SGS revealed a strong aggregation of genotypes,
particularly in smaller populations, and at the same time showed that asexual reproduction is an
efficient mean of maintaining the population at not only the short distances, given the spatial
extent of clones spanning dozens of meters. On the other hand, strong SGS in large populations
seems to be reduced by the relatively efficient dispersal of both spores and gemmae.

Supporting Information
S1 Fig. Sampling sites in the Czech Republic and Finland. Abbreviations of localities corre-
spond to Table 1. Made with Natural Earth. Free vector and raster map data @ naturalearth-
data.com.
(TIF)

S2 Fig. Multilocus genotypic resolution of microsatellites in the data set of Crossocalyx hel-
lerianus. The plot was generated using 1,000 random samples of 1 to 9 loci. Resampling of loci
indicated that our set of nine loci had sufficient haplotypic resolution, as even the use of
approximately 7 loci would reveal the majority of MLGs detected in this study.
(TIF)

S3 Fig. Number of distinct multilocus genotypes (MLGs) plotted against the number of
individuals (A and B). Plots were generated for each population separately (A) small popula-
tions and (B) large populations, using 1,000 random samples of individuals to see if the rela-
tionship reached a plateau. Resampling of individuals indicated that increased sampling would
yield higher number of MLGs in large populations (B), whereas in small populations the num-
ber of MLGs mostly tended to reach a plateau (A). The estimated number of MLGs was sub-
stantially lower in small populations (1–8 MLGs) than in large populations (5–15 MLGs, grey
part of B) at smaller sampling sizes (N ranging from 5 to 16), corresponding to the maximum
sampling size in small populations. Therefore, sampling in small populations was probably
rather comprehensive despite lower number of individuals in population, whereas in large pop-
ulations the clonal diversity estimates could be underestimated.
(TIF)

S4 Fig. The probability of sexual reproductive events. Probability of sexual reproduction
(Psex) was plotted against the particular repeated multilocus genotypes (MLG) for populations
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(A) small CZ populations, (B) large CZ population and (C) large FI populations. If the proba-
bility is below significance threshold (Psex < 0.05), the respective individual is not likely to be
the result of a distinct event of sexual reproduction. Thus we can conclude that individuals
with identical genotypes, which occur more than once in the population and their Psex < 0.05,
were probably established from asexual propagules (predominantly found in large CZ and FI
populations—Z, N, S, K and V).
(TIF)

S1 File. Certification of Ethics statement.
(DOCX)

S2 File. Allelic data for all samples. Abbreviations of localities correspond to Table 1. Samples
within each population were numbered, and individuals collected within a single patch were
indexed by letters A-F. Missing data were assigned as ‘-1’.
(XLSX)

S3 File. Distances among sampled individuals within each population. Abbreviations of
localities correspond to Table 1. Samples within each population were numbered, and individ-
uals collected within a single patch were indexed by letters A-F.
(XLSX)

S1 Table. The pairwise RST values calculated between all populations. Significance of F val-
ues is marked as ��� P< 0.001; �� P< 0.01; � P< 0.05.
(DOCX)

Acknowledgments
We are grateful to Dr. Sanna Laaka-Lindberg (Finnish Natural History Museum LUOMUS,
University of Helsinki) for help with sampling of Finnish populations, Mr. Seppo Kallonen at
Metsähallitus, and Nature Conservation Agency of the Czech Republic for entry permission
into protected areas. Two anonymous referees are acknowledged for suggestions which helped
considerably to improve the manuscript.

Author Contributions
Conceived and designed the experiments: EH J. Košnar J. Kučera. Performed the experiments:
EH J. Košnar. Analyzed the data: EH J. Košnar. Contributed reagents/materials/analysis tools:
EH J. Košnar J. Kučera. Wrote the paper: EH J. Košnar J. Kučera.

References
1. van Zanten BO (1978) Experimental studies on trans-oceanic long-range dispersal of moss spores in

the Southern Hemisphere. J Hattori Bot Lab 44: 455–482.

2. van Zanten BO, Pócs T (1981) Distribution and dispersal of bryophytes. Advances in Bryology 1: 479–
562.

3. Wyatt R (1985) Terminology for bryophyte sexuality: toward a unified system. Taxon 34: 420–425.

4. Renner SS, Ricklefs RE (1995) Dioecy and its correlates in the flowering plants. Am J Bot 82: 596–
606.

5. Andersson K (2002) Dispersal of spermatozoids from splash-cups of the moss Plagiomnium affine.
Lindbergia 27: 90–96.

6. Bisang I, Ehrlén J, Hedenäs L (2004) Mate limited reproductive success in two dioicous mosses. Oikos
104: 291–298.

7. PohjamoM, Laaka-Lindberg S, Ovaskainen O, Korpelainen H (2006) Dispersal potential of spores and
asexual propagules in the epixylic hepatic Anastrophyllum hellerianum. Evol Ecol 20: 415–430.

Genetic Structure of Crossocalyx hellerianus

PLOSONE | DOI:10.1371/journal.pone.0133134 July 17, 2015 16 / 19

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0133134.s005
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0133134.s006
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0133134.s007
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0133134.s008


8. Söderström L, Herben T (1997) Dynamics of bryophyte metapopulations. Advances in Bryology 6:
205–240.

9. Jonsson BG, Kruys N, Ranius T (2005) Ecology of species living on dead wood—lessons for dead
wood management. Silva Fennica 39: 289–309.

10. Laaka-Lindberg S, Korpelainen H, PohjamoM (2006) Spatial distribution of epixylic hepatics in relation
to substrate in a boreal old-growth forest. J Hattori Bot Lab 100: 311–323.

11. Jansová I, Soldán Z (2006) The habitat factors that affect the composition of bryophyte and lichen com-
munities on fallen logs. Preslia 78: 67–86.

12. Bengtsson J, Nilsson SG, Franc A, Menozzi P (2000) Biodiversity, disturbances, ecosystem function
and management of European forests. Forest Ecol Manag 132: 39–50.

13. Söderström L, Jonsson BG (1989) Spatial pattern and dispersal in the leafy hepatic Ptilidium pulcherri-
mum. J Bryol 15: 793–802.

14. Snäll T, Fogelqvist J, Ribeiro PJ, Lascoux M (2004) Spatial genetic structure in two congeneric epi-
phytes with different dispersal strategies analysed by three different methods. Mol Ecol 13: 2109–
2119. PMID: 15245387

15. Zartman CE, McDaniel SF, Shaw AJ (2006) Experimental habitat fragmentation increases linkage dis-
equilibrium but does not affect genetic diversity or population structure in the Amazonian liverwort Rad-
ula flaccida. Mol Ecol 15: 2305–2315. PMID: 16842407

16. Patiño J, Werner O, Gonzáles-Mancebo JM (2010) The impact of forest disturbance on the genetic
diversity and population structure of a late-successional moss. J Bryol 32: 220–231.

17. Högberg N, Stenlid J (1999) Population genetics of Fomitopsis rosea–A wood-decay fungus of the old-
growth European taiga. Mol Ecol 8: 703–710.

18. Jonsson M, Johannesen J, Seitz A (2003) Comparative genetic structure of the threatened tenebrionid
beetleOplocephala haemorrhoidalis and its common relative Bolitophagus reticulatus. J Insect Con-
serv 7: 111–124.

19. PohjamoM, Korpelainen H. Kalinauskaitė N (2008) Restricted gene flow in the clonal hepatic Trichoco-
lea tomentella in fragmented landscapes. Biol Conserv 141: 1204–1217.

20. Bączkiewicz A (2012) Genetic diversity of leafy liverwort species (Jungermanniidae, Marchantiophyta)
in Poland: Diversity of leafy liverwort species with various reproductive modes. Biodiv Res Conserv 27:
3–54.

21. Karlin EF, Hotchkiss SC, Boles SB, Stenøien HK, Hassel K, Flatberg KI, et. al. (2012) High genetic
diversity in a remote island population system: sans sex. New Phytol 193: 1088–1097. doi: 10.1111/j.
1469-8137.2011.03999.x PMID: 22188609

22. Newton AE, Mishler BD (1994) The evolutionary significance of asexual reproduction in mosses. J Hat-
tori Bot Lab 76: 127–145.

23. Korpelainen H, von Cräutlein M, Laaka-Lindberg S, Huttunen S (2011) Fine-scale spatial genetic struc-
ture of a liverwort (Barbilophozia attenuata) within a network of ant trails. Evol Ecol 25: 45–57.

24. Korpelainen H, Forsman H, Virtanen V, Pietiläinen M, Kostamo K (2012) Genetic composition of bryo-
phyte populations occupying habitats differing in the level of human disturbance. Int J Plant Sci 173:
1015–1022.

25. Korpelainen H, von Cräutlein M, Kostamo K, Virtanen V (2013) Spatial genetic structure of aquatic bryo-
phytes in a connected lake system. Plant Biol 15: 514–521. doi: 10.1111/j.1438-8677.2012.00660.x
PMID: 23016754

26. Hutsemékers V, Hardy OJ, Vanderpoorten A (2013) Does water facilitate gene flow in spore-producing
plants? Insights from the fine-scale genetic structure of the aquatic moss Rhynchostegium riparioides
(Brachytheciaceae). Aquat Bot 108: 1–6.

27. Crandall-Stotler B, Stotler RE, Long DG (2009) Phylogeny and classification of the Marchantiophyta.
Edinb J Bot 66: 155–198.

28. Söderström L, de Roo R, Hedderson T (2010) Taxonomic novelties resulting from recent reclassifica-
tion of the Lophoziaceae/Scapaniaceae clade. Phytotaxa 3: 47–53.

29. PohjamoM, Laaka-Lindberg S (2004) Demographic population structure of a leafy epixylic hepatic Ana-
strophyllum hellerianum (Nees ex Lindb.) R. M. Schust. Plant Ecol 173: 73–81.

30. Paton JA (1999) The liverwort flora of the British Isles. Colchester: Harley Books. 626p.

31. Lockhart N, Hodgetts N, Holyoak DT (2012) Rare and threatened bryophytes of Ireland. Belfast:
National Museums Northern Ireland. 638p.

32. Dierßen K (2001) Distribution, ecological amplitude and phytosociological characterization of European
bryophytes. Stuttgart: Bryophytorum Bibliotheca 56. 289p.

Genetic Structure of Crossocalyx hellerianus

PLOSONE | DOI:10.1371/journal.pone.0133134 July 17, 2015 17 / 19

http://www.ncbi.nlm.nih.gov/pubmed/15245387
http://www.ncbi.nlm.nih.gov/pubmed/16842407
http://dx.doi.org/10.1111/j.1469-8137.2011.03999.x
http://dx.doi.org/10.1111/j.1469-8137.2011.03999.x
http://www.ncbi.nlm.nih.gov/pubmed/22188609
http://dx.doi.org/10.1111/j.1438-8677.2012.00660.x
http://www.ncbi.nlm.nih.gov/pubmed/23016754


33. Laaka-Lindberg S, PohjamoM, Korpelainen H (2005) Niche breadth and niche overlap in three epixylic
hepatics in a boreal old-growth forest, southern Finland. J Bryol 27: 119–127.

34. Laaka-Lindberg S, Anttila S, Syrjänen K (2009) Suomen uhanalaiset sammalet. Helsinki: Suomen
ympäristökeskus. 347p.

35. Kučera J, Váňa J, Hradílek Z (2012) Bryophyte flora of the Czech Republic: updated checklist and Red
List and a brief analysis. Preslia 84: 813–850.

36. Nunome T, Negoro S, Miyatake K, Yamaguchi H, Fukuoka H (2006) A protocol for the construction of
microsatellite enriched genomic library. Plant Mol Biol Rep 24: 305–312.

37. Drag L, Košnar J, Čížek L (2013) Development and characterization of ten polymorphic microsatellite
loci for the Great Capricorn beetle (Cerambyx cerdo) (Coleoptera: Cerambycidae). Conservation Genet
Resour 5: 907–909.

38. Koressaar T, Jõers K, RemmM (2007) Enhancements and modifications of primer design program
Primer3. Bioinformatics 23: 1289–1291. PMID: 17379693

39. Untergasser A, Cutcutache I, Koressaar T, Ye J, Faircloth BC, RemmM, et al. (2012) Primer3 –new
capabilities and interfaces. Nucleic Acids Res 40: e115. doi: 10.1093/nar/gks596 PMID: 22730293

40. Werner O, Ros RM, Guerra J (2002) Direct amplification and NaOH extraction: two rapid and simple
methods for preparing bryophyte DNA for polymerase chain reaction (PCR). J Bryol 24: 127–131.

41. Excoffier L, Lischer HEL (2010) Arlequin suite ver 3.5: A new series of programs to perform population
genetics analyses under Linux andWindows. Mol Ecol Resour 10: 564–567. doi: 10.1111/j.1755-
0998.2010.02847.x PMID: 21565059

42. Arnaud-Haond S, Belkhir K (2007) GENCLONE: a computer program to analyse genotypic data, test
for clonality and describe spatial clonal organization. Mol Ecol Notes 7: 15–17.

43. Kalinowski ST (2005) HP-RARE 1.0: a computer program for performing rarefaction on measures of
allelic richness. Mol Ecol Notes 5: 187–189.

44. Agapow PM, Burt A (2001) Indices of multilocus linkage disequilibrium. Mol Ecol Notes 1: 101–102.

45. Hardy OJ, Vekemans X (2002) SPAGeDi: a versatile computer program to analyse spatial genetic
structure at the individual or population levels. Mol Ecol Notes 2: 618–620.

46. Hardy OJ, Charbonnel N, Fréville H, Heuertz M (2003) Microsatellite allele sizes: A simple test to
assess their significance on genetic differentiation. Genetics 163: 1467–1482. PMID: 12702690

47. Loiselle BA, Sork VL, Nason N, GrahamC (1995) Spatial genetic structure of a tropical understory
shrub, Psychotria officinalis (Rubiaceae). Am J Bot 82: 1420–1425.

48. Young A, Boyle T, Brown T (1996) The population genetic consequences of habitat fragmentation for
plants. Trends Ecol Evol 11: 413–418. PMID: 21237900

49. Lienert J (2004) Habitat fragmentation effects on fitness of plant populations—a review. J Nat Conserv
12: 53–72.

50. Gunnarsson U, Hassel K, Söderström L (2005) Genetic structure of the endangered peat moss Sphag-
num angermanicum in Sweden: A result of historic and contemporary processes? The Bryologist 108:
194–203.

51. Ellstrand NC, Elam DR (1993) Population genetic consequences of small population size: implications
for plant conservation. Annu Rev Ecol Syst 24: 217–242.

52. Průša E (1985) Die böhmischen und mährischen Urwälder, ihre Struktur und Ökologie. Praha: Acade-
mia. 577p.

53. Leonardía AAP, Tan BC, Kumar PP (2013) Population genetic structure of the tropical moss Acanthor-
rhynchium papillatum as measured with microsatellite markers. Plant Biol 15: 384–394. doi: 10.1111/j.
1438-8677.2012.00640.x PMID: 22882300

54. Weismann A (1892) Das Keimplasma. Eine Theorie der Vererbung. Jena: Fischer.

55. Buss LW (1983) Evolution, development, and the units of selection. PNAS 80: 1387–1391. PMID:
6572396

56. Lynch M (2010) Evolution of the mutation rate. Trends Genet 26: 345–352. doi: 10.1016/j.tig.2010.05.
003 PMID: 20594608

57. van Oppen MJH, Souter P, Howells EJ, Heyward A, Berkelmans R (2011) Novel genetic diversity
through somatic mutations: Fuel for adaptation of reef corals? Diversity 3: 405–423.

58. Bengtsson BO (2003) Genetic variation in organisms with sexual and asexual reproduction. J Evol Biol
16: 189–199. PMID: 14635857

59. PohjamoM, Laaka-Lindberg S (2003) Reproductive modes in a leafy hepatic Anastrophyllum helleria-
num. Perspect Plant Ecol 6: 159–168.

Genetic Structure of Crossocalyx hellerianus

PLOSONE | DOI:10.1371/journal.pone.0133134 July 17, 2015 18 / 19

http://www.ncbi.nlm.nih.gov/pubmed/17379693
http://dx.doi.org/10.1093/nar/gks596
http://www.ncbi.nlm.nih.gov/pubmed/22730293
http://dx.doi.org/10.1111/j.1755-0998.2010.02847.x
http://dx.doi.org/10.1111/j.1755-0998.2010.02847.x
http://www.ncbi.nlm.nih.gov/pubmed/21565059
http://www.ncbi.nlm.nih.gov/pubmed/12702690
http://www.ncbi.nlm.nih.gov/pubmed/21237900
http://dx.doi.org/10.1111/j.1438-8677.2012.00640.x
http://dx.doi.org/10.1111/j.1438-8677.2012.00640.x
http://www.ncbi.nlm.nih.gov/pubmed/22882300
http://www.ncbi.nlm.nih.gov/pubmed/6572396
http://dx.doi.org/10.1016/j.tig.2010.05.003
http://dx.doi.org/10.1016/j.tig.2010.05.003
http://www.ncbi.nlm.nih.gov/pubmed/20594608
http://www.ncbi.nlm.nih.gov/pubmed/14635857


60. Szövényi P, Ricca M, Shaw AJ (2009) Multiple paternity and sporophytic inbreeding depression in a
dioicous moss species. Heredity 103: 394–403. doi: 10.1038/hdy.2009.82 PMID: 19623211

61. Whitlock MC, McCauley DE (1999) Indirect measures of gene flow and migration: FST doesn’t equal 1/
(4Nm—1). Heredity 82:117–125. PMID: 10098262

62. Hassel K, Såstad SM, Gunnarsson U, Söderström L (2005) Genetic variation and structure in the
expanding moss Pogonatum dentatum (Polytrichaceae) in its area of origin and in a recently colonized
area. Am J Bot 92: 1684–1690. doi: 10.3732/ajb.92.10.1684 PMID: 21646085

63. Eckert CG (2002) The loss of sex in clonal plants. Evol Ecol 15: 501–520.

64. Silvertown J (2008) The evolutionary maintenance of sexual reproduction: evidence from the ecological
distribution of asexual reproduction in clonal plants. Int J Plant Sci 169: 157–168.

65. Vekemans X, Hardy OJ (2004) New insights from fine-scale spatial genetic structure analyses in plant
populations. Mol Ecol 13: 921–935. PMID: 15012766

Genetic Structure of Crossocalyx hellerianus

PLOSONE | DOI:10.1371/journal.pone.0133134 July 17, 2015 19 / 19

http://dx.doi.org/10.1038/hdy.2009.82
http://www.ncbi.nlm.nih.gov/pubmed/19623211
http://www.ncbi.nlm.nih.gov/pubmed/10098262
http://dx.doi.org/10.3732/ajb.92.10.1684
http://www.ncbi.nlm.nih.gov/pubmed/21646085
http://www.ncbi.nlm.nih.gov/pubmed/15012766

