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Clonal structure and high genetic diversity at peripheral populations of 
Sorbus torminalis (L.) Crantz.

Sandra Jankowska-Wroblewska, 
Katarzyna Meyza, Ewa 
Sztupecka, Lukasz Kubera, 
Jaroslaw Burczyk

Knowing the level of genetic diversity and structure in marginal plant popula-
tions  is  essential  for  managing  their  genetic  resources.  This  is  particularly
important  for  rare  scattered  tree  species,  such  as  Sorbus  torminalis (L.)
Crantz. We investigated the genetic diversity and its  spatial  distribution in
peripheral populations of S. torminalis. As the species is known to reproduce
vegetatively, we also evaluated clonal structure within populations. Using 13
nuclear  microsatellite  loci  designed in  two multiplexes,  we genotyped 172
individuals revealing the existence of 100 distinct genotypes. Number of ram-
ets  per genotype was variable across  populations with an average of 1.72.
Examples of somaclonal variation at particular loci were detected. Measures of
genetic diversity of the total sample were relatively high (mean allelic richness
AR  = 10.293; expected heterozygosity  He  = 0.756), as compared to other  S.
torminalis populations. We noticed a slightly negative inbreeding coefficient
(FIS  = -0.029) indicating a small excess of heterozygotes, which is typical for
self-incompatible plants. Genetic differentiation among populations was low
(FST = 0.048), but Bayesian clustering methods revealed the existence of three
distinct genetic clusters only in part related to population structure. Signifi-
cant  spatial  genetic  structure  within  populations  was  also  detected  (Sp  =
0.0125) indicating fine-scale pattern of isolation by distance. Our study de-
monstrated that peripheral populations of S. torminalis may exhibit relatively
high levels of genetic diversity despite the existence of vegetative propaga-
tion. Nevertheless, if the studied or similar populations are expected to be uti-
lized as seed sources for  ex-situ or  in-situ conservation purposes, the exis-
tence of  clonal  structure and spatial  genetic  structure  must  be  taken into
account in order to avoid excessive sampling of the same or closely related
genets.

Keywords:  Sorbus  torminalis,  Clonality,  Range  Limits,  Somatic  Mutations,
Microsatellites

Introduction
Genetic diversity is considered one of the

major determinants assuring long term sta-
bility of plant populations. Loss of genetic
diversity  is  expected  to  decrease  popula-
tion fitness and may become a limiting fac-
tor  when  populations  face  unpredicted
environmental  changes  (Ellstrand  &  Elam
1993,  Jump et al. 2009). However, the dis-
tribution  of  genetic  diversity  within  the
range  of  a  species  is  often  not  uniform,
with  genetic  diversity  usually  decreasing
towards the limits of the species distribu-

tion (Eckert et al. 2008). This is mostly due
to the increased fragmentation of popula-
tions  towards  range  limits,  coupled  with
restricted  gene  exchange  among  popula-
tions. Consequently, loss of genetic diver-
sity is more likely in small isolated periph-
eral  populations  due  to  random  genetic
drift (Young et al. 1996). Therefore, periph-
eral  populations  may  evolve  separately
from  the  core  populations  (García-Ramos
&  Kirkpatrick  1997)  and  may  possess
unique genetic variation due to local adap-
tation  to  marginal  habitats.  Their  genetic

pool  might  be  important  for  maintaining
the overall  species capacity to evolve and
adapt  to  changing  environmental  condi-
tions (Lesica & Allendorf 1995).

Climate changes predicted in Europe are
expected to affect a number of plant spe-
cies,  including forest  trees (Koskela et al.
2007).  Although  changing  climatic  condi-
tions may cause the loss of existing habi-
tats,  there  may also  be opportunities  for
some species to colonize new areas where
climate conditions will become more favor-
able (Hedhly et al. 2009, Kramer & Havens
2009).  Thus,  knowledge of  genetic  diver-
sity in peripheral populations may be use-
ful in designing conservation strategies for
a species and assessing potential for its fur-
ther spread.

Forest  management  practices  in  Central
Europe  favor  dense,  even  aged  forests
with closed-canopies. This causes the loss
of  habitats  for  many  other  early  succes-
sional  tree  species  of  lower  economical
importance. One such example is the wild
service tree (Sorbus torminalis [L.] Crantz),
a  typical  forest  companion  tree  species.
The species occurs in small, isolated groups
or as scattered individual trees (Angelone
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et al. 2007, Demesure-Musch & Oddou-Mu-
ratorio 2004,  Hoebee et al. 2006,  Rasmus-
sen  &  Kollmann  2004).  It  is  distributed
across western, central and south-western
parts of Europe, but occurs also in north-
ern Africa and in south-western Asia (De-
mesure-Musch & Oddou-Muratorio 2004).
The species reaches its north-eastern range
limit  in  Poland,  where  it  grows  in  small
scattered populations, mainly in the west-
ern part of the country (Bednorz 2004). In
Poland the  species  is  classified  as  endan-
gered and protected by state law (Bednorz
2007).

Wild service tree is pollinated by insects
(hymenopteran or dipteran) and is capable
of  long distance  pollen dispersal  (Oddou-
Muratorio et al. 2003, 2004). The species is
characterized by gametophytic self-incom-
patibility  system (Ludwig et  al.  2013) sug-
gesting a predominantly outcrossing mat-
ing  system  (but see  Hoebee et  al.  2007).

Seeds are efficiently dispersed by birds and
mammals, which promote the high coloniz-
ing abilities of the species (Oddou-Murato-
rio et al. 2004, Rich et al. 2010, Pyttel et al.
2013).  Nevertheless,  sexual  reproduction,
especially  in  northern  peripheral  popula-
tions  was  found  to  be  limited  by  short
growing  seasons  and  inbreeding  depres-
sion  resulting  from  low  population  sizes
(Rasmussen & Kollmann 2004,  Rasmussen
&  Kollmann  2007b).  Although  inbreeding
depression coupled with small  population
sizes may cause populations to be vulnera-
ble to extinction, wild service tree has the
ability  for  clonal  growth  (Hoebee  et  al.
2006,  Rasmussen & Kollmann 2007b,  Rich
et al. 2010) which occurs primarily based on
root  sprouts  (Rasmussen  &  Kollmann
2007a). This may facilitate the persistence
of  populations  that  would  otherwise  be
limited by sexual reproduction (Vallejo-Ma-
rín et al. 2010).

Although  several  studies  report  on  the
genetic  diversity  of  S.  torminalis popula-
tions throughout Europe (Demesure et al.
2000,  Oddou-Muratorio et  al.  2001a,  Hoe-
bee et al. 2006,  Angelone et al. 2007,  Bel-
letti  et  al.  2007),  studies  focusing  on  pe-
ripheral  populations  of  the  species  are
scarce  (Rasmussen  &  Kollmann  2007b).
The latter authors found that small popula-
tions  located  at  the northern limits  were
characterized  by  high  clonality  and  low
genetic  variation (Rasmussen & Kollmann
2007b). 

In this paper we investigated a group of
small, fragmented populations of the wild
service tree growing at  the north-eastern
species  distribution  limits.  Using  nuclear
microsatellite  markers,  we assess  the  ex-
tent of clonality and the levels of genetic
diversity. We also investigated the genetic
structure  within  and  among  the  studied
populations.  The  results  are  discussed  in
the context of the management of genetic
resources of the species.

Materials and methods

Plant material sampling
We sampled plants  of  Sorbus torminalis

throughout populations located in the For-
est  District  Jamy  (Poland),  which  is  the
north-eastern  range  limit  of  the  species
(18° 51′ - 19° 00′ N, 53° 29′ – 53° 35′ E). These
populations  have  been  previously  de-
scribed  in  detail  by  Bednorz  (2004),  who
documented 203 adult trees in this region.
We attempted to investigate all adult indi-
viduals (DBH > 10 cm) growing in this area,
however, in 2012 we could only locate 172
living  trees,  which were sampled for  this
study.  All  the  sampled  individuals  were
grouped  into  5  spatially  distinct  popula-
tions (Tab. 1,  Fig. 1). Rogozno and Lysako-
wo were the largest  populations,  consist-
ing of  75 and 49 individuals,  respectively.
They  were  located  along  the  edges  of
steep river valleys, mostly of southern ex-
posure. The Zarosle and Osa Valley popula-
tions were distinctly smaller (7 and 16 indi-
viduals, respectively) and were located on
a  relatively  flat  area.  The  population  Du-
socin (25 trees) consisted of isolated indi-
viduals or small groups of trees (<5) grow-
ing  usually  on  small  forest  hills  (Bednorz
2004,  Tarnawski 2001). Each sampled indi-
vidual was georeferenced using GPS map-
ping system Pathfinder® ProXT™ (Trimble,
Sunnyvale,  USA)  and  the  resulting  data
were visualized using the QGIS 2.8.2  free
software (http://www.qgis.org/en/site/).

Laboratory analyses
Total genomic DNA from 30 mg of dried

leaf tissue was extracted according to the
CTAB method (Doyle & Doyle 1990), after
grinding  frozen  tissue  with  Mixer  Mill
(MM301,  Retsch,  Haan,  Germany).  We
screened all  samples  for  variation at  thir-
teen nuclear  microsatellite  markers:  Sa01,
Sa07, Sa14 (González-González et al. 2010);
Mss1, Mss4, Mss5, Mss6, Mss9, Mss13, Mss16
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Fig.  1 -  Distribution of  populations of  Sorbus torminalis at the north-eastern range
limit. Populations are indicated by different colours and the numbers in parentheses
indicate the population size (number of trees - Tab. 1).

Tab. 1 -  Extent of clonality in populations of  Sorbus torminalis in the Forest District
Jamy, Poland.  (N):  Number of  ramets (trees);  (G):  number  of  genets;  (N/G):  mean
number of ramets/genet; (Nc): number of clonal groups; (R): clonal richness [= (G-1)/
(N-1)]; (1-R): extent of clonality.

Population N G N/G
Nc 

(no. ramets/group) R (1-R)

1. Dusocin 25 19 1.316 4
(2, 2, 3, 3)

0.750 0.250

2. Zarosle 7 7 1.000 0 1.000 0.000
3. Rogozno 75 30 2.500 12

(2, 2, 2, 2, 2, 3, 3,
4, 4, 4, 7, 17)

0.392 0.608

4. Lysakowo 49 31 1.581 8
(2, 2, 2, 3, 3, 4, 5, 5)

0.625 0.377

5. Osa Valley 16 13 1.231 1
(4)

0.800 0.200

All 172 100 1.720 25 0.579 0.421
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(Oddou-Muratorio  et  al.  2001b);  CH01h01
(Gianfranceschi  et  al.  1998);  CH02c09,
Ms14H03 (Liebhard  et  al.  2002).  Two PCR
multiplexes were designed and optimized
including  six  (multiplex-I:  Ch01h01,
Ch02c09, Mss4, Sa01, Sa07, Sa14) and seven
loci  (multiplex-II:  Ms14H03,  Mss1,  Mss5,
Mss6,  Mss9,  Mss13,  Mss16).  Details  about
the  primers  are  presented in  the  Supple-
mentary  material  (Tab.  S1).  The  PCR  mix-
ture (10 μl in volume) consisted of 10 ng of
template DNA, 1x of Multiplex PCR master
mix (Qiagen), 0.5 mg/ml BSA, primers and
water (Tab.  S2 in Supplemetary material).
Touch-down  PCR  was  employed  with
cycling of 95 °C for 15 min followed by: 10
cycles of 94 °C for 30 s, 60 °C for 90 s with a
reduction  in  temperatures  of  0.5  °C  per
cycle, 72 °C for 60 s; then 25 cycles of 94 °C
for 30 s, 55 °C for 90 s, 72 °C for 60 s; and a
final cycle of 72 °C for 10 min. PCR reaction
was  conducted  with  PTC200® thermal
cycler  (MJ Research Inc.,  St.  Bruno,  Que-
bec,  Canada).  PCR  products  were  sized
using  a  capillary  sequencer  ABI  PRISM
3130XL® (Applied  Biosystems,  Foster  City,
CA,  USA).  Allele  calling  was  performed
using GENESCAN 3.7  and GENOTYPER 3.7
software provided by Applied Biosystems.
Allele  binning  was  done  manually  after
plotting of fragment size distributions for
each locus (Guichoux et al. 2011).

Statistical analyses
Genotypes  of  individual  trees  were ana-

lyzed for the presence of replicates (ram-
ets within a clone) using the Identity Analy-
sis option of the CERVUS program v. 3.0.3
(Kalinowski  et  al.  2007).  Individuals  with
the same genotypes or with genotypes dif-
fering at  one or  two alleles  were consid-
ered to belong to the same clone or genet
(multi-locus lineage,  MLL –  Arnaud-Haond
et al. 2007), and such one or two allele dif-
ferences within MLLs were considered to
be  the  results  of  somaclonal  mutations.
Clonal diversity (G/N), clonal richness [R  =
(G-1)/(N-1)] and the extent of clonality (1-R)
were  calculated  according  to  Arnaud-
Haond et al. (2007), being G the number of
genets  and  N the  number  of  individual
trees sampled. For subsequent population
genetic  analyses,  only  one  genotype  per
clone  was  considered,  regardless  of  the
number of ramets within a clone. The con-
sensus (most frequent) genotype within a
genet was considered as representative for
a given MLL.

Standard population genetic  parameters
were estimated for  each locus,  including:
number of alleles (A), effective number of
alleles (Ae),  allelic richness (AR),  observed
(Ho) and expected (He) heterozygosity. The
loci  were also tested for the presence of
null  alleles,  with  their  frequencies  esti-
mated  jointly  with FIS (Wright’s  fixation
index) using the IIM approach in INEST 2.0
software  (Chybicki  &  Burczyk  2009).  Ge-
netic  differentiation between populations
was assessed by estimating FST and RST with
FSTAT v. 2.9.3.2 software (Goudet 1995).

We used two procedures to infer genetic
structure of the studied populations. First,
we performed the spatial mixture analysis
with  correlated  allele  frequencies  imple-
mented in BAPS v. 6 software (Corander &
Marttinen 2006,  Corander et al. 2008). We
used  an  admixture  model  based  on  mix-
ture  clustering,  and  ran  the  analyses  for
1000 iterations, setting the maximum pos-
sible number of subpopulations from 1 to
10. Second, we used a model-based cluster-
ing algorithm implemented in the STRUC-
TURE  v.  2.3.4  software  (Pritchard  et  al.
2000,  Falush  et  al.  2003,  2007)  to  deter-
mine  the  number  of  subpopulations  (K).
We ran STRUCTURE using the default mod-
el parameters and varying K from 1 to 10.
Each run consisted of 50,000 burn-in itera-
tions  and  100,000  data  collection  itera-
tions,  and  was  replicated  10  times.  The
number of clusters that best describes the
data structure was found based on ΔK sta-
tistics (Evanno et al. 2005) using the soft-
ware  package  STRUCTURE  HARVESTER
(Earl & Von Holdt 2012).

Spatial genetic structure (SGS) within po-
pulations was investigated using the pack-
age  SPAGeDi  v.  1.4  (Hardy  &  Vekemans
2002). Due to small sample sizes within the
populations, the SGS analysis was done for
all populations jointly; however, only with-
in populations pair-wise comparisons were
allowed. The coordinates of a genet were
determined  as  the  arithmetic  mean  of
coordinates of all individuals belonging to a
given genet. The kinship coefficients (Fij –
Loiselle et al. 1995) between pairs of indi-
viduals (or genets) were computed relative
to local (within population) allele frequen-
cies as suggested by Wang (2011), and they
were regressed on the logarithm of spatial
distance  to  estimate  the  logarithmic  re-
gression slope  blog. The significance of  blog

was tested based on 10,000 permutations
of  spatial  positions  of  individuals  within
populations.  The  extent  of  SGS  was  esti-
mated using the  Sp  statistic following  Ve-
kemans & Hardy (2004). Sp was quantified
by  Sp  =  blog/[1  F(10,m)],  where  blog is  the
regression slope and  F(10,m) is  the mean
kinship coefficient between individual pairs
within the first distance class (0-10 m).

We used the  ML-RELATE computer  pro-
gram (Kalinowski et al.  2006) to infer sib-
ling  relationships  among  individual  geno-
types. This analysis was performed for the
whole  population  jointly,  and  separately
for each population and each cluster identi-
fied with BAPS software. We estimated the
numbers  of  parent-offspring,  full-sib  and
half-sib relationships in each group.

Results

Clonal structure
The 172 ramets (N) screened for variation

at 13 nSSR loci were found to cluster into
118 unique multilocus genotypes. However,
in  a  few  cases  individual  genotypes  dif-
fered by only one (15 cases) or two alleles
(3 cases). Individuals with genotypes differ-

ing at one or two alleles were considered
to  belong to  the  same clone  (multi-locus
lineage, MLL –  Arnaud-Haond et al. 2007),
which  suggested  the  existence  of  100
clones (G) in the study area (G/N = 0.58 –
see  Tab.  S3 in  Supplementary  material).
Thus approximately 42% of trees belonged
to  clonal  groups.  For  subsequent  genetic
analyses  the  consensus  (most  frequent)
genotype was considered as a representa-
tive one for a given MLL (or genet).

The distribution of clonality was not uni-
form  among  populations  (Tab.  1).  There
was  no  evidence  of  clonality  in  Zarosle,
only one clonal group in Osa Valley (4 ram-
ets) and just four clonal groups (2-3 ramets
per clone) in Dusocin. In contrast, clonality
was extensive in  Rogozno and  Lysakowo
(12 and 8 clonal groups, respectively). In all
cases,  ramets  of  the  same  clone  were
growing in close proximity.

There was a strong correlation between
the  number  of  individual  trees  and  the
number of MLLs per population (r = 0.918,
p  = 0.028). The number of individual trees
and the number of MLLs were significantly
correlated (p < 0.05) to all clonal measures
(number of clonal groups, clonal richness,
extent of clonality). For example, the num-
ber of clonal groups within population was
tightly correlated to the number of individ-
ual trees (r=0.994, p<0.001).

Notably,  the  largest  clone was found in
Rogozno and was composed by 17 individ-
ual trees (ramets), with DBH ranging from
7 to 17 cm. The distance between the most
remote  individuals  within  this  clone  was
found  to  be  21  meters.  Interestingly,  the
tree considered as the largest wild service
tree in Poland (DBH = 70 cm) growing in
Dusocin  (Bednorz  2004)  appeared  to  be
just  one  of  the  three  ramets  of  a  clone,
indicating that the individual as a genet is
even larger in size than previously consid-
ered.

Somaclonal variation
Comparing  genotypes  within  each  MLL,

we  found  20  cases  of  allelic  differences
observed  within  16  MLLs.  These  differ-
ences  were  considered  as  the  effect  of
somaclonal  mutation.  When  mutated  ge-
notypes  were  compared  with  consensus
genotypes  within  MLL,  the mutation usu-
ally affected a larger allele of a pair of alle-
les within a locus of a given individual (16
cases), with only 4 cases of a smaller allele
being  mutated.  The  mutations  resulted
usually in an increase of the fragment size,
with the changed allele being on average
greater by 2 bp (one repeat unit), as com-
pared  to  the  consensus  one.  Somaclonal
variation was noted in 6 out of 13 loci. The
largest  number  of  mutations  (10)  was
observed  in  locus  Mss16.  The  overall  fre-
quency  of  mutations  measured  within
MLLs was 0.0084 (or 0.0045 when exclud-
ing the locus Mss16), with the most variable
locus Mss16 having the mutation frequency
of 0.0544.
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Genetic diversity
Genetic diversity parameters were calcu-

lated  based  on  the  consensus  genotypes
established for each clone. Thus, the analy-
ses  of  genetic  diversity  and  populations
structure were calculated based on a set of
100 distinct genotypes. All 13 microsatellite
loci appeared to be polymorphic with the
number  of  alleles  at  each  locus  ranging
from 4 to 19, with a mean of 10 (Tab. 2).
Average  effective  number  of  alleles  was
equal  to  4.939.  Average  observed  and
expected  heterozygosities  were  found to
be 0.777 and 0.756,  respectively.  Wright’s
fixation index (Fis) was found to be -0.029,
indicating a small excess of heterozygotes.
A detectable proportion of null alleles was
found at loci Mss4, Sa01, Mss1 and Mss9, but
in all cases they were not significantly dif-
ferent  from 0.  No deviations from Hardy-
Weinberg  equilibrium  were  found  at  any
locus.

Genetic structure (clustering)
The  differentiation  among  populations

was rather low with average FST  = 0.0477 ±
0.0058 (SE) and  RST  = 0.0588 ± 0.0100. We
found no relationship between genetic dis-
tance  among  pairs  of  populations  mea-
sured  as  FST/(1-FST)  and  their  physical  dis-
tance quantified as logarithm of distance.
However, both BAPS and STRUCTURE clus-
tering  methods  identified  three  distinct
clusters as the most likely structure of the
analyzed  data  set.  Notably,  there  was  a
high congruence between the two meth-
ods, since 90% of genets were assigned to
the same clusters in each of the clustering
methods  (Fig.  2).  Therefore,  we  present
below only the result of  clustering identi-
fied with BAPS software.

The smallest  cluster  (cluster  3  –  Tab.  3)
was  composed  of  9  genets  only.  It  ap-
peared to be spatially  restricted and fully
included in the population Rogozno. Clus-
ter 2 consisted of 22 individuals from popu-
lation Lysakowo and one isolated remote
individual assigned to population Dusocin.
All the remaining 68 genets were grouped
into  the  largest  cluster  1.  Although,  the
cluster 1 was spread across all populations,
the cluster 2 and 3 were spatially restricted.

Spatial genetic structure within 
populations

We  found  evidence  of  spatial  genetic
structure within populations. Pairwise kin-
ship coefficients appeared to be significant
for  pairs  of  individuals  separated  up  to
about 100 meters (Fig. 3). The slope of the
regression of the kinship coefficient on the
logarithm of spatial  distance between ge-
nets was found to be blog = -0.012 (p<0.001).
The  Sp statistic  was  0.0125,  indicating  a
weak  but  significant  fine-scale  pattern  of
isolation by distance.

Relatedness
The  levels  of  relatedness  varied  among

populations.  There  was  no  relatedness
among individuals in the population of Za-
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Tab. 2 - Genetic diversity of the whole population of  Sorbus torminalis in the Forest
District Jamy, Poland. (A): mean number of alleles; (Ae): effective number of alleles;
(AR):  allelic  richness;  (Ho):  observed heterozygosity;  (He):  expected heterozygosity;
(Fis):  inbreeding  coefficient;  (Null):  frequency  of  null  alleles;  (H-W):  significance  of
departure from Hardy-Weinberg equilibrium; (ns): not significant (p>0.05).

Locus A Ae AR Ho He Fis Null H-W 

Ch01h01 10 6.974 9.980 0.850 0.855 0.006 0 ns

Ch02c09 8 4.296 8.000 0.900 0.766 -0.176 0 ns

Mss4 4 2.218 4.000 0.610 0.625 0.024 0.014 ns

Sa01 12 5.663 11.979 0.730 0.805 0.093 0.023 ns

Sa07 5 2.483 5.000 0.667 0.605 -0.101 0 ns

Sa14 18 4.000 17.969 0.820 0.764 -0.074 0 ns

Ms14H03 7 3.804 6.990 0.730 0.724 -0.008 0 ns

Mss1 9 3.865 7.980 0.760 0.738 -0.030 0.013 ns

Mss13 7 2.473 6.980 0.620 0.600 -0.034 0 ns

Mss16 19 11.614 18.979 0.930 0.923 -0.008 0 ns

Mss5 10 5.701 9.990 0.830 0.817 -0.016 0 ns

Mss6 10 4.829 9.980 0.830 0.784 -0.059 0 ns

Mss9 17 6.588 15.980 0.830 0.817 -0.016 0.006 ns

Mean 10 4.939 10.293 0.777 0.756 -0.029 0.004 -

SE 1.338 0.762 1.315 0.028 0.027 0.018 0.002 -

Tab. 3 - Probabilities of relationships for different populations and clusters identified
with BAPS software, estimated based on pairs of individuals.

Group Pop Sample
size

Full sibs
(%)

Half sibs
(%)

Full + Half
sibs (%)

Parent/
Offspring

(%)

Unrelated
(%)

Population Dusocin 19 1.2 9.3 10.5 0 89.5

Zarosle 7 0 0 0 0 100.0

Rogozno 30 1.8 6.2 8.0 3.7 88.3

Lysakowo 31 3.4 10.8 14.2 4.1 81.7

Osa Valley 13 2.6 5.1 7.7 3.8 88.5

Mean 20.0 1.8 6.3 8.1 2.3 89.6

BAPS 
cluster

1 68 0.6 11.1 11.7 0.6 87.7

2 23 5.1 9.9 15.0 4.3 80.7

3 9 2.8 22.2 25.0 11.1 63.9

Mean 33.3 2.8 14.4 17.2 5.3 77.5

All Total 100 1.3 11.7 13.0 0.9 86.1

Fig. 2 - Spatial distribution of clusters identified using the BAPS software (cluster 1:
red; cluster 2: green; cluster 3: blue). The size of the circles is proportional to the num-
ber of clones within population (Tab. 1).
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rosle, which is composed of scattered indi-
viduals  only.  The highest  level  of  related-
ness in all categories was found in Lysako-
wo (Tab.  3).  Other  populations  exhibited
intermediate  and  comparable  levels  of
relatedness  (Tab.  3),  however,  we  found
no indication of parent / offspring relation-
ships  in  Dusocin.  When  considering  clus-
ters  of  individuals  identified  with  BAPS
software, the highest level of relatedness
was found in the cluster 3, where only 64%
pair-wise  comparisons  indicated  lack  of
relatedness.  However,  this  cluster  is  rela-
tively small (9 MLLs) and spatially restrict-
ed, and belongs to the population Rogoz-
no (Fig. 3). The largest cluster (No. 1) com-
posed  of  68 MLLs,  embracing  individuals
from every population, exhibited the low-
est  level  of  relatedness  (Tab.  3).  The  re-
maining  cluster  2,  being  the  spatially  re-
stricted part  of  the  population  Lysakowo
(Fig. 3), had the largest proportion of full-
sib  relationships,  and  the  proportion  of
pairwise comparisons  –  indicating lack  of
relatedness  –  was  found  to  be  80.7%.  It
should be noted that  we found generally
positive correlations between the number
of  MLLs  and  relatedness  measures,  but
they  appeared  to  be  insignificant,  likely
due  to  a  small  number  (5)  of  compared
populations  (e.g.,  proportion  of  fullsibs  +
halfsibs: r=0.788, p=0.114).

Discussion
Mapping  genetic  diversity  and  structure

in  marginal  plant  populations  is  essential
for managing their genetic resources. This
is particularly important for rare, scattered
tree species, such as Sorbus torminalis. For
example, such knowledge allows to design
seed  sampling for  ex-situ and  in-situ con-
servation efforts (selection of populations
and  spacing  among  sampled  trees)  maxi-
mizing genetic  diversity  of  future genera-
tions. Because  S. torminalis has the ability
for  vegetative  reproduction  and  clonal
growth (Hoebee et al. 2006, Rasmussen &
Kollmann  2007b),  population  genetic  sur-
veys of  this  species  should be conducted

with careful assessment of the presence of
clones,  which  should  be  taken  it  into  ac-
count in subsequent genetic analyses (Ar-
naud-Haond et al. 2007). This is particularly
important  in  Sorbus  species  and  other
members  of  the  Rosaceae  family,  which
are known for their capacity for clonal pro-
pagation through rootsuckers (Nagamitsu
et al.  2004,  Rasmussen & Kollmann 2004,
Hoebee et al. 2006, Rasmussen & Kollmann
2007a,  Vaughan et  al.  2007,  Jolivet & De-
gen 2011).

Clonality in plants is often considered as
an effective strategy for  survival  and the
maintenance  of  existing  genetic  diversity
of populations during harsh environmental
conditions  or  during  colonization  of  new
areas where sexual reproduction is limited
(Vallejo-Marín  et  al.  2010).  This  strategy
seems  to  be  particularly  useful  in  plants
with  self-incompatibility  systems.  Vegeta-
tive propagation may continue until mating
among unrelated individuals becomes pos-
sible,  producing  new  generations  of  vari-
able offspring cohorts (Vallejo-Marín et al.
2010).

We  found  the  mean  number  of  ramets
per genet (1.72 –  Tab. 1) quite comparable
to  that  reported  for  other  populations
across  the northern range of  this  species
(Oddou-Muratorio et  al.  2004,  Hoebee et
al.  2006,  Rasmussen  &  Kollmann  2007b).
The distribution of clonality among popula-
tions  investigated in  this  study,  however,
was  not  uniform.  Clones  were  more  fre-
quent  in  populations  growing  on  rugged
areas, such as steep river valleys or mid-for-
est  hills.  Fairly  extensive  clonality  was
noted  in  peripheral  northern  populations
growing at the Baltic coast of Denmark and
Germany, with on average 2.64 ramets per
genet (Rasmussen & Kollmann 2007b). On
the other hand, 2.26 ramets per genotype
were found in Switzerland, but there were
populations with some clones represented
by  more  than  10  ramets  (Hoebee  et  al.
2006). Other authors reported only scarce
examples  of  clonality.  For  instance,  only
few stems over 185 individuals were found

to be the result of vegetative reproduction
in a French population of S. torminalis (Od-
dou-Muratorio et  al.  2004).  Some studies
may underreport  the natural  incidence of
clonality  because  they  were  specifically
designed to avoid sampling from the same
genets,  which  prevented  precise  estima-
tion of the extent of clonality (Belletti et al.
2007).

Somatic mutations are increasingly recog-
nized  as  an  inevitable  feature  in  clonally
reproducing plants and long-lived tree spe-
cies  (Mock  et  al.  2008,  Gross  et  al.  2012,
James & McDougall  2014).  Somatic  muta-
tions result in minor DNA variation within
clonal lineages (James & McDougall 2014)
and it is suggested that old clones may ac-
cumulate  somatic  mutations  to  a  greater
extent  (Wyman  et  al.  2003,  Tuskan et  al.
2006,  Mock  et  al.  2008).  Understanding
the  development  of  somaclonal  variation
requires  closer  attention  because  older
and slowly-growing clones could have lev-
els  of  mutations  similar  to  those  of
younger, faster-growing clones, as the mu-
tation rate is expected to be proportional
to  the  number  of  mitotic  divisions  (Kle-
kowski 2003, Ally et al. 2008, 2010, James &
McDougall  2014).  As  somatic  mutations
accumulate in clones, the remaining stems
may  appear  to  be  genetically  distinct
clones. Somatic mutation at microsatellite
loci  have  been  observed  in  the  Rosaceae
family:  Prunus  ssiori  (Nagamitsu  et  al.
2004),  P. avium  (Vaughan et al. 2007), but
also  in  other  plants:  Fragaria  virginiana
(Wilk  et  al.  2009),  Grevillea  renwickiana,
(James & McDougall 2014),  G. rhizomatosa
(Gross et al.  2012),  including tree species:
Robinia  pseudoacaccia  (Lian  et  al.  2004),
Populus euphratica (Schnittler & Eusemann
2010),  Populus  tremuloides  (Mock  et  al.
2008),  Quercus robur  (Bakker et al.  2001),
Quercus ilex (Ortego et al. 2010), Thuja pli-
cata (O’Connell  &  Ritland  2004).  Soma-
clonal  variation  of  microsatellite  loci  may
confound the inference of clonal structure
(Arnaud-Haond et  al.  2007),  but  usually  a
careful  assessment  of  allelic  variation

iForest 9: 892-900 896

Fig. 3 - Autocorrelogram of estimated kinship
coefficients (Fij) against the logarithm of dis-

tance. Upper and lower 95% confidence inter-
vals around the null distribution of kinship coef-

ficients derived from 10,000 permutations are
indicated by shaded area. Black bars around Fij

values represent standard errors obtained by a
jackknife procedure over loci.
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among putative ramets of the same clone
enable  the  proper  assignment  of  speci-
mens to respective clones, thus establish-
ing  multi-locus  lineages  (MLLs  –  Arnaud-
Haond  et  al.  2007,  Vaughan  et  al.  2007).
The  somaclonal  variation detected in this
paper (i.e., most frequent allele change of
one 2-bp microsatellite  repeat  unit)  seem
to be in line with the expected microsatel-
lite mutation models (Estoup et al. 2002).

Although we found extensive clonality of
S. torminalis, we also found relatively high
levels  of  genetic  diversity  across  the  sur-
veyed region. This contrasts the results of
a study on  S. torminalis populations grow-
ing at the northern range limit by Rasmus-
sen & Kollmann (2007b), who found exten-
sive clonality and low genetic diversity. The
authors also observed high genetic differ-
entiation among populations (FST  = 0.341),
which  was  partly  attributed  to  extensive
clonality  and  genetic  drift.  Our  results
showed similar numbers of alleles per locus
as reported in more central populations of
France (Oddou-Muratorio et al. 2001b) and
Switzerland (Kamm et al. 2009) and higher
genetic  diversity than that observed in  S.
domestica across  Europe  (George  et  al.
2015).

Inbreeding  coefficients  of  S.  torminalis
are  usually  found to  be  slightly  negative,
indicating excess of heterozygotes as com-
pared  to  expectations  from  Hardy-Wein-
berg equilibrium (Bednorz et al. 2006, Hoe-
bee et al. 2007). Our results confirmed this
finding with inbreeding coefficients being
consistently slightly negative across almost
all  SSR  loci.  This  is  reasonable  given  the
self-incompatibility  mating  system  of  the
species (Ludwig et al. 2013,  Stoeckel et al.
2006); however, asexual reproduction may
also affect  FIS estimates  (Stoeckel  & Mas-
son 2014).

Although genetic diversity is expected to
decrease towards species distribution mar-
gins (Eckert et al. 2008), there are several
examples  where  genetic  diversity  within
populations did not decline towards range
margins, but an increase of population dif-
ferentiation was observed (Yakimowski  &
Eckert 2008, Wagner et al. 2011, Assis et al.
2013). This may be particularly relevant for
S. torminalis. Kučerová et al.  (2010) found
higher  differentiation  over  central-Euro-
pean  populations  than  those  located  in
southern locations. Genetic differentiation
among  populations  investigated  in  this
study was found to be low, as compared to
other studies (Demesure et al.  2000,  Bed-
norz et al. 2006, Angelone et al. 2007,  Ku-
čerová et al. 2010), which might be attrib-
uted to close proximity of the populations
under study. The FST and RST estimates were
quite similar (FST  = 0.048  ± 0.006 and  RST  =
0.059 ± 0.010), indicating that the differen-
tiation  was  not  caused  by  mutation,  but
rather  it  was  due  to specific  colonization
and gene flow patterns among populations
(Balloux & Lugon-Moulin 2002).

With the climate changes predicted in the
future,  S. torminalis is expected to extend

its  range  towards  northern  and  eastern
locations (Ozolinčius et al. 2013). The stud-
ied  populations  with  their  high  genetic
diversity  may  thus  become  an  important
source  of  genetic  diversity  for  natural  or
assisted expansion of the species into new
areas  where  climate  conditions  will  be-
come  more  favorable  (Kramer  &  Havens
2009).

Genetic  structure  among  populations
based on Bayesian clustering methods re-
vealed only moderate population structur-
ing,  which  seems  to  be  in  line  with  the
assessment of among population differen-
tiation.  However,  we identified significant
spatial  genetic  structure  within  popula-
tions, indicating that at a local scale, isola-
tion  by  distance  may  be  an  important
mechanism  shaping  the  distribution  of
genetic  diversity  (Fig.  3).  The  spatial  ge-
netic structure parameter Sp (Vekemans &
Hardy 2004), was found to be Sp = 0.0125,
and it appeared similar to that reported in
a French population (Sp  = 0.0187) by  Od-
dou-Muratorio  &  Klein  (2008).  However,
spatial genetic structure was not found in
Swiss  populations  (Hoebee  et  al.  2006).
Our  results  are  generally  in  line  with  the
expectations  for  clonal  insect  pollinated
and  animal  seed-dispersed  species,  as  re-
cently reviewed by Dering et al. (2015).

Genetic  diversity  in  peripheral  popula-
tions may be determined by locally specific
factors such as the history of colonization
and local population dynamics (e.g., expan-
sion or shrinkage). The spatial distribution
of genetic variation observed in this study
seems to be the result of specific pattern
of colonization of the studied area, as re-
vealed  by  the  distribution  of  relatedness
among populations or groups identified by
clustering methods (Tab. 3). However, the
subsequent  populations  expansion  could
have led to the existing within-population
spatial  genetic  structure.  The  relatively
high  genetic  diversity  of  the  populations
seems to be maintained by efficient gene
dispersal  coupled with a self-incompatibil-
ity mating system (Hoebee et al. 2006, An-
gelone et al.  2007,).  Indirect estimates of
relative pollen to seed gene dispersal in S.
torminalis have been found to be low (1.84-
2.92 – Angelone et al. 2007, Oddou-Murato-
rio  &  Klein  2008),  indicating  the  impor-
tance of seed dispersal in shaping the ge-
netic  diversity  in  this  species.  Efficient
pollen  and  seed  dispersal  over  distances
greater than 10 km have been detected in
S. domestica, a species with similar pollina-
tion and seed dispersal biology (Kamm et
al. 2009), suggesting that fragmented pop-
ulations, such as those investigated in this
study, may nonetheless be genetically con-
nected by gene flow.

Our  study demonstrated that  peripheral
populations of  S. torminalis may have rela-
tively  high  levels  of  genetic  diversity,  de-
spite the occurrence of clonal propagation.
The studied populations demonstrated low
genetic differentiation and lack of inbreed-
ing.  However,  the  existence  of  clonality

and signatures of spatial genetic structure
should  be taken  into  consideration when
planning seed harvesting of this protected
species  for  future  conservation  genetic
programs in the studied area and in other
similar  populations.  Avoiding  sampling
seeds from nearby trees,  likely related or
being  even  ramets  of  the  same  clone,
should  promote  high  genetic  diversity  of
resulting progeny generations.

The  frequency  of  clonal  versus sexual
reproduction across the range of  S. tormi-
nalis is not fully characterized, but popula-
tion surveys done to date suggest that the
predominant mode of reproduction within
a  population  changes  across  the  species
range. The propensity for clonal reproduc-
tion is likely to be determined by local (e.g.,
topography) conditions,  although the fac-
tors  influencing  the  tendency  for  clonal
versus sexual  reproduction  are  unknown.
Because the extent of clonal reproduction
varies between populations of  S. tormina-
lis, it is very likely that the spatial  genetic
structure  within  and  among  populations
will  also  vary.  An  effective  management
strategy for this species should incorporate
the  variability  in  reproductive  biology  of
this  species  and  thus  requires  a  broader
survey  of  the  genetic  variation  spanning
over the species’ range.
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Supplementary Material

Tab. S1 - Characteristics of 13 nuclear micro-
satellite  loci  studied  in  172  individuals  of
Sorbus torminalis (L.) Crantz. 

Tab. S2 - Details about the optimized multi-
plex-PCR reaction mixture. 

Tab. S3 - Details about the clonal structure
of 172 ramets assigned to 100 genets (geo-
graphic  coordinates  are  given  in  the
ETRS89/Poland CS92 coordinate system).

Fig. S1 - Spatial distribution of clonal groups
in  the  fragment  of  population  Rogozno.
Different  colors  indicate  ramets  of  the
same clone. 

Fig. S2 - Results of clustering of individuals
of  five  populations  into  three  clusters
based on STRUCTURE and BAPS software.

Link: Jankowska-Wroblewska_1885@suppl
001.pdf
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