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Chloroplast microsatellites as a tool for phylogeographic studies: the 
case of white oaks in Poland
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Dzialuk (1), Monika Litkowiec (2), 
Jaroslaw Burczyk (1)

Assessing the distribution of chloroplast DNA (cpDNA) haplotype variation is
useful for studying the phylogeography of angiosperms. In the last two decades
the cpDNA phylogeography of white oaks in Europe has been extensively stu-
died, mostly based on the PCR-RFLP technique. However, PCR-RFLPs have low
mutation rates and are primarily useful for reconstructing patterns at large
geographical scales and lack resolution at fine spatial scales. Here we evaluate
the usefulness of chloroplast microsatellites (cpSSR) as an alternative to PCR-
RFLPs in Polish oak populations which have been underrepresented in pre-
vious studies. Eighty-five cpSSR haplotypes were detected using 14 cpSSR loci
and a broad collection of 6680 trees sampled throughout Poland. Haplotype
diversity was significantly lower in Q. petraea (He = 0.798) than in Q. robur (He

= 0.820). Only 17 haplotypes (H01-H17) were found in 13 or more individuals,
comprising  together  97.9% of  the  sample.  Most  frequent  cpSSR  haplotypes
were related to PCR-RFLP haplotypes, establishing the cross-references bet-
ween the two marker systems. There was significant concordance between the
matrices of genetic distances obtained by PCR-RFLP haplotypes and cpSSR ha-
plotypes. Phylogenetic relationships among cpSSR haplotypes supported the
existence  of  the  three  predominant  maternal  lineages  of  oaks  in  Poland:
Iberian (7.8%), Apennine (20.6%) and Balkan (65.5%). The results are discussed
with regards to the usefulness of cpSSR markers for phylogeographic studies.
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Introduction
Studies of genetic diversity of chloroplast

DNA  (cpDNA)  can  provide  important  in-
sights  into phylogenetic  and historical  re-
lationships  among  populations  of  angio-
sperms (Hewitt 1999, Petit et al. 2005). For
example, the geographic distribution of in-
traspecific cpDNA variants has been widely
used to define post-glacial  migration rou-
tes and to identify zones of secondary con-
tact (Hewitt 1999, Petit et al. 2002a). Addi-
tionally, cpDNA has found a practical appli-
cation  in  marker-based  tracking  of  forest
reproductive  material  and  timber  (Degen
et al. 2013). Both of these aspects are im-
portant for management and the conserva-
tion of  forest genetic  resources (Neophy-
tou & Michiels 2013).

The  most  widespread  species  of  Euro-

pean white  oaks,  pedunculate  oak  (Quer-
cus robur L.)  and sessile oak (Quercus pe-
traea [Matt.] Libel.) grow naturally across a
large  part  of  Europe  and  are  important
components  of  forest  ecosystems,  with
high  economic  value.  The  application  of
the  PCR-RFLP  technique  has  allowed  the
detection  of  multiple  cpDNA  haplotypes
with  specific  geographic  distributions
across  Europe,  grouped  into  three  major
lineages originating from the locations of
the primary glacial refugia (Iberia, Apenni-
nes, Balkans (Dumolin-Lapègue et al. 1997,
Bordács  et  al.  2002,  Fineschi  et  al.  2002,
König et al. 2002, Olalde et al. 2002, Petit et
al.  2002a,  2002b,  2005,  Buiteveld  &  Koe-
lewijn 2006, Gailing et al. 2007a, Moldovan
& Sofletea 2010).  However,  these studies
focused  mostly  on  Western  or  Southern

European  populations,  and  populations
from Central and Eastern Europe (Poland,
Baltic  Countries,  Slovakia  and  Czech  Re-
public) have received relatively less atten-
tion (Csaikl et al. 2002,  Tutkova-van Loo &
Burg  2004).  Within  the  Baltic  region  (54
locations  from  Estonia,  Latvia,  Lithuania
and  Poland)  Csaikl  et  al.  (2002) found  13
haplotypes.  On the other hand,  Dering et
al. (2008), studying 78 locations in Poland
(each consisting of 1 to 12 individuals) de-
tected only 6 PCR-RFLP haplotypes repre-
senting the three major maternal lineages.
Neither of these studies uniformly covered
the  distribution  of  both  oak  species  in
Poland, introducing a possible bias to the
observed distribution of cpDNA variation in
the region.

CpDNA  variation  can  be  alternatively
mapped  with  microsatellite  sequences
(cpSSR  -  Deguilloux  et  al.  2004).  Several
universal  cpSSR  loci  have  been  identified
for  angiosperm  taxa  (Weising  &  Gardner
1999).  In  addition,  a  number  of  loci  have
been designed specifically for oaks (Deguil-
loux et al. 2003) or in general for Fagaceae
(Sebastiani et al. 2004). Since then, several
phylogeographic  studies  have  been  done
in  oaks  employing cpSSR  markers  (Grivet
et al. 2006, Magri et al. 2007, Pakkad et al.
2008,  Tovar-Sanchez  et  al.  2008).  Micro-
satellites  differ  from  PCR-RFLP  markers
because of their mutation mechanism and
rate (Estoup et  al.  2002).  Therefore,  they
may  reveal  incomplete  concordance  with
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PCR-RFLP when studying the genetic struc-
ture  of  populations.  Nonetheless,  direct
relationships  between  cpSSR  and  PCR-
RFLP haplotypes is expected since they are
fully  linked in the chloroplast  genome, as
previously reported (Deguilloux et al. 2004,
Gailing et al. 2007b, Neophytou & Michiels
2013). However, PCR-RFLPs have low muta-
tion rates  and are primarily  useful  for re-
constructing patterns at large geographical
scales,  while  they  lack  the  resolution
needed for fine spatial scales studies.

Laboratory  techniques  for  analyses  of
cpSSR markers are less demanding than for
PCR-RFLP  variants.  CpSSRs,  being  usually
amplified as short DNA fragments, are ea-
sily  detected  even  in  partially  degraded
DNA,  and  they  are  less  sensitive  to  inhi-
bitory  substances present in plant tissues
(Gailing  et  al.  2007a).  They  are  relatively
cost-effective  and  are  easily  multiplexed
for  high-throughput  studies.  However,
cpSSR markers seem to be more sensitive
to  size  homoplasy  (Estoup  et  al.  2002,
Vachon & Freeland 2011), which could com-
plicate phylogenetic  inferences.  However,
the  level  of  homoplasy  within  species  is
usually  considered  low  enough  to  allow
population studies (Navascués & Emerson
2005).

Here, we assembled a large collection of
Q.  petraea and  Q.  robur trees  (n=6680)
obtained by different sampling schemes to
achieve  a  representative  coverage of  the
study region. Such a large sample enables
the  identification  of  cpSSR  haplotype  va-
riants  existing  in  Central  Europe and  can
provide  a  reference  for  future  studies.
Therefore,  in this  paper  the identification
of polymorphic cpSSR loci within the study
region  was  used  to  assess  the  level  of
genetic diversity in species and populations
of oaks. We detected numerous multilocus
haplotypes whose relatedness was exami-
ned. Additionally, we related the most fre-
quent cpSSR haplotypes to the haplotypes
identified in previous studies based on the
PCR-RFLP  technique.  The  protocol  for  an
optimized  high-throughput  genotyping
procedure is described for future research.

Material and methods

Plant material
A total of 6680 oak trees were sampled

throughout Poland (Fig. S1 in  Appendix 1).
The samples included individuals  from va-
rious  sampling  schemes:  2512  trees  from
certified  seed  stands  (approx.  20  indivi-
duals from each of 132 forest stands), a set
of 599 plus trees (phenotypically selected
trees  utilized  in  forest  tree  improvement
programs),  a  separate  collection  of  3310
trees consisting of up to 5 individuals per
species from 420 forest districts where the
species were present (uniformly scattered
sample), and a subset of 259 old trees (usu-
ally  older  than  250 years)  growing  indivi-
dually or in road alleys, some being consi-
dered  as  national  nature  monuments.
Overall, the collection comprised 3938 indi-

viduals of Quercus robur and 2742 individu-
als of Q. petraea. The species status of indi-
viduals was determined based on leaf mor-
phology  at  the  time  of  sampling,  and
whenever possible (e.g., for plus trees and
seed stands) also verified in the State Fo-
rest Reproductive Material Office.

DNA isolation
Total  genomic  DNA was  extracted  from

50 mg of dried leaves. Plant material was
ground  in  a  Mixer  Mill  MM301  (Retsch,
Haan, Germany). DNA isolation followed a
CTAB protocol  (Doyle & Doyle 1990).  The
amount and quality of DNA was evaluated
and adjusted to a concentration of 10 ng/µl
using DNA calculator (Biophotometer®, Ep-
pendorf, Hamburg, Germany).

Chloroplast microsatellites
For the initial screening of polymorphism

at cpSSR loci we used a representative sub-
sample  of  individuals  consisting  of  DNA
from  282  plus  trees  (198  Q.  robur,  84  Q.
petraea) from 64 Forest Districts in Poland,
widely distributed across the country. We
selected 35 cpSSR loci that had been used
in  population  genetic  studies  of  forest
trees,  especially  in  oaks  (see  Table  S1  in
Appendix  1),  including  8  markers  develo-
ped for dicotyledonous angiosperms (Wei-
sing & Gardner 1999), 16 made specifically
for oaks (Deguilloux et al. 2003) and 11 cre-
ated for Fagaceae (Sebastiani et al. 2004).
The loci were divided into four marker sets,
each consisting of 6-11 loci,  and subjected
to  PCR-multiplex  protocols  (Table  S1  in
Appendix 1). However, among the 35 pre-
selected cpSSR loci only 14 (ccmp4, cmcs12,
cmcs5,  cmcs6,  cmcs7,  cmcs8,  cmcs9,  µcd1,
µcd4,  µcd5,  µdt1,  µdt3,  µdt4,  µkk4)  were
polymorphic in the test subsample. The set
of  14 loci  was subjected to PCR-multiplex
optimization in order to establish a single
PCR  reaction.  Finally  the  optimized  reac-
tion mix contained: 1x PCR Buffer, 1.25 mM
MgCl2, 0.25 mM dNTP-Mix, 0.25 U Taq poly-
merase (Taq PCR Core Kit®, Qiagen, Hilden,
Germany),  0.5  mg/ml  BSA,  0.2  µM  µcd4,
0.125µM  µdt3,  0.075µM  cmcs8,  0.15µM
cmcs9,  0.1µM  ccmp4,  0.125µM  cmcs7,
0.05µM µcd5, 0.05µM µcd1, 0.125µM cmcs5,
0.075µM  cmcs12,  0.05µM  µdt1,  0.15µM
µkk4, 0.25µM µdt4, 0.15µM cmcs6 (concen-
tration refers to that of both primers) and
10 ng of template DNA. Primers from these
loci  were fluorescently labeled (see Table
S1 in  Appendix 1). PCR conditions were as
follows: an initial denaturation step at 95°C
for 5 min, followed by 8 touchdown cycles
at 94°C for 30 s, 1:30 s at 56 °C (-1 °C/cycle), 1
min at 72 °C, 24 cycles at 94 °C for 30 s, 45 s
at 48 °C, 1 min at 72 °C, and a final extension
at 72 °C for 10 min. The amplification pro-
ducts were separated using an ABI 3130XL
sequencer (Applied Biosystems, Foster Ci-
ty, CA, USA), with LIZ600 as an internal size
standard.  The  identification  of  alleles  ba-
sed  on  their  size  was  determined  using
GENEMAPPER® software v. 4.0 (Applied Bio-
systems).  The accuracy of  genotyping ba-

sed on the 14-plex PCR reaction was veri-
fied for 16 randomly chosen individuals, by
repeating  single  PCR  reactions  of  each
locus.  This  indicated  full  concordance  of
allele sizes determined in multiplex and sin-
gleplex reactions.  Finally,  the 14-plex PCR
protocol was used to analyze all 6680 sam-
ples.

PCR-RFLP haplotypes
PCR-RFLP haplotypes were also determi-

ned on a subset of 282 individuals in order
to  relate  cpSSR  haplotypes  to  the  PCR-
RFLP  haplotypes  identified  in  earlier  stu-
dies (Csaikl  et al.  2002,  Petit et al.  2002b,
Dering et al. 2008). PCR-RFLP variants were
assayed  following  the  protocol  described
by Dering et al. (2008) and references the-
rein.  The  interpretation  of  the  restriction
pattern followed Petit et al. (2002b).

Data analysis
For analysis of cpSSR data, each species

was  treated  as  single  population.  Allelic
frequencies, number of alleles and genetic
diversity  were  calculated  using  the  FSTAT
software (Goudet 2001).  Haplotypes were
determined as a  combination of  different
microsatellite  variants  across  the  cpSSR
loci. We used the software HAPLOTYPE ANA-
LYSIS© ver. 1.05 (Eliades & Eliades 2009) to
estimate  haplotype  frequencies  and  the
following genetic diversity measures: num-
ber of haplotypes (A), effective number of
haplotypes  (Ne),  haplotypic  richness  (HR –
El Mousadik & Petit 1996), genetic diversity
(He),  and  the  mean  genetic  distance  bet-
ween  individuals  (Dsh

2  –  Goldstein  et  al.
1995).

The phylogeny of the established cpSSR
haplotypes was inferred based on the me-
dian-joining method (Bandelt  et  al.  1999).
Maximum-parsimony analysis was conduc-
ted using the software NETWORK ver. 4.6.1.2
(Fluxus Technology Ltd, http://www.fluxus-
engineering.com). Additionally, phylogene-
tic  relationships  were  assessed  based  on
genetic  distances  between  individual  ha-
plotypes (Goldstein et al. 1995), using the
neighbor-joining  algorithm,  implemented
in  the  software  package  TREEVIEW (Page
1996).

After  establishing  the  correspondence
between PCR-RFLP and cpSSR haplotypes
based on the subset of 282 plus trees, the
matrix of genetic distances between PCR-
RFLP haplotypes presented in Kremer et al.
(2002),  was  compared  to  the  matrix  of
genetic  distances  between  cpSSR  haplo-
types (Goldstein et al. 1995) using a Mantel
test  implemented  in  the  R  package
“ecodist” (Goslee & Urban 2007). The sig-
nificance of the Mantel test was evaluated
with 100 000 random permutations.

Results

Genetic diversity
Overall,  we  detected  45  alleles  among

6680  oak  individuals  based  on  14  cpSSR
loci. The number of alleles per locus ranged
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from  2  (cmcs7,  µcd1,  µcd5,  µkk4)  to  5
(cmcs6 -  Tab. 1), with an average of 3.214 ±
0.261  (SE).  Genetic  diversity  of  individual
loci  ranged  from  0.001  to  0.525,  with  a
mean of 0.281  ±  0.052. Although the num-
ber of alleles found was greater in Q. robur,
the genetic diversity was generally higher
in  Q. petraea (Tab.  1).  Genetic diversity at
individual  loci  revealed  high  interspecific
consistency  (r=0.946;  p<0.001),  indicating
that these loci  can be equally informative
about genetic diversity in both species.

Haplotype diversity
The use of 14 cpSSR loci  resulted in the

detection of 85 different haplotypes across
both  species.  The  number  of  haplotypes
was higher in Q. robur (67) than Q. petraea
(47  -  Tab.  2).  Haplotypes  were  ranked
based  on  their  observed  frequencies
across both species and labels  (H01,  H02,
etc.) were assigned according to their fre-
quency  in  descending  order,  i.e.,  starting
from the most frequent haplotype. The fre-
quency  spectrum  of  the  haplotypes  was
highly skewed, with H49-H85 found in just
one  individual,  whilst  each  of  H34-H48
occurred in just two. Seventeen haplotypes
(H01-H17) were found in 13 or more indivi-
duals;  97.9%  of  the collection had one of
these  17  haplotypes.  Frequency  dropped
off rapidly for haplotypes lower than H10 in
the  ranking.  Full  details  of  all  multilocus
haplotypes  are  presented  in  Appendix  1
(Table  S2).  The  17  most  frequent  haplo-
types could be characterized using a sub-
set of 5 cpSSR loci only, as shown in Tab. 3.
Some 25 haplotypes were shared by both
species, with 39 and 21 (mostly rare haplo-
types) found exclusively in Q. robur and Q.
petraea, respectively. The effective number
of  haplotypes  was  5.543 and  4.936 in  Q.
robur  and  Q. petraea,  respectively, with a
mean of 5.367 estimated across both spe-
cies.  The  effective  number  of  haplotypes
was significantly lower in Q. petraea than in
Q. robur (p < 0.001 after permutation test
with individual haplotypes taken as units).
Haplotype  diversity  was  lower  in  Q.  pe-
traea  (He  =  0.798)  than  in  Q.  robur  (He =
0.820 – p < 0.001 after permutation test).
The mean genetic distances between indi-
viduals within species (Dsh

2) were compara-
ble (Tab. 2).

Relationship between PCR-RFLP and 
cpSSR haplotypes

Haplotypes  based  on  cpSSR  loci  were
compared to the PCR-RFLP haplotypes  in
the subset of 282 trees. Six different PCR-
RFLP  haplotypes  belonging  to  the  three
major  maternal  lineages  (Apennine,  Ibe-
rian, Balkan) were found, with each haplo-
type present at least in 3 individuals (Tab.
4).  The  cpSSR  haplotypes  H02  and  H07
could be assigned to the PCR-RFLP haplo-
types RFLP1 and RFLP2, respectively, both
belonging to the Apennine lineage C (Petit
et  al.  2002b).  The  haplotype  H05  repre-
sents  most  likely  the  haplotype  RFLP12,
which is part of the Iberian maternal linea-

ge  B.  Finally,  the  most  frequent  Balkan
maternal lineage A consisted of three RFLP
haplotypes:  RFLP4  (related  mostly  to
cpSSR  haplotypes  H03  and  H06),  RFLP7
(H01)  and  RFLP5 (related  mostly  to  H04,
H06,  H10 –  Tab. 4).  Notably, while RFLP1,
RFLP2  and  RFLP12  haplotypes  were  con-
nected  in  general  to  single  cpSSR  haplo-
types,  the  Balkan  PCR-RFLP  haplotypes
were  related  to  several  different  cpSSR
haplotypes. In particular, haplotype RFLP5
appeared  highly  heterogeneous  and  was

related to nine different cpSSR haplotypes,
which included quite divergent haplotypes
such as H04, H06, H08, H09, H10 and H12
(the effective number of cpSSR haplotypes
within  RFLP5  haplotype  was  2.889 –  see
Tab.  4).  The  spatial  distribution  of  PCR-
RFLP  haplotypes  generally  followed  the
distributions  observed  in  earlier  studies
(Csaikl  et  al.  2002,  Dering  et  al.  2008,
Chmielewski et al., in preparation).

We used  a  Mantel  test  to  compare  the
matrix of genetic distances between PCR-
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Tab. 1 - Genetic diversity of cpSSR loci based on  Quercus robur and  Q. petraea. (A):
number of alleles; (He): genetic diversity; (SE): standard error. 

Locus
Quercus robur

(n=3938)
Quercus petraea

(n=2742)
Both species

(n=6680)

A He A He A He

cmcs12 3 0.002 1 0.000 3 0.001
cmcs5 3 0.300 3 0.401 3 0.346
cmcs6 5 0.399 5 0.462 5 0.429
cmcs7 2 0.003 1 0.000 2 0.001
cmcs8 3 0.028 3 0.032 3 0.030
µdt1 4 0.405 4 0.445 4 0.421
µdt3 4 0.447 4 0.494 4 0.472
µdt4 4 0.394 3 0.523 4 0.454
ccmp4 3 0.299 2 0.175 3 0.252
cmcs9 4 0.395 3 0.523 4 0.454
µcd1 2 0.083 2 0.018 2 0.057
µcd4 4 0.525 3 0.506 4 0.525
µcd5 2 0.138 2 0.183 2 0.157
µkk4 2 0.278 2 0.395 2 0.331
Mean 3.214 0.264 2.714 0.296 3.214 0.281
SE 0.261 0.048 0.304 0.058 0.261 0.052

Tab.  2 -  Measures  of  haplotypic  diversity  for  Q. robur and  Q.  petraea based on 14
cpSSR loci, and the subset of 5 loci (ccmp4, cmcs5, cmcs6, µcd4, µdt1; see the text).

Parameter
Quercus

robur
Quercus
petraea

Both
species

Both species
(subset of 5 loci)

Number of individuals (N) 3938 2742 6680 6680
Number of haplotypes (A) 67 47 85 43
Effective number of 
haplotypes (Ne)

5.543 4.936 5.367 5.267

Genetic diversity (He) 0.820 0.798 0.814 0.810
Mean genetic distance 
between individuals (Dsh

2)
2.589 2.629 2.618 1.924

Tab. 3 -  Genotypes of the most frequent haplotypes based on the subset of 5 loci
(ccmp4, cmcs5, cmcs6, µcd4, µdt1;). Allele names are given based on their size (bp).

Haplotype ccmp4 cmcs5 cmcs6 µcd4 µdt1 Count Freq
H01 147 200 79 114 96 2219 0.3281
H02 146 198 79 114 97 1179 0.1749
H03 147 200 78 114 97 1169 0.1731
H04 147 200 79 115 96 767 0.1135
H05 147 200 81 114 97 302 0.0442
H06 147 197 79 114 96 245 0.0366
H07 146 198 79 115 95 176 0.0261
H08 147 200 80 114 97 168 0.0245
H09 147 201 79 114 96 124 0.0178
H10 147 200 79 114 97 109 0.0154
H11 147 199 80 114 97 59 0.0088
H12 148 200 79 114 96 28 0.0037
H13 147 200 78 114 96 22 0.0027
H14 146 200 79 114 96 18 0.0025
H15 146 197 79 115 97 18 0.0024
H16 146 198 79 114 96 16 0.0024
H17 146 200 78 114 97 13 0.0019

Sum 6632 0.9904
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RFLP haplotypes presented in Kremer et al.
(2002) to the matrix  of  genetic  distances
between cpSSR haplotypes related to the
respective PCR-RFLP haplotypes, as estab-
lished in this study based on  Goldstein et
al. (1995), e.g., the distance between RFLP1
and RFLP7 was compared to the distance
between H01 and H02 (see Tab. 4). The test
revealed a significant correlation between
the two types of  genetic  distances (Pear-
son’s  r = 0.570, p < 0.05), suggesting that
phylogenetic  relationships  estimated  by
cpSSR  haplotypes  were  fairly  similar  to
those obtained by PCR-RFLP haplotypes.

Phylogenetic relationship among cpSSR 
haplotypes

The maximum parsimony haplotype net-
work  based  on  14  cpSSR  loci  for  the  17
most  frequent  haplotypes  (n≥13)  is  pre-
sented in Fig. 1. The haplotypes clustered in
three  major  clades.  The  largest  and  cen-
trally located group includes 8 haplotypes:
H01,  H03,  H04,  H09,  H10,  H13,  H14,  H17,
with a cumulative frequency of 65.5%. This
group is related to the Balkan maternal li-
neage  A,  based  on  the  above-mentioned
relationships  between  PCR-RFLP  and  cp-
SSR variants. Another group consisted of 4
haplotypes H02, H07, H15 and H16 (cumula-
tive  frequency:  20.6%)  representing  the
Apennine  maternal  lineage C;  while  3  ha-
plotypes,  H05,  H08  and  H11  (cumulative
frequency: 7.8%) were assigned to the Ibe-
rian lineage B. The haplotypes H06 and H12
seem  to  be  intermediate  between  the  li-
neages  A  and  C  and  between  lineages  A
and  B,  respectively  (Fig.  1).  The  inferred
phylogenetic relationships between haplo-
types were confirmed when measured ba-
sed on genetic  distances (Goldstein et  al.
1995) using the neighbor-joining algorithm
(Fig. 2).

Each of the rare cpSSR haplotypes (H18-
H85) might be related to one of the most
frequent  haplotypes  (H1-H17  –  Fig.  S2  in
Appendix 1).  When we assign all  haploty-
pes to one of five major haplotype groups
(concentrated around most frequent hap-
lotype lineages H01,  H02,  H05,  H06,  H12),
the number of different haplotypes within
each group is proportional to the number
of individuals observed within haplogroups
(r  = 0.978, p = 0.004). Similarly, when we
consider nine haplogroups (given that the
largest major haplotype lineage is divided
into  smaller  haplogroups  H01,  H03,  H04,
H09, H10), the number of haplotypes with-
in such haplogroups is still proportional to
the number of individuals observed within
haplogroups (r = 0.772, p = 0.015). This sug-
gests that the number of different haploty-
pes is related to the overall sample size of
a haplogroup.

Optimization
The use of all 14 cpSSR loci resulted in the

detection of  85 different haplotypes over
the  two  species  analyzed.  However,  as
mentioned  above,  the  majority  of  haplo-
types were found in just one or two indivi-
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Fig. 1 - Maximum
parsimony phylo-
genetic network

among the 17
most frequent

haplotypes (n ≥
13) for 14 cpSSR
loci. Circle sizes

are proportional
to the haplotype

frequency. Red
dots (median
vectors) and

black dots repre-
sent missing or

not sampled
haplotypes.

Tab. 4 - Number of individuals with specific combinations of PCR-RFLP and cpSSR ha-
plotypes. (*): indicate the most frequent PCR-RFLP haplotype within a given cpSSR
haplotype. (AEcpSSR): effective number of PCR-RFLP haplotypes within a given cpSSR
haplotype; (AERFLP): effective number of cpSSR haplotypes within a given PCR-RFLP
haplotype.

Haplo RFLP1 RFLP2 RFLP4 RFLP5 RFLP7 RFLP12 Count AEcpSSR

H01 - - 1 3 95* - 99 1.085
H02 42* - - - - - 42 1.000
H03 1 - 31* - - - 32 1.064
H04 - - - 51* 1 - 52 1.039
H05 - - - 1 - 3* 4 1.600
H06 - - 5 11* - - 16 1.753
H07 1 7 1 - - - 9 1.588
H08 - - - 3* 1 - 4 1.600
H09 - - - 5* - - 5 1.000
H10 - - - 12* - - 12 1.000
H12 - - 1 2* - - 3 1.800
H25 - - - 4* - - 4 1.000
Count 44 7 39 92 97 3 282 -
AERFLP 1.096 1.000 1.538 2.889 1.042 1.000 - -

Fig. 2 - Neighbor-joining
tree of cpDNA haplotypes

for the 17 most frequent
haplotypes (n≥13 ) based

on pairwise genetic dis-
tances (Goldstein et al.

1995) estimated from 14
cpSSR loci (2000 boot-

straps).
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duals,  and  only  17  haplotypes  (H01-H17)
were  found  in  13  or  more  individuals.
Therefore,  we  optimized  the  genotyping
procedure in order to minimize the number
of  cpSSR  loci  to  be  used  for  screening,
whilst still being able to detect the 17 most
frequent  haplotypes.  We  tested  various
combinations of loci and found that the 17
most frequent haplotypes could be charac-
terized  using  just  5  loci  (ccmp4,  cmcs5,
cmcs6, µcd4, µdt1). With these five loci we
were  able  to  detect  43  different  haplo-
types (Tab. 3). The optimized set of loci will
be  valuable  for  future  research  and  for
practical,  marker-based  forest  manage-
ment (e.g., tracking of forest reproductive
material or gene conservation).

Discussion
Studies using cpSSR markers have usually

reported higher levels of genetic variation
than studies based on the PCR-RFLP tech-
nique (Provan et al. 1999). Chloroplast mi-
crosatellites  have  already  been  used  for
studying phylogeography in oaks (Grivet et
al.  2006,  Magri  et  al.  2007,  Pakkad  et  al.
2008), revealing patterns of variation simi-
lar to PCR-RFLP markers (Deguilloux et al.
2004,  Gailing  et  al.  2007a).  However,  re-
cent studies of cpSSR diversity in European
white oaks based on chloroplast polymor-
phisms indicated a  smaller number of  ha-
plotypes compared with this study (Grivet
et al. 2006, Neophytou & Michiels 2013).

In this paper, 14 cpSSR loci were analyzed
to identify 85 distinct haplotypes on a large
number of  individuals  sampled across Po-
land. Such a large number of cpSSR haplo-
types  contrasts  with  the amount  of  PCR-
RFLP haplotypes found earlier in the region
(Csaikl et al. 2002, Dering et al. 2008). How-
ever, the majority of haplotypes were rare,
with frequencies below 0.001. The number
of cpSSR haplotypes was larger for  Q. ro-
bur than for  Q. petraea (67  vs. 47, respec-
tively),  reflecting  the  overall  trend  found
across Europe based on PCR-RFLP markers
(23  vs. 17  -  Petit  et  al.  2002b).  Sharing of
haplotypes  between  the two oak species
confirms their close phylogenetic relation-
ship  and/or  ability  to  hybridize  (Dumolin-
Lapègue et al. 1997, Petit et al. 2002b).

To date, only a few studies have attemp-
ted to relate chloroplast haplotypes based
on cpSSRs and PCR-RFLP markers. Defining
such relatedness is necessary if new phylo-
geographic studies based on cpSSRs are to
be compared to earlier  works carried out
using PCR-RFLPs.  Deguilloux  et  al.  (2004)
found  almost  complete  redundancy  bet-
ween the  haplotypes  identified  using  the
two types of markers in French oak popula-
tions.  Other  studies  related  haplotypes
from the two marker systems only partially
(Gailing et al. 2007b, Neophytou & Michiels
2013).

The analysis of the phylogenetic relation-
ships  among the 17 most  frequent haplo-
types (n>13) and their associations to PCR-
RFLP haplotypes confirmed the existence
of  the  three  major  clades  related  to  the

main  maternal  lineages  previously  descri-
bed in this area (Petit et al. 2002a, Csaikl et
al. 2002,  Dering et al. 2008). The most fre-
quent one appeared to be the Balkan ma-
ternal lineage A (nearly 64%), followed by
the Apennine lineage C (21%) and the Ibe-
rian lineage B (8%). The cpSSR haplotypes
H06  and  H12  were  found  to  be  interme-
diate between different clades (H06 inter-
mediate  between  Balkan  and  Apennine,
H12 intermediate between Balkan and Ibe-
rian lineages -  Fig. 1),  but both were assi-
gned to haplotype RFLP5 which represents
the Balkan lineage. While PCR-RFLP haplo-
types of the Apennine and Iberian lineages
were largely monotypic as for the number
of cpSSR haplotypes found,  the Balkan li-
neage included several  cpSSR haplotypes.
In  particular,  haplotype  RFLP5  appeared
highly heterogeneous as it was related to
seven cpSSR haplotypes.  Previously,  Petit
et al. (2002b) and Bordács et al. (2002) sug-
gested that this haplotype might have per-
sisted  in  both  the  Apennine  and  Balkan
refugia.  In  Slovakia,  Tutkova-van  Loo  &
Burg  (2004) found  that  haplotype  RFLP5
could be resolved as three related variants
(5A, 5B, and 5C).

We  have  found  a  large  number  of  rare
haplotypes (with frequency < 0.001), which
were the result of mutations in one of the
14 cpSSR loci.  Petit et al. (2002b) recorded
numerous rare PCR-RFLP haplotypes; how-
ever, these haplotypes were not confirmed
by the reference laboratory. Rare haploty-
pes  are generally  of  minor  importance in
phylogeographic  studies,  but  they  might
be  useful  for  identifying  specific  popula-
tions when showing an increased local fre-
quency. An assessment of the spatial distri-
bution of rare haplotypes (local or widely
dispersed) might provide insights into the
spread dynamics of new cpDNA variants.

The high mutation rates of cpSSR regions
increase the potential for homoplasy. This
may  cause  problems  in  phylogenetic  stu-
dies, especially when performed at a very
large spatial  scale (Doyle et al.  1998,  Pro-
van et al.  2001,  Estoup et al.  2002). How-
ever, such problem should be negligible for
studies  at  small  geographical  scales.  Fur-
thermore,  homoplasy  level  within  species
is usually considered as low enough to al-
low population genetic analysis (Navascués
& Emerson 2005). In our study, we found
similar  relatedness  patterns  among  PCR-
RFLP and cpSSR haplotypes. A given cpSSR
haplotype was related  mostly  to  a  single
dominant PCR-RFLP haplotype, suggesting
that  our  data set  was affected by homo-
plasy to a limited degree. Similarly, a given
PCR-RFLP haplotype was mostly related to
a single dominant cpSSR haplotype, indica-
ting some cryptic diversity within PCR-RFLP
haplotypes.  A  distinct  exception,  haploty-
pe RFLP5 (see above), needs further inves-
tigation.

The  number  of  distinct  haplotypes  de-
tected  in  the  study  area  is  expected  to
depend  on  two  main  factors.  Firstly,  it
should be related to the effective size of a

migrating population. Secondly, it may de-
pend on the migration distance from the
refugium. As a result of  long-distance mi-
gration, when effective population size de-
creases dramatically (bottleneck), rare ha-
plotypes tend be lost. On the other hand,
new  haplotypes  might  be  generated
through mutation. The theory predicts that
the number of different variants in a sam-
ple is a function of the effective size and
the  mutation  rate  (Kimura  & Ohta  1975).
Assuming  that  mutation  rate  is  constant
for a given locus,  the number of haploty-
pes  in  our  sample  should  be  determined
mainly by the effective population size. As
a consequence, the prevalence of specific
haplotypes centered on haplotype H01 can
be  explained  by  historically-determined,
unbalanced representation of specific ma-
ternal  lineages  (refugia).  It  should be no-
ticed that our sampling was fairly uniform
across the country (Fig. S1 in  Appendix 1),
thus the number of haplotypes within the
maternal lineages was not affected by the
clustered  distribution  of  lineages  (Dering
et al. 2008).

We found that as few as five cpSSR loci
were  necessary  to  characterize  most  fre-
quent haplotypes in white oaks, indicating
some redundancy among loci.  This  set  of
five loci could serve as a basis for standard
assessment of haplotypic diversity for gene
conservation or forest reproductive mate-
rial  (FRM)  traceability  surveys.  However,
using the established  multiplex  of  14  loci
may be helpful in detecting new local ha-
plotypes, which could be used for genetic
fingerprinting of local FRM or timber.

Conclusions
Chloroplast  microsatellites,  with  their

amenability to multiplex PCR and automa-
tion can be considered markers of  choice
for  population  genetic  studies  in  white
oaks. Our study confirmed the relationship
between  haplotypes  established  with  cp-
SSR and PCR-RFLP polymorphisms, making
possible  comparisons  with  previous  stu-
dies. CpSSR markers have the potential to
detect a relatively larger number of haplo-
types, which in turn might cause problems
in  interpretation  of  results.  Nevertheless,
occasional  rare  haplotypes  can  be  easily
“binned” with related, more frequent hap-
lotypes to simplify analysis. In-depth analy-
sis of the spatial distribution of cpSSR ha-
plotypes  of  the  two  oak  species  should
provide  a  detailed  picture  of  the  current
distribution of maternal lineages. This will
be helpful in reconstructing the migratory
routes of the species and potentially would
allow the detection of local population dif-
ferentiation.
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Supplementary Material

Appendix 1

Tab.  S1 -  Characteristics  of  35 preselected
chloroplast microsatellites loci identified in
a  sceening  panel  of  282  samples  of  Q.
robur & Q. petraea. 

Tab. S2 - Genotypes of all haplotypes based
on  14  chloroplast  microsatellites  (cmcs12,
cmcs5,  cmcs6,  cmcs7,  cmcs8,  µdt1,  µdt3,
µdt4,  ccmp4,  cmcs9,  µcd1,  µcd4,  µcd5,
µkk4). 

Fig. S1 - Map of oaks from which samples
were  collected  in  Poland  (green  dots  -
Quercus robur, red dots - Quercus petraea). 

Fig.  S2 -  A  possible  maximum  parsimony
haplotype tree for all 85 haplotypes estab-
lished based on 14 cpSSR loci. Grey circles
indicate haplotypes H18-H85 detected in 7
or  fewer  individuals.  Haplotypes  H01-H17
indicated with the same colours as in Fig. 1.
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