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Gene flow among individual trees of Pinus sylvestris and P. mugo putative hybrid swarms in Slovakia was fol-
lowed at four localities using the species-diagnostic cpDNA trnV-trnH/Hinf I restriction profile. Variable propor-
tions of P. sylvestris and P. mugo haplotypes were revealed among the sampled localities. Low between-habitus
consistency of the trees and their cpDNA haplotypes indicates the hybrid nature of the swarms. Molecular analy-
sis based on mutual comparison of the haplotypes of a given tree and its embryos suggests direct and recipro-
cal hybridization between trees of the P. sylvestris and P. mugo haplotypes. Besides conspecific embryos result-
ing from hybridization of trees with the same haplotype (P. sylvestris X P. sylvestris and P. mugo X P. mugo),
hybrid embryos of P. sylvestris X P. mugo (8.03%) and P. mugo X P. sylvestris (11.50%) were also detected in
open-pollinated offspring. The results are discussed from the standpoint of primary and introgressive hybridiza-

tion between the parental species.
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INTRODUCTION

Scots pine (Pinus sylvestris L.) and mountain dwarf
pine (P. mugo Turra) are taxonomically distinct
species representing subsection Pinus of the hard
pines (Price et al., 1998). In Slovakia they are dis-
tributed allopatrically at 250-1650 m a.s.l. (Scots
pine) and 680-2054 m a.s.l. (mountain dwarf pine)
(Futak et al., 1966). In some places in Slovakia they
have an extrazonal distribution at 765-1172 m a.s.l.
Owing to a weak reproductive barrier, the species
intercross spontaneously in contact zones, forming
hybrid swarms. These swarms were reported to
occur on peat bogs and on calcareous rock in north-
ern Slovakia and in the adjoining Nowy Targ valley
in Poland (Businsky, 1999; Staszkiewicz, 1996;
Staszkiewicz and Tyszkiewicz, 1969). Based on nee-
dle anatomy, Viewegh (1981) postulated the hybrid
nature of the swarm at the Zuberec peat bog locality
in the western part of the High Tatras. Several inter-
mediate forms of needle anatomy have accordingly
been posited between P. mugo subsp. mughus and
P. sylvestris along with pure-species individuals of
P. sylvestris. Both primary hybridization between
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P. mugo and P. sylvestris resulting in early-genera-
tion hybrids and introgressive hybridization between
the hybrids and parental species are predicted to
occur at this locality. It is not excluded that intro-
gression resulting from multiple backcrosses may
occur here. In fact there are other places in Europe
with suspected P. sylvestris and P. mugo hybrid
swarms. Their hybrid nature has not yet been con-
firmed convincingly by molecular methods.

Based on 11 allozyme loci, Neet-Sarqueda
(1994) found no evidence for introgressive zones in
three populations in Switzerland consisting of forms
intermediate between P. uncinata and P. sylvestris.
Using isoenzymes and chloroplast DNA (cpDNA),
Filppula et al. (1992) were not able to prove the
hybrid origin of three putative hybrid swarms in the
Czech Republic and one putative hybrid swarm in
Slovakia. No evidence for the hybrid swarm hypoth-
esis was found at isozyme and cpDNA levels in sym-
patric populations of P. mugo and P. sylvestris in
the northern foothills of the Polish Tatras
(Wachowiak et al., 2006). On the other hand, analy-
sis of morphologically variable forms in sympatric
populations of P. sylvestris, P. mugo and P. uligi-
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TABLE 1. Populations studied and sample sizes

Number of Number of

Population  Species  Altitude analyzed analyzed
trees seeds

Hrustin P. sylvestris 700 m 10 97

Vratna

valley P. mugo 1230 m 10 99

Zuberec hybrid = g15 19 233
swarm

Obsivanka  ybrid 1000 - 16 192
swarm 1172 m

Sucha hybrid 765 m 21 259

Hora swarm

Tisovnica ~ 1YPHd g5 14 307
swarm

nosa at a peat bog complex in the Sudety Mts. indi-
cates numerous hybrids, with gene flow from the
P. mugo complex to P. sylvestris (Wachowiak and
Prus-Glowacki, 2008). The availability of species-
specific chloroplast haplotypes offers a straightfor-
ward means of estimating paternal gene flow within
hybrid swarms (Wachowiak et al., 2000). Here we
estimated the proportions of conspecific and het-
erospecific fertilization in selected trees of the four
hybrid swarms in Slovakia. The frequency of hybrid
seeds was recorded from individual trees using

a species-diagnostic cpDNA marker. We also
assessed the hybrid nature of the swarms based on
comparisons of the phenotype and cpDNA haplotype
of scored trees.

MATERIALS AND METHODS

SPECIES AND POPULATIONS

Three putative hybrid swarms of Scots pine (Pinus
sylvestris L.) and mountain dwarf pine (P. mugo
Turra) growing at peat bog localities in Zuberec,
Sucha Hora and Tisovnica, northern Slovakia, were
subjected to molecular analyses. Also analyzed was
a putative hybrid swarm of the species growing on
calcareous rock at the Obsivanka locality in the Mala
Fatra region. The control groups were adjoining
pure-species populations of P. sylvestris at Hrustin
and P. mugo in the Vratna valley. Table 1 lists the
tested populations, their elevation, the number of
scored trees and the total number of analyzed seeds.
The locations of the populations are shown on
a map of Slovakia in Figure 1.

MATERIALS AND DNA ANALYSES

Only cone-bearing trees were used in the experi-
ment. During cone collection in autumn 2011 the
habitus of each putative hybrid swarm tree scored
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Fig. 1. Natural distribution of Scots pine and mountain dwarf pine in Slovakia and locations of their putative hybrid
swarms. 1 — Zuberec; 2 — Sucha Hora; 3 — Tisovnica, 4 — Obsivanka.
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TABLE 2. Number and frequency of conspecific and hybrid embryos in mother trees of different haplotypes and localities

. Tree Number of Number of seeds Number of conspecific Number of hybrid
Population
haplotype trees analyzed embryos embryos
. P. sylvestris 10 97 97 (100%) 0
Hrustin
P. mugo 0 0
Vratna P. sylvestris 0 0
valley P. mugo 10 99 99 (100%) 0
P. sylvestris 6 77 64 (83,1%) 13 (16,9%)
Zuberec
P. mugo 13 156 120 (76,5%) 36 (23,5%)
. P. sylvestris 12 132 109 (82,5%) 23 (17,5%)
Obsivanka
P. mugo 4 60 57 (95,0%) 3 (5,0%)
) P. sylvestris 120 118 (98,3%) 2 (1,7%)
Sucha Hora
P. mugo 12 139 126 (90,6%) 13 (9,4%)
. . P. sylvestris 14 307 286 (93,1%) 21 (6,9%)
Tisovnica
P. mugo 0 0 0 0

was recorded. Phenotype was assigned to individual
trees based on the combination of their monocormic
or polycormic stem characteristics and their total
height (P. mugo, P. sylvestris, intermediate).

Total DNA was extracted from needles of all
mother trees (Tab. 2) by the CTAB method (Murray
and Thompson, 1980). In vitro germination of
mature seeds in Petri dishes with wet cottonwool
paper preceded DNA extraction from embryos.
Embryos protruding from the seed coat were
excised and separately used for DNA extraction with
a SiMax™ Genomic DNA extraction kit (SBS
Genetech, Peking). Due to the reduced fecundity of
the trees in the swarms, only 9-12 embryos per tree
were analyzed, and the tested seeds originated from
different cones of a given tree.

The trnV-trnH region of cpDNA was PCR-ampli-
fied with a primer pair as described by Parducci and
Szmidt (1999). The obtained PCR products were
digested with restriction enzyme Hinf I and the gen-
erated fragments were fractionated electrophoreti-
cally in 7.5% polyacrylamide gels and 1X TBE.

Differences in the frequencies of hybrid seeds
between P. sylvestris and P. mugo at each locality
were tested using the y? test.

RESULTS

Amplification of cpDNA trnV-trnH gave a PCR prod-
uct of 1860 bp in length in both P. sylvestris and
P. mugo (Fig. 2). Digestion of the product with Hinf I
generated species-specific restriction profiles which
differed in the parental species by 680 bp and 700 bp
fragments. Except for the 670 bp fragment com-
monly shared by the species, P. sylvestris also pos-

sessed a 700 bp fragment and P. mugo a 680 bp
fragment. No variation of the chloroplast haplotype
was found between the control P. sylvestris trees at

soce == 17 0 P P O O P

Fig. 2. Putative hybrid swarm embryo heterogeneity.
cpDNA restriction profiles of mother tree with
P. sylvestris haplotype (lane B) and its five embryos show-
ing P. mugo haplotype (lanes C,D,E,G) and P. sylvestris
haplotype (lane F). M - size marker; A — PCR product.
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the Hrustin locality, nor between the P. mugo trees
at the control locality in the Vratna valley.

Taking advantage of paternal inheritance and
species-specific chloroplast haplotypes, we exam-
ined gene exchange between the two species, indi-
cating intra- or interspecific gene flow (Wagner et al.,
1987; Wachowiak et al., 2005). The chloroplast DNA
haplotype revealed in the needle cpDNAs of each
P. sylvestris or P. mugo tree was compared with the
haplotypes of individual embryos of the same tree
using cpDNA trnV-trnH/Hinf I restriction profiles.
Finding the same haplotype in a given tree and its
embryo suggests intraspecific gene flow, whereas a
finding of different haplotypes indicates an interspe-
cific hybridization event (Tab. 2).

The obtained data show that the tested trees of
the putative hybrid swarms are either P. sylvestris
or P. mugo haplotypes, differing in frequency of
occurrence between localities. The only exception
was the hybrid swarm in Tisovnica, uniformly
exhibiting the P. sylvestris haplotype in all 14 trees
scored there. This result is independent of their
P. sylvestris or P. mugo habitus. According to mor-
phological classification, 9 of the 16 trees tested at
the Zuberec locality are P. mugo, 2 are P. sylvestris
and 8 are of intermediate morphology. Of the 9
resembling P. mugo at that locality, 4 trees shared
the P. mugo haplotype and 5 the P. sylvestris hap-
lotype. The two trees with a P. sylvestris habitus
shared the P. mugo haplotype. Seven of the 8 trees
with intermediate habitus were of the P. mugo hap-
lotype and one was of the P. sylvestris haplotype.

The situation was similar at the Obsivanka
locality. The group of 16 tested trees contained 11
trees of the P. mugo habitus, 4 trees of the
P. sylvestris habitus and one tree of intermediate
morphology. Surprisingly, the great majority of the
trees resembling P. mugo, 10 of the 11, showed the
P. sylvestris haplotype. The 4 trees of the
P. sylvestris habitus shared the P. mugo haplotype.
The one tree of intermediate morphology shared the
P. sylvestris haplotype.

The group of trees at the Sucha Hora locality
consisted of 13 trees with the P. mugo habitus and
8 trees with the P. sylvestris habitus. Nine trees of
the P. mugo phenotype shared the P. sylvestris hap-
lotype and the other 4 the P. mugo haplotype. Only
one of the 8 trees of the P. sylvestris habitus exhib-
ited that haplotype; 7 were of the P. mugo haplotype.

The Tisovnica locality yielded an even greater
discrepancy between morphology and cpDNA haplo-
type. Five trees had P. mugo morphology, 2 trees
had P. sylvestris morphology, and 7 were interme-
diate. Irrespective of their morphology, all the trees
shared the P. sylvestris haplotype.

The lack of correspondence between phenotype
and cpDNA haplotype in these trees, together with
the haplotype diversity of the putative hybrid
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swarms, may be taken as indirect evidence of their
hybrid nature.

At seed level, the pure-species P. sylvestris and
P. mugo populations contained only conspecific
embryos originating from intraspecific P. sylvestris
X P. sylvestris and P. mugo X P. mugo pollination,
respectively. The prevalence of conspecific embryos
also characterized the hybrid swarms, which in
addition contained embryos from interspecific
P. sylvestris X P. mugo and reciprocal pollination.
Their frequency varied considerably depending on
the haplotype of the maternal trees and the locality.
Mother trees of the P. sylvestris haplotype contained
between 1.67% and 17.42% hybrid P. sylvestris X
P. mugo seeds, as compared with 5.00-23.08%
hybrid P. mugo X P. sylvestris seeds in mother
trees with the P. mugo haplotype (Tab. 2).

It is evident that mother trees of P. sylvestris
haplotype readily hybridize with P. mugo at the
Obsivanka locality. The P. mugo-haplotype mother
trees at the Sucha Hora locality hybridize readily
with P. sylvestris. At the Zuberec locality, on the
other hand, mother trees of the P. sylvestris and
P. mugo haplotypes are similar in their tendency to
hybridize with trees of the other haplotype
(x2=1.225; P=0.2683).

Of the 735 seeds with the P. sylvestris haplo-
type harvested from 41 trees of hybrid swarms, 676
seeds contained conspecific embryos (91.97%) and
59 seeds had hybrid P. sylvestris X P. mugo
embryos (8.03%). Of the 452 seeds with the P. mugo
haplotype originating from 29 trees of hybrid
swarms, 400 seeds had conspecific embryos
(88.50%) and 52 had hybrid P. mugo X P. sylvestris
embryos (11.50%). These figures do not represent a
significant difference in the frequency of occurrence
of hybrid embryos in maternal trees of the P. mugo
haplotype in comparison with the frequency of
hybrid embryos in maternal trees of the P. sylvestris
haplotype, indicating relatively wide gene exchange
between individuals of the putative hybrid swarms
(x?=3.592; P=0.0580).

DISCUSSION

The hybrid swarm populations in this study share
numerous individuals of intermediate morphology,
with growth habitus combining the multi-stemmed
character of P. mugo and the height growth of
P. sylvestris, along with the trees resembling pure
P. sylvestris and pure P. mugo. Complete corre-
spondence between phenotype and cpDNA haplo-
type was confirmed only in pure-species individuals.
The hybrid swarms varied in this respect, exhibiting
the two haplotypes. The haplotype heterogeneity of
the putative hybrid swarms and the haplotype uni-
formity of the pure-species populations are the most
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conspicuous features differentiating these groups of
populations. This is preliminary but important cor-
roboration of Viewegh's (1981) postulate, based on
needle anatomy data, of the hybrid origin of the
swarm in Zuberec, and it has application to the
other three putative hybrid swarms we studied.

The presence of trees with intermediate habitus
differing in cpDNA haplotype at the localities with
hybrid swarms suggests the possibility of both pri-
mary and introgressive hybridization. As represen-
tatives of the subgenus Diploxylon (hard pines),
P. sylvestris and P. mugo are supposed to be repro-
ductively isolated by the gametophytic incompatibil-
ity which operates within this subgenus (Kriebel,
1975). Our earlier study showed that incompatibili-
ty between these species is not complete. Besides
retardation of P. mugo pollen tube growth in the
nucellar tissue of the P. sylvestris ovule, abortive
embryogeny was found to act as an additional barri-
er lessening the crossability of the P. sylvestris X
P. mugo interspecific cross (Kormutak, 1984). Low
as it is, this crossability may generate F, hybrids in
a contact zone, initiating subsequent crossings
between the interspecific hybrids themselves, and
backcrossings with the parental species. As a result,
hybrid swarm populations may evolve at the respec-
tive localities, involving individuals of both parental
species and hybrids of several kinds.

The relatively high rate of direct and reciprocal
hybridization events between trees of the
P. sylvestris and P. mugo haplotypes may be
ascribed to their hybrid nature. Under natural con-
ditions and in controlled crosses, viable offspring
was obtained between the two species only when P.
mugo was the pollen donor (Wachowiak et al., 2005,
2006; Wachowiak and Prus-Glowacki, 2008). In this
connection we should mention that our experiments
with controlled interspecific crossings of P. mugo X
P. sylvestris conducted in two different years yield-
ed 13.5% and 83.4% filled seeds of the total number
of 133 and 315 seeds obtained from 3 maternal
trees of P. mugo (Kormutak, 1988; Kormutak et al.
2005).

Apparently the hybrid individuals of the puta-
tive hybrid swarms are more susceptible to pollina-
tion with P. sylvestris pollen than with P. mugo
pollen. Some trees with the P. mugo haplotype may
contain a considerable portion of P. sylvestris
genes, which may enhance their hybridological affin-
ity for P. sylvestris. It is reasonable to suppose that
the crossability of these hybrid trees with P. mugo
would be modified as well. A satisfactory explana-
tion of this aspect of the hybridological relationships
between hybrid swarm individuals depends on con-
firming or disproving their hybrid nature. Morpho-
anatomical studies by Marcet (1967) and
Christensen and Dar (2003) based on needle size
and internal structure have contributed to a resolu-

tion of the question but have not settled it. Our study
demonstrated that cpDNA markers are very good for
scoring gene flow between the trees of the swarms
but that alone they are limited in their ability to
reveal the hybrid nature of these trees. Finding a
species-specific mtDNA marker for the parental
species P. sylvestris and P. mugo would greatly
improve the protocol for diagnosing these organellar
DNAs. This is a challenge for further research aimed
at elucidating the genetic nature of the swarms and
specifying the nature of hybridization processes in
them.
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