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Abstract

The crossability relationship between Scots pine (Pinus sylvest-
ris L.) and mountain dwarf pine (Pinus mugo Turra) was tested 
under field conditions using an artificial pollination approach. 
There was partial compatibility between the parental species, 
as evidenced by the amount of filled seeds in their reciprocal 
crossings and in control variants from self-pollination, cont-
rolled intraspecific outcrossing and open pollination of mother 
trees. The crossability degree in P. sylvestris × P. mugo was cha-
racterised by the index 0.15, and the reciprocal crossing by the 
index 0.18. Crossability of P. sylvestris and P. mugo with their 
putative hybrid individuals was much higher; the number of 
filled seeds was comparable with that of the control variants. 
The reciprocal crossings of P. sylvestris and P. mugo species were 
highlighted by the opposite inheritance of their chloroplast 
DNA (cpDNA). The paternal cpDNA inheritance in P. sylvestris × 
P. mugo and maternal cpDNA inheritance in P. mugo × P. sylvest-
ris was repeatedly confirmed using the cpDNA trnV-trnH/HinfI 
marker as well as the newly developed partial cpDNA trnV-
trnH/AseI marker. The nature of the latter is described in terms 
of the nucleotide sequence.
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Introduction

Extensive experiments with pine artificial hybridisation perfor-
med during the second half of the twentieth century led to the 
postulation of an asystematic pattern of species hybridisation 
within the genus Pinus (Mirov, 1967). Although taxonomically 
distant, some species reportedly rarely intercross, whereas spe-
cies of the same taxonomic rank exhibit a variable degree of 
reproductive isolation. Myriad studies (Righter and Duffield, 
1951; Critchfield, 1963, 1975; Saylor and Koenig, 1967) discuss 
intersectional pine hybrids along with a number of artificially 
obtained intrasectional hybrids. In this context, the crossability 
relationship between Scots pine (P. sylvestris L.) and mountain 
dwarf pine (P. mugo Turra) of the section Pinus, subsection Syl-
vestres (Little and Critchfield, 1969) is of special interest. It 
directly impacts the gene flow intensity within the putative 
hybrid swarms of these species that occur in central and sou-
thern Europe (Prus-Głowacki and Szweykowski, 1980; Christen-
sen, 1987). In the past, Dengler (1932, 1939), Schmidt (1951), 
Marcet (1967) and Moulalis et al. (1976) postulated the compa-
tible nature of Scots and mountain dwarf pines for artificial 
crossings. Recently, the concept of unilateral incompatibility 
was inferred instead based on the gene flow from P. mugo to P. 
sylvestris but not in the reciprocal direction (Wachowiak et al., 
2006). However, the validity of this concept is questioned by 
the results of mutual hybridisation of these species. The use of 
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two maternal P. sylvestris trees in crossings with P. mugo resul-
ted in a 10 % yield of filled seeds; the same was true of the reci-
procal P. mugo × P. sylvestris crossing, with double the amount 
of filled seeds when three P. mugo mother trees were used. We 
consider these data as evidence that supports partial compati-
bility between P. sylvestris and P. mugo (Kormutak et al., 2017). 
One mother tree of each in the P. sylvestris × P. mugo and reci-
procal crossings only produces additional empty seeds, data 
that emphasise the role of proper parental tree selection for 
hybridisation. 

Hybrid validation based on the trnV-trnH/HinfI restriction 
profiles of the chloroplast DNA (cpDNA) revealed bidirectional 
cpDNA inheritance. In the P. sylvestris × P. mugo cross, there is a 
commonly acknowledged paternal transmission of cpDNA 
into the embryos, but the reciprocal cross exhibits the mater-
nal mode of cpDNA inheritance (Kormutak et al., 2017). There 
are complicated hybridological relationships between P. syl-
vestris and P. mugo ssp. mugo, Pinus uncinata Ramond and Pinus 
uliginosa Neumann of the P. mugo complex (Christensen, 1987; 
Wachowiak et al., 2005a), with a special reference to the cont-
roversial results of P. sylvestris and P. mugo hybridisation. Thus, 
the challenge made by Lewandowski and Wiśniewska (2006) is 
justified; they emphasise the necessity to repeat the artificial 
crossing experiments for several years to exclude the influence 
of biotic and abiotic factors on the process. In continuation of a 
2013 experiment (Kormutak et al., 2017), we made additional 
attempts to intercross P. mugo with P. sylvestris in two successi-
ve years to strengthen the evidence on partial compatibility of 
their reciprocal crossings. Additionally, molecular proof for 
cpDNA maternal inheritance in the P. mugo × P. sylvestris cros-
sing based initially on the polymerase chain reaction-restric-
tion fragment length polymorphism (PCR-RFLP) of trnV-trnH 
segment was extended to the nucleotide level of the respecti-
ve segment.

Materials and Methods

Artificial hybridisation
The two artificial crossing experiments with Scots pine (P. syl-
vestris L.) and mountain dwarf pine (P. mugo Turra) were con-
ducted separately in 2016 and 2017. Six P. mugo trees from the 
natural stand of the species in the Mala Fatra mountain range 
(northern Slovakia) were used in the experiment (no. 6, 7, 8, 11, 
12, 13), together with two taxonomically verified P. mugo indi-
viduals (no. 9 and 10) from the Botanical Garden of the Techni-
cal University in Zvolen (central Slovakia). One Scots pine (no. 
1) from a natural stand in Oravice (northern Slovakia) served as 
a mother tree in 2016, and the six additional Scots pines from 
natural stands in southern and western Slovakia served as pol-
len trees (no. 2, 3, 4, 5, 14, 15). Except for the P. mugo and P. syl-
vestris trees, two individuals of the putative hybrid swarm of 
these species (H1, H2) in Zuberec (northern Slovakia) were 
used as pollen parents in 2016. The experiments were perfor-
med on May 5-15, 2016 and June 14-25, 2017, depending on 
the altitude of the localities with the respective mother trees. 

Controlled pollination primarily focused on the reciprocal 
crossings between P. mugo and P. sylvestris, but intraspecific 
crossing variants were also taken into account. These variants 
involved self-pollination of mother trees, mutual hybridisation 
of different individuals of the same species and open pollinati-
on of mother trees. Freshly collected pollen from all the trees 
associated with hybridisation was subjected to an in vitro ger-
mination test prior to pollination to avoid using poor-quality 
pollen. Each sample was tested in triplicate on 1.5 % agar medi-
um with 10 % sucrose (Brewbaker and Kwack, 1963). The sam-
ples were cultivated in covered Petri dishes at 25ºC for 48 h. 
Macrostrobili of the mother trees were isolated 3-4 days before 
they reached receptivity using paper bags with strengthened 
walls. Special care was taken to install the isolating bags before 
the initiation of pollen shedding in the respective mother and 
neighbour trees. Pollination of the receptive macrostrobili was 
performed under strictly controlled conditions using a soft-
hair painting brush. Isolation bags were removed from pollina-
ted macrostrobili after complete closure of their ovuliferous 
scales. At this stage of the experiment, an attempt to count 
pollinated macrostrobili in crossing variants was made. Mature 
cones of the mountain dwarf pine were collected in October 
and those of Scots pine in December of the next year following 
pollination. Hand extracted and dewinged seeds of individual 
crossing variants were counted and processed with regards to 
the proportions of filled and empty seeds. This was done in 
samples of germinating seeds which were used for DNA ext-
raction from excised embryos. Crossability between mountain 
dwarf and Scots pines was expressed quantitatively as a pro-
portion of sound seed percentage from crosses between spe-
cies and a percentage of sound seed yield from within-species 
crosses (Critchfield, 1975). 

Experimental data on pollen viability in the parental trees 
and seed quality in the tested variants of crossings were statis-
tically examined using analysis of variance (ANOVA) with the 
procedure GLM 9.1 (SAS 2004) employed. As the crossing 
design was not fully factorial (father trees differed among 
mothers), a nested ANOVA model was used, while both 
mothers and parental combinations within mothers were con-
sidered fixed-effect factors. Prior to analysis, normality of resi-
duals was tested using the Shapiro-Wilk test, while the vari-
ance was tested using the Bartlett`s test. Frequency data 
(proportions of filled seeds, pollen germinability) were arcsine-
transformed prior to analysis.

DNA extraction
Total parental tree DNA in the P. sylvestris × P. mugo and recipro-
cal crossings was extracted from young needles using the 
CTAB protocol by Murray and Thompson (1980). A slightly 
modified protocol from that mentioned above was also used 
to extract DNA from hybrid embryos. Embryo DNA extraction 
was preceded by the in vitro seed germination in Petri dishes 
with wet cotton-wool paper at 25ºC and subsequent excision 
of protruding embryos from surrounding megagametophyte 
tissue. Individual embryos were homogenised separately in 1.5 
ml Eppendorf tubes with 250 μl of extraction buffer. A small 
amount of extracted DNA was electrophoretically run on a 1.5 
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% agarose gel in 1× Tris-Borate-EDTA (TBE) buffer, pH 8.0, to 
estimate DNA concentration.

PCR amplification of cpDNA trnV-trnH region
A partial segment of the trnV-trnH region of cpDNA (approxi-
mately 450 base pairs [bp]) in P. sylvestris and P. mugo was amp-
lified using the primer pair trnV-trnH4FOR (5’-TCTCGAGATA-
GATCTCGATCT-3’) (newly designed primer) and trnV-trnH REV 
(5’-CTTGGTCCACTTGGCTACGT-3’ (Parducci and Szmidt, 1999). 
A total number of the excised embryos which were subjected 
to analysis with this primer pair equalled 10 embryos in P. syl-
vestris × P. mugo crossing and 34 embryos of P. mugo × P. syl-
vestris crossing. The 25-µl PCR mixture contained 200-300 ng 
plant genomic DNA, 1 × PCR buffer with 25 mM content of 
MgCl2, 0.2 mM deoxynucleotides (dNTPs), 10 pmol each primer 
and 1 U FIRE Pol DNA polymerase (Solis Biodyne, Estonia). PCR 
amplification was performed at 94ºC for 3 min, 35 cycles at 
94ºC for 30 s, 52ºC for 30 s and 72ºC for 50 s, and a final elonga-
tion step at 72ºC for 10 min. To confirm successful amplification 
of the respective cpDNA segment, 5 μl of the PCR product from 
each sample was separated electrophoretically in a 1 % agaro-
se gel. Fifteen μl of PCR product was digested with the restric-
tion enzyme AseI and separated in a 2 % agarose gel. Concur-
rently, 2 μl of each P. mugo and P. sylvestris PCR product was 
cloned into a pJet1.2 vector (Thermo Fisher Scientific, USA) and 
transformed into E. coli DH5α competent cells. Two recom-
binant plasmids with a respective PCR product were sequenced 
commercially. 

Except for cpDNA validation given above, a simulta-
neous analysis of a cpDNA region of approximately 2.5 
kilobases (kb) amplified with trnV-trnH FOR (5’-GCTCAG-
CAAGGTAGAGCACC-3’) and trnV-trnH REV (5’-CTTGGTC-
CACTTGGCTACGT-3’) (Parducci and Szmidt, 1999) was 
repeated for 15 embryos of P. mugo × P. sylvestris and 21 
embryos of the reciprocal crossing using trnV-trnH/HinfI 
restriction profiles. These profiles are diagnostic for the 
parental species (Kormutak et al., 2017).

Results

Pollen viability
Pollen quality varied considerably among the trees involved in 
the 2016 hybridisation. In the four P. sylvestris individuals (no. 
2-5), the pollen germination percentage was between 81.0 % 
and 96.6 %. On the contrary, in P. sylvestris no. 1 it averaged only 
62.6 %. The germination potential of P. mugo individuals no. 
6-10 was comparable to the P. sylvestris individuals; they con-
tained 73.6-94.3 % of germinating pollen. Pollen tube length, a 
second pollen viability parameter, varied among individual 
trees, with a range of 75.5µm to 146.7 μm. There was no corre-
lation between pollen germination percentage and pollen 
tube length in individual trees. For example, P. sylvestris no. 1, 
with 62.6 % average germination of its pollen, possessed pol-
len tubes with a maximal length of 146.7 μm, whereas the pol-
len of P. sylvestris no. 2, with 96.6 % germination, reached only 

78.3 μm average pollen tube length. Putative hybrid individu-
als H1 and H2 were exceptions in this respect. The average ger-
mination of their pollen was 53.6 % and 27.6 %, and the corre-
sponding lengths of their pollen tubes were 71.7 μm and 27.6 
μm, respectively; they deviated conspicuously from the rest of 
trees in 2016. ANOVA confirmed statistical significance of the 
differences in pollen germination percentage among P. sylvest-
ris, P. mugo and putative hybrid individuals (P= 0.0005) as well 
as among P. sylvestris and P. mugo individuals (P< 0.0001). Simi-
larly, the variation in pollen tube length among the paternal 
trees was statistically significant (P< 0.0001). Artificial pollinati-
on in 2017 involved three P. mugo (no. 11-13) and two P. sylvest-
ris (no. 14 and 15) individuals with comparable pollen quality. 
Germination percentage was 91.6-97.3 %, and the correspon-
ding pollen tube length was 87.0-96.5 μm. Altogether, 12 
parental trees were involved in the pollen quality estimation in 
2016 and five in 2017. The pollen with outlined viability was 
subsequently used in artificial pollination experiments in the 
respective years.

Crossability
The results of crossing experiments performed in 2016 are 
summarised in Table 1 and those obtained in 2017 in Table 2. 
Efficiency assessment of the reciprocal crossings between 
Scots and mountain dwarf pines is based on one maternal and 
paternal tree in P. sylvestris 1 × P. mugo 9 crossing and on six 
mother mountain dwarf pines and six paternal Scots pines 
used in the P. mugo × P. sylvestris crossings. Using seed quality 
as the main criterion of hybridisation affinity between species 
and trees involved in hybridisation, a low degree of compatibi-
lity could be postulated for the P. sylvestris 1 × P. mugo 9 cros-
sing. The crossing yielded 15.5 % of filled seeds and an average 
of 1.7 seeds per cone. The corresponding characteristics in a 
controlled outcrossing of P. sylvestris 1 × P. sylvestris 2 averaged 
98.0 % of filled seeds and 18.7 seeds per cone. In quantitative 
terms, the crossability of P. sylvestris × P. mugo combination was 
characterised by the index 0.158. 

A highly variable crossability pattern was characteristic for 
the reciprocal P. mugo × P. sylvestris crossings; the paternal trees 
exerted a profound effect on the crossability. The amount of 
fully developed seeds obtained within six P. mugo mother trees 
(no. 6, 7, 8, 11, 12, 13) that were pollinated with P. sylvestris pol-
len varied widely. Of the 10 attempted P. mugo × P. sylvestris 
crossings, there were no filled seeds obtained from 30 mature 
cones of the four variants (P. mugo 6 × P. sylvestris 3, P. mugo 8 × 
P. sylvestris 4, P. mugo 12 × P. sylvestris 15 and P. mugo 13 × P. syl-
vestris 14). For P. mugo 6 × P. sylvestris 5, only one mature cone 
was collected that contained one filled seed. Likewise, in P. 
mugo 7 × P. sylvestris 2, with two mature cones harvested, there 
were three seeds of which two seeds were fully developed. The 
remaining four variants were remarkable for the increased 
number of collected mature cones, the total number of obtai-
ned seeds and percentage of fully developed seeds (Tables 1 
and 2). P. mugo 8 × P. sylvestris 3 produced 2.2 % of filled seeds, 
P. mugo 11 × P. sylvestris 15 yielded 9 % of filled seeds and P. 
mugo 13 × P. sylvestris 15 produced a higher amount of filled 
seeds (50.6 %). However, P. mugo 7 × P. sylvestris 5 was the most 
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efficient cross, with 85.2 % of filled seeds. The crossability inde-
xes calculated for the crossing variants P. mugo 8 × P. sylvestris 
3, P. mugo 13 × P. sylvestris 15 and P. mugo 7 × P. sylvestris 5 and 
P. mugo 11 × P. sylvestris 15 were 0.25, 0.63, 0.90 and 0.11, res-
pectively, and averaged 0.38. This crossability degree was twi-
ce as high as that calculated for the P. sylvestris 1 × P. mugo 9 
crossing. 

The obtained experimental data proved unequivocally 
that crossability variation between mountain dwarf and Scots 
pines is due to differentiated hybridisation affinity of the indivi-
dual pairs of parental trees used in hybridisation. The most 
expressive examples of the kind are the crossings of P. mugo 7 
mother tree with the paternal trees P. sylvestris 2 and P. sylvestris 
5, which had comparable pollen viability. Crossing with P. syl-
vestris 2 failed completely, whereas the crossing of P. mugo 7 
with P. sylvestris 5 generated the highest percentage of filled 
seeds (Table 1). A similar situation was also observed for the 
mother tree P. mugo 13, which in crossings with P. sylvestris 14 
and P. sylvestris 15 produced empty seeds and 50.6 % of filled 
seeds, respectively. For paternal tree P. sylvestris 15, crossings 
with the maternal trees P. mugo 11 and P. mugo 12 produced 9 
and 0 % of filled seeds. This data supports the concept of diffe-
rential hybridisation affinity between the parental trees. This 
option also satisfies the crossings of Scots and mountain dwarf 
pine mother trees with the putative hybrid individuals H1 and 
H2 (which were conducted in 2016). Both pollen trees exhibi-
ted lowered pollen viability (53.6 % and 27.6 %, respectively). 
Nevertheless, the crossing of H1 pollen tree with mother trees 
P. sylvestris 1 and P. mugo 7 resulted in 87.7 % and 66.6 % of ful-
ly developed seeds. The use of pollen tree H2 in a crossing with 
P. mugo 6 yielded 92.5% of filled seeds, but it failed to produce 
seeds when crossed with P. mugo 8 mother tree (Table 1). ANO-
VA revealed that differences in the filled seed percentage of 
the crossing variants attempted in individual mother trees 
were statistically significant (P< 0.0001). 

At the macrostrobili level, there is a marginally significant 
relationship between crossability and pollinated macrostrobili 
survival level (r = 0.509; P = 0.063) across parental combina-
tions. According to Sarvas (1962), a limiting factor for pollina-
ted macrostrobili survival during winter is the number of ovu-
les in a given macrostrobilus with pollen tubes that penetrate 
the nucellar tissue of an ovule. This factor provides physiologi-
cal stimuli for further ovule development during the next 
spring. When pollen grains are unable to germinate on the 
nucellus due to an incompatible reaction between them, ovule 
desiccation and dropping follow soon after pollination (Kor-
mutak, 1984). In the present study, increased macrostrobili 
dropping was registered in the reciprocal crossings of P. sylvest-
ris and P. mugo compared to the corresponding control vari-
ants. This observation was particularly true for the crossings 
attempted in mother P. sylvestris 1, P. mugo 6, P. mugo 7 and P. 
mugo 13, with 20.4-96.4 % dropping (Tables 1 and 2). The only 
exceptions were the P. mugo 8 × P. sylvestris 3 and P. mugo 8 × P. 
sylvestris 4 crossings, which were accompanied by reduced 
macrostrobili dropping (41.9 % and 51.6 %) compared to the 
outcrossed control (64.8 %). In spite of an increased rate of 
macrostrobili survival, the first of the crossings mentioned 

above produced only 2.2 % of filled seeds whereas the second 
crossing was a complete failure. 
Summarily, the efficiency of artificial crossing experiments 
conducted during 2016-2017 with P. mugo mother trees is 
given in Table 3. P. mugo × P. sylvestris crossings shared the 
lowest crossability characteristics, as evidenced by the lowest 
percentage of filled seeds and the highest dropped macrostro-
bili. The reverse observations were characteristic of the control 
crossing variant P. mugo × P. mugo, with a greater amount of 
filled seeds and less dropped macrostrobili. The P. mugo with 
H1 and H2 pollen trees occupied an intermediate position bet-
ween the above situations. Based on the experimental data, we 
may conclude that partial compatibility of the reciprocal cros-
sings between P. sylvestris and P. mugo is an essential feature of 
their reproductive behaviour. 

Hybrid validation
Reciprocal P. sylvestris and P. mugo crossings exhibit 
bimodal cpDNA inheritance, as evidenced by the paternal 
cpDNA transmission in P. sylvestris × P. mugo crossings 
and maternal inheritance in the reciprocal crossing (Kor-
mutak et al., 2017). The evidence is based on the trnV-
trnH/HinfI restriction profiles of the corresponding 
hybrids and their parents. The PCR fragments of 2,539 
and 2,544 bp, characteristic of P. mugo and P. sylvestris, 
respectively, were amplified using trnV-trnH primers. 
They cover the region between the trnV (UAC) and trnH 
(GUG) genes and involve six open reading frames (orf64a, 
orf56b, orf66, orf67a, orf133c and orf57c) and several 
hundred bp of noncoding cpDNA (Parducci and Szmidt, 
1999). Digestion of corresponding PCR products with 
restriction enzyme HinfI generates restriction DNA pro-
files that differ in P. sylvestris and P. mugo (Kormutak et 
al., 2002). Based on DNA sequence data in the NCBI Gene-
Bank database for P. sylvestris (KR476379.1) and P. mugo 
(JN854181.1), as many as 13 fragments are expected to 
be generated that range from 8 to 714 bp. The diagnostic 
fragments for P. sylvestris, P. mugo and their hybrids were 
275, 276 and 282 bp, respectively, as revealed in 8 % pol-
yacrylamide gels (Figs. 1- 2). 

We further elucidated maternal cpDNA inheritance in P. 
mugo × P. sylvestris crossings. We designed a new primer pair 
that covers only the most variable (partial) cpDNA region with 
a considerably shortened PCR product (approximately 0.5 kb). 
Restriction analysis of the PCR product with AseI enabled 
discrimination between P. sylvestris and P. mugo. The latter pos-
sesses an AseI-specific restriction site that is missing in the 
amplified P. sylvestris DNA sequence. As a result, the AseI digest 
produces 202-bp and 273-bp fragments characteristic of P. 
mugo and an intact 481-bp fragment characteristic of P. sylvest-
ris. With a 2 % agarose gel, we illustrated paternal cpDNA inhe-
ritance in P. sylvestris × P. mugo crossing (Fig. 3A) and maternal 
cpDNA inheritance in P. mugo × P. sylvestris crossing (Fig. 3B) 
with identical restriction profiles in the paternal tree P. mugo 
and hybrid embryo and in the maternal tree P. mugo and hyb-
rid embryo. 
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Table 1 
Results of artificial pollination of P. sylvestris and P. mugo mother trees in 2016

Crossing variants Number of pollinated
macrostrobili 

Number of collected 
mature cones

Percent of macro-
strobili dropping

Total number of 
obtained seeds

Number of seeds 
per cone

Percent of
 filled seeds

P. sylvestris 1 - selfing 29 23 20.7 70 3.0 9.09

P. sylvestris 1 × P. sylvestris 2 35 29 17.2 543 18.7 98.0

P. sylvestris 1 × P. mugo 9 118 94 20.4 161 1.7 15.5

P. sylvestris 1 × H1 56 44 21.5 650 14.7 87.7

P. sylvestris 1 - open pollination  - 26  - 141 5.4 42.0

P. mugo 6 - selfing 30 25 16.7 926 37.0 22.0

P. mugo 6 × P. mugo 9 30 22 26.7 625 28.4 86.9

P. mugo 6 × P. sylvestris 5 28 1 96.4 1 1.0 0

P. mugo 6 × P. sylvestris 3 35 6 82.9 2 0.3 0

P. mugo 6 × H2 45 34 24.5 747 21.9 92.5

P. mugo 6 - open pollination  - 31  - 1200 38.7 78.0

P. mugo 7 - selfing 12 7 41.7 83 11.8 87.7

P. mugo 7 × P. mugo 6 17 15 11.8 247 16.4 94.3

P. mugo 7 × P. sylvestris 2 32 2 93.7 3 1.5 0

P. mugo 7 × P. sylvestris 5 23 6 74.0 115 19.1 85.2

P. mugo 7 × H1 38 11 71.1 75 6.8 66.6

P. mugo 7 - open pollination  - 21  - 794 37.8 76.0

P. mugo 8 - selfing 53 35 34.0 193 5.5 38.4

P. mugo 8 × P. mugo 10 34 12 64.8 34 2.8 8.8

P. mugo 8 × P. sylvestris 3 55 32 41.9 106 3.3 2.2

P. mugo 8 × P. sylvestris 4  33 16 51.6 28 1.7 0

P. mugo 8 × H2 52 10 80.8 6 0.6 0

P. mugo 8 - open pollination  - 32  - 420 13.1 94.0
- The corresponding data were not taken into account in the open pollination variants

Table 2 
Results of artificial pollination of P. mugo mother trees in 2017

Crossing variants Number of pollinated
macrostrobili 

Number of collected 
mature cones

Percent of macro-
strobili dropping

Total number of 
obtained seeds

Number of seeds 
per cone

Percent of 
filled seeds

P. mugo 11 - selfing 26 5 80.7 190 38.0 78.3

P. mugo 11 × P. sylvestris 15 32 20 37.5 258 12.9 9.0

P. mugo 11 - open pollination  - 28  - 936 33.4 88.7

P. mugo 12 - selfing 23 3 86.9 80 26.6 94.4

P. mugo 12 × P. sylvestris 15 48 2 95.8 29 14.5 0

P. mugo 12 - open pollination  - 12  - 631 52.6 96.2

P. mugo 13 × P. mugo 12 19 15 21.0 659 43.9 80.1

P. mugo 13 × P. sylvestris 14 14 6 57.1 129 21.5 0

P. mugo 13 × P. sylvestris 15 32 19 40.6 518 27.2 50.6

P. mugo 13 - open pollination  - 16  - 604 37.7 96.8

Table 3  
Pooled data on artificial pollination of P. mugo mother trees in 2016-2017

Crossing variants Number of pollinated 
macrostrobili

Number of collected
mature cones

Percent of macro-
strobili dropping

Total number of 
obtained seeds

Number of seeds
 per cone

Percent of
 filled seeds

P. mugo - selfing 144 75 48.0 1472 23.7 64.1

P. mugo × P. mugo 100 64 36.0 1565 22.8 67.5

P. mugo × P. sylvestris 332 110 66.9 1189 10.3 14.7

P. mugo × H 135 55 59.2 828   9.7 53.0

P. mugo - open pollination  - 140  - 4585 35.5 88.4
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Concurrently, the PCR products K1, K2 and K3 that correspon-
ded to P. mugo, P. sylvestris and hybrid embryos were cloned 
into pJet 1.2 vector and used to transform Escherichia coli, follo-
wed by plasmid isolation and sequencing. As shown in Fig. S1, 
the DNA sequence of hybrid P. mugo × P. sylvestris embryos cor-
responded to both the P. mugo mother tree DNA and the P. 
mugo DNA respective region (JN854181.1) deposited in NCBI 
GenBank.

Discussion

In his crossing attempt, Christensen (1987) examined the pat-
terns of local and geographic variation in the P. mugo complex 
and P. sylvestris to determine their relationships and the extent 
to which hybridisation occurs between them. We extended 
this approach in a more straightforward way to determine the 
genetic relationship between P. mugo and P. sylvestris using 
artificial hybridisation experiments to estimate the degree of 
their hybridisation affinity. The obtained hybridological data 
confirm the claims made by some authors that the frequency 
of hybridisation and introgression in mixed P. mugo and P. syl-
vestris stands is apparently low (Christensen, 1987; Jasińska et 
al., 2010). In an overwhelming majority of the crossings att-
empted in this study, the crossability parameters of the reci-
procal P. mugo and P. sylvestris crossings were conspicuously 
lower compared with control. At the macrostrobili level, the 
gametophytic incompatibility that operates as the principal 
reproductive barrier between the parental species (Kormutak, 
1984) precluded many macrostrobili from their normal deve-
lopment. Due to an insufficient number of properly pollinated 
eggs, such macrostrobili desiccate and drop at the end of the 
first vegetation period (Sarvas, 1962). Surviving macrostrobili 
resume their growth during the next spring; this phenomenon 
represents the first symptom of partial compatibility between 
P. mugo and P. sylvestris. In P. sylvestris × P. mugo crossings, the 
percentage of macrostrobili dropping was slightly increased 
compared with the controlled outcrossing of P. sylvestris. In the 
reciprocal crossings, this figure was doubled relative to control. 
However, the most important evidence that supports partial 
compatibility between mountain dwarf and Scots pines is seed 
quality in their reciprocal crossings, which amounted to 15.5 % 
of filled seeds in P. sylvestris × P. mugo and 14.7 % seeds of the 
same quality in the reciprocal crossings. Comparable results 
were also reported by Moulalis et al. (1976) in their attempted 
P. sylvestris × P. mugo crossing. On the contrary, Wachowiak et 
al. (2005a) obtained only 0.9% of filled seeds from a total of 440 
seeds with the same crossing. In the reciprocal P. mugo × P. syl-
vestris crossing, the authors refer to three filled seeds that 
developed from 50 pollinated macrostrobili in the two mother 
trees. 

Irrespective of a low or high amount of filled seeds in the 
reciprocal P. mugo and P. sylvestris crossings, the presented data 
substantiate the existence of partial compatibility between 
these species. According to Heiser (1949), introgressive 

Fig. 1 
Restriction profiles of cpDNA segment trnV-trnH/Hin-
fI in hybrid embryos P. sylvestris × P. mugo. Lane Ps – P. 
sylvestris mother tree, lanes 3-13 – hybrid embryos and 
lane 14 – P. mugo pollen tree; M – size marker

Fig. 2 
Restriction profiles of cpDNA segment trnV-trnH/HinfI in 
hybrid embryos P. mugo × P. sylvestris. Lane Pm – P. mugo 
mother tree, lanes 3-12 – hybrid embryos and lane 13 – 
P. sylvestris pollen tree; M - size marker

Fig. 3  
Restriction profiles of partial cpDNA segment trnV-
trnH4 FOR – trnV-trnH REV/AseI  in P. sylvestris mother 
tree (Ps), hybrid embryo (eK1) and P. mugo pollen 
tree (Pm) (A) and  in P. mugo mother tree (Pm), hybrid 
embryo (eK1) and P. sylvestris pollen tree (Ps) (B); The 
marker is Gene Ruler 100 bp DNA Ladder (Thermo 
Fisher Scientific)
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hybridisation is reciprocal, but the primary genetic infiltration 
seems to be into P. sylvestris. Our data corroborate this supposi-
tion, as evidenced by a relatively high share of filled seeds in P. 
sylvestris × P. mugo. In the reciprocal P. mugo × P. sylvestris cros-
sing, this share was comparable based on six P. mugo mothers 
and 10 attempted P. mugo × P. sylvestris crossings. Seven of the-
se attempts yielded only negligible amounts of filled seeds 
whereas the remaining three attempts produced substantio-
nally higher proportions of filled seeds. These findings indicate 
that incompatibility between P. mugo and P. sylvestris is not 
shared equally by the individual trees of the species. Rather, 
the trees are differentiated in this respect and exhibit different 
hybridisation affinity when intercrossed. 

Within the context of complicated hybridological relation-
ships between taxa of the P. mugo complex and P. sylvestris, 
there is some dispute about the relative hybrid swarm hypo-
thesis. In previous studies, Wachowiak et al. (2006) and 
Wachowiak and Prus-Głowacki (2008) proved a low hybridisati-
on frequency within the hybrid swarm and postulated only 
unidirectional gene flow between P. sylvestris and P. mugo, with 
P. mugo acting as a pollen donor. Our data do not corroborate 
this conclusion, as evidenced by a remarkably high yield of 
sound seeds in some combinations of the parental P. mugo × P. 
sylvestris crossing. This finding is strengthened by a positive 
validation of the hybrid nature of sound seeds in which both 
less and more efficient combinations of the P. mugo × P. sylvest-
ris parental trees were involved. According to Adams et al. 
(1988), a reliable control of crossings is of immense importance 
in tree-improvement programmes to avoid invalid crosses that 
could severely reduce anticipated genetic gains. The hybrid 
seeds subjected to analysis shared uniform cpDNA restriction 
profiles, identical with the profile of P. mugo mother trees, pro-
vides convincing proof for the maternal cpDNA inheritance in 
the respective crossing, as previously reported by Kormutak et 
al. (2017, 2018). According to Owens and Morris (1990), the 
cytological mechanism of maternal cpDNA exclusion from 
zygotes in P. menziesii is essentially the destruction of maternal 
plastids during egg development. In the crossing P. mugo × P. 
sylvestris this mechanism does not function. It remains to be 
explained. Determining the species-specific cpDNA trnV-trnH/
HinfI marker sequencing in P. sylvestris and P. mugo resulted in 
the identification of a new cpDNA marker that is also diag-
nostic for the parental species mentioned above. The partial 
cpDNA trnV-trnH/AseI marker, together with those of trnV-
trnH/HinfI (Kormutak et al., 2002) and trnL-trnF/DraI (Wachowi-
ak et al., 2005b), are currently the only known tools that are 
applicable in verification of the interspecific crosses between P. 
sylvestris and P. mugo and in following the process of their 
introgression. 
The last-mentioned aspect of hybridisation behaviour of P. 
mugo, P. sylvestris and their putative hybrids was examined 
experimentally by pollinating P. sylvestris and P. mugo  maternal 
trees with the pollen of two putatively hybrid individuals. The 
obtained hybridological data revealed a high degree of geno-
mic homology between putative hybrids and their parents. 
The amounts of fully developed seeds were remarkably high in 
the crossings of P. sylvestris and P. mugo with putative hybrids; 

they approached or equalled those in the controlled intraspe-
cific outcrossing of the maternal species. In particular it is true 
of the P. mugo 6 × H2 combination which was exceptional in its 
efficiency yielding a higher amount of sound seeds than out-
crossed control P. mugo 6 × P. mugo 9. It is reasonable to ascribe 
this effect of hybridisation to a high degree of genome homo-
logy of the participating parental trees of P. mugo 6 × H2 cros-
sing, probably due to repeated backcrossing of the H2 indivi-
dual with P. mugo trees. However, a complete failure of the 
crossing P. mugo 8 × H2 does not support this option, indica-
ting rather the differences in specific combining abilities of the 
parental trees. It is worth of mentioning in this connection that 
hybrid swarm individuals of the five-needle pines P. sibirica and 
P. pumila yielded in controlled crossings with the parental spe-
cies significantly lower amount of filled seeds in comparison 
with the open pollinated progenies of the species mentioned 
above (Vasilyeva and Goroshkevich, 2013). The same applies 
also for the spontaneous hybrids of these species in the Baikal 
region in which even more profound differences in seed quali-
ty from open pollination of the parental species P. sibirica and P. 
pumila on the one hand and their hybrids on the other hand 
were reported by Vasilyeva et al. (2020).  Also, the attempt by 
Lewandowski and Wiśniewska (2006) to hybridise the peat-
bog pine, named P. uliginosa, with its putative parental species 
P. sylvestris and P. mugo. A small-scale experiment based on 
nine total macrostrobili finished successfully only when com-
bined with P. mugo. Macrostrobili of the peat-bog pine pollina-
ted with P. sylvestris pollen aborted completely at the conelet 
stage. It is obvious that satisfactory elucidation of the intricate 
hybridisation pattern within this group of taxa requires a more 
complex approach with a higher number of the involved 
parental trees and consideration of the combining ability of 
each of them.

Conclusions

The presented hybridisation data proved convincingly the par-
tial compatibility between P. sylvestris and P. mugo. The degree 
of their crossability varied considerably depending on the 
parental trees under hybridisation. Reciprocal crossings exhibi-
ted the opposite mode of cpDNA inheritance, a phenomenon 
that should be taken into account when following gene flow in 
the contact zones of the species. A remarkably high crossabili-
ty of the parental species P. sylvestris and P. mugo with their 
putative hybrid individuals may provide indirect evidence that 
indicates the truly hybrid nature of the latter. We believe that 
the newly derived cpDNA marker, which is diagnostic for P. syl-
vestris and P. mugo, will facilitate monitoring of their introgres-
sion and gene flow among the introgressants.
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