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Abstract
The Pinus mugo complex comprises closely related pines in different taxonomic ranks, which commonly occur in major
European mountain chains. This large and polymorphic complex has been, and still is, a considerable challenge for taxonomists
due to highly variable phenotypical characteristics within particular taxa, ongoing hybridization in sympatric populations, lack of
distinct morphological species-specific determinants, and the absence of distinct genetic differentiation among them. Moreover,
cytogenetic data on pines from this complex are very scarce. Therefore, in this study, we used C-banding methods and flow
cytometric analysis in order to provide new data on karyotypical features and DNA content of three closely-related pines from the
Pinus mugo complex, i.e., Pinus mugo (Turra), Pinus uliginosa (Neumann), and Pinus × rhaetica (Brügger) and to gain more
insight into the taxonomic relationships between these pines. Our results confirmed that the basic number of chromosome is the
same amongst the analyzed taxa (2n = 2x = 24), and that the karyotypes have a similar morphology. The number of secondary
constrictions (SCs) and C-banding patterns differed slightly between P. mugo, P. uliginosa and P. × rhaetica. The nuclear DNA
content (2C/pg) among analyzed taxa is from 46.41 pg for P. mugo and P. × rhaetica to 46.48 pg for P. uliginosa. For each of
these pines, certain taxa-specific cytogenetic determinants were identified. Our results indicate that they may represent two
different taxa, and so their names should not be used interchangeably in scientific literature.
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Introduction

The aggregate of closely-related European mountain pines,
known as the Pinus mugo complex, comprises about one hun-
dred forms (Christensen 1987). Pines belonging to this com-
plex play an important ecological role and grow in the major
European mountain chains, including the Pyrenees, the Alps,
and the Carpathians (Hamerník and Musil 2007). The most
well-known and most widely studied taxa from the Pinus

mugo complex are Pinus mugo Turra (dwarf mountain pine),
Pinus uliginosaNeumann (peat-bog pine) and Pinus uncinata
Ramond (mountain pine).

The relationships among these taxa and potential species-
specific determinants for them have been investigated exten-
sively using comparative analysis on needle traits and cones
(Boratyńska and Boratyński 2007), the serological methods
(Prus-Głowacki et al. 1985), allozymes (Prus-Głowacki et al.
1998; Lewandowski et al. 2000), the chemotaxonomic ap-
proach (Bonikowski et al. 2015; Celiński et al. 2015), or –more
recently – using DNA markers (Monteleone et al. 2006;
Celiński et al. 2017a) and next-generation sequencing (NGS)
(Celiński et al. 2017b).

Despite many investigations and the variety of applied
techniques, the origin, species distinctiveness, and relation-
ships among the taxa as well as their taxonomic status within
the Pinus mugo complex are still enigmatic. Moreover, some
of the taxa included in this complex, such as P. uliginosa, have
many synonymous names in literature. Some researchers
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identify P. uliginosa as P. rotundata, while other identify it as
Pinus × rhaetica (Christensen 1987; Hamerník and Musil
2007). In Poland the peat-bog pine is a highly endangered
and protected taxon occurring only in a few small populations.
Correct nomenclature and identification are crucial for suc-
cessful conservation of this pine.

Cytogenetic techniques are very useful for the study of
phylogenetic and systematic relationships between pine spe-
cies (Bogunić et al. 2011). There are many karyological re-
ports for different pine species, which were obtained using
conventional (Mehes-Smith et al. 2011) and molecular cyto-
genetic methods (Hizume et al. 2002; Nkongolo and Mehes-
Smith 2012). Some data exist concerning the taxa from the
Pinus mugo complex (Bogunić et al. 2011), but no-one has
investigated P. uliginosa or P. × rhaetica yet.

Phylogenetic results as well as systematic relationships can
be complemented with information obtained using flow cy-
tometry analysis of DNA content. Genome size data can be
used not only for taxonomic purposes as a species-specific
marker, but also to understand the dynamics of genome evo-
lution (Loureirol et al. 2010).

The aim of this study was to apply C-banding methods and
flow cytometric analysis in order to provide new data on
karyotypical features and DNA content of three closely-
related pines from the Pinus mugo complex and to gain more
insight into the taxonomic relationships between these pines.
This is also the first report on DNA content and karyotypes for
Pinus uliginosa and Pinus × rhaetica.

Material and methods

Plant material

This study used the needles and seedlings of four pines, i.e.,
P. mugo, P. uliginosa, and P. × rhaetica from the Pinus mugo
complex and Pinus sylvestris as the outer group. Seedlings were
used for cytological research, whereas fresh needles were used
for DNA content analyses. The needles and seeds of P. mugo,
P. uliginosa and P. × rhaetica were collected in the
Dendrological Garden University of Life Sciences in Poznań.
Individuals of Pinus mugo, Pinus uliginosa and P. × rhaetica
growing there, represent natural Polish populations of these taxa
located in the Tatras, the Węgliniec Nature Reserve and the peat
bog BBór na Czerwonym^ Nature Reserve, respectively. The
needles and seeds of P. sylvestris were collected from a natural
stand near Collegium Biologicum of Adam Mickiewicz
University, Poznań.

Flow cytometry

Nuclear genome was determined using a Cytomics FC500
(Beckman Coulter) flow cytometer with a 488 nm laser. Pine

needles were washed three times in distilled water. The needles
were simultaneously chopped with a 1 cm2 leaf of Vicia faba L.
BInovec^ (internal standard, 2C = 26.90 pg) using ice-cold
Galbraith’s buffer (Galbraith et al. 1983) containing 0.1%
Triton, 1% (w/v) polyvinylpyrrolidone 40,000 and 5 μl/ml of
2-mercaptoethanol. The suspensions were filtered through a
30 μm nylon mesh (CellTrics, Sysmex Partec), and 50 μl/ml
RNAse was added. Finally, nuclei were stained with 50 μl/ml
propidium iodide and incubated on ice for 10–15 min. Five
specimen of each species were measured separately with three
repetitions – at least 5000 nuclei were analyzed. The DNA
amount in each pine species was calculated based on values
of G1 peak means of samples and the internal standard.

Aceto-orceine staining, C-banding and karyotype
analysis

Root tips were obtained from seedlings germinated on moist
filter paper in glass Petri dishes. When the seedling roots
reached a length of 2 to 3 cm, they were pre-treated with
0.05% colchicine for 16 h at room temperature, then fixed in
a 3: 1 mixture of 95% ethanol and glacial acetic acid at 4 °C for
a minimum of 48 h. For the purposes of karyotype observation,
chromosomes were stained in aceto-orceine after hydrolysis in
1 NHCl at 60 °C for 12min. The C-banding protocol described
byMehes-Smith et al. (2011) was followed. The arm lengths of
chromosomes in the CCD-captured images of ten cells from
each of two or three chromosome spreads of each species were
measured. The arm ratio was calculated, and the average values
were used to construct an ideogram of the karyotype for each
species. The chromosomes were assigned consecutively ac-
cording to their lengths, with the longest being assigned as I
and the shortest as XII. For chromosomes of equal length, the
chromosome with the longest short arm was assigned first. In
addition to the length and arm ratios of the chromosomes, sec-
ondary constrictions (SCs) and C-banding patterns were also
shown on the ideograms.

Results and discussion

Genome size is important in the context of possible taxonom-
ical relationship among the closely-related taxa of pine spe-
cies, especially in combination with quantitative (chromo-
some length, asymmetric indices) and qualitative (C-
banding) cytogenetic data. 2C DNA content is considered to
be a useful parameter in different areas of species biology
(Bennett and Leitch 2011; Sedelnikova 2016). According to
Sedelnikova (2016) the variability in the content of DNA in
the genus Pinus is related to its taxonomic position.

Using nuclei isolated from fresh needles together with a leaf
of Vicia faba as an internal standard, we estimated a 2C DNA
content as an average from 10 flow-cytometric measurements
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in the amounts of 46.3 ± 0.12 pg for P. sylvestris and 46.41 ±
0.23 pg for P. mugo (Fig. 1). These values are higher than in
previous reports for P. mugo: 42.56 ± 0.79, ranging from 41.08
to 43.95 pg (Morse et al. 2009) and lower for P. sylvestris:
49.25 ± 2.65 pg (Valkonen et al. 1994). However, it is assumed
that growth conditions, especially altitude, can change the
DNA content in the nuclear genome of plants (Sedelnikova
2016). The impact of this factor can be ruled out in this study
due to the lack of significant differences in altitude between the
analyzed samples. The DNA contents of P. uliginosa (46.48 ±
0.18 pg) and P. × rhaetica (46.41 ± 0.22 pg) have been deter-
mined for the first time. Experimental data suggest that

hybridization in pines caused stability in nuclear DNA content
(Williams et al. 2002). The hybrid genomes of P. uliginosa and
P. × rhaetica possess neither increased nor decreased DNA
content, irrespective of the phylogenetic distance between the
suggested parents, P. sylvestris and P. mugo (Christensen 1987;
Lewandowski and Dering 2006).

The lack of a difference in genome size does not exclude
substantial differences in the structure of the karyotype. In the
case of European black pine (Pinus nigra Arn.), despite no dif-
ferences in 2C DNA, a significant variation among karyotypes
studied using fluorescence in situ hybridization of 5S rDNA and
18S rDNAwas observed (Nkongolo and Mehes-Smith 2012).

Fig. 1 Representative flow cytometry histograms of P. sylvestris, P. uliginosa, P. × rhaetica and P. mugo

Table 1 Chromosome length, mean centromeric index, asymmetry index, secondary constriction localization, and karyotype formula for three pine
species from the Pinus mugo complex: P. mugo, P. uliginosa and P. × rhaetica, and outer group species – P. sylvestris

Species Chromosome length Centromeric index Asymmetry index Secondary constrictions *Centricity class

Range Mean ± SE Mean ± SE Intrachromosomal Interchromosomal

P. mugo 21.17–26.30 24.12 ± 0.98 46.41 ± 0.41 0.129 0.098 I, II, IV, VI, X 10 M+ 2SM
P. uliginosa 16.65–27.12 23.52 ± 1.03 46.33 ± 0.78 0.131 0.140 I, II, IV, VI, X 10 M+ 2SM
P. × rhaetica 16.01–28.01 23.22 ± 0.98 47.01 ± 0.86 0.108 0.101 I, II, III, IV, VI, VII, IX, X 10 M+ 1NSM+ 1SM
P. sylvestris 15.34–28.11 21.72 ± 1.07 47.13 ± 0.54 0.132 0.141 I, II, III, IV, VI, IX, X 11 M +1NSM

*Centricity class: M metacentric (CT ± 47), NSM near submetacentric (42 ± CT < 47), SM submetacentric (CT < 42)

Homologous pairs of chromosomes were numbered (I to XII) according to mean relative length (RL), starting with the longest RL
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Our results confirmed that basic chromosome number is the
same among the studied taxa (2n = 2x = 24), and that the kar-
yotypes have a similar morphology. We analyzed numerical
parameters, such as chromosome length, centromeric index,
or asymmetrical indices (Table 1). We used these data to com-
pare interspecific karyotypes. Chromosomes type were defined
based on the centricity class values, taking into account only:
M, metacentric (CT ± 47); NSM, near submetacentric (42 ±
CT < 47) and SM, submetacentric (CT < 42) (Guerra 1986).
Secondary constrictions (SCs) were observed in the majority
of the analyzed material, and their number seemed to be one of

the most important karyological features which differ the stud-
ied taxa. The highest number of SCs was observed in P. ×
rhaetica (8). For P. mugo and P. uliginosa, an equal number
of SCs was noted (5), while in P. sylvestris, we observed 7 SCs.
AGiemsa C-banding analysis revealed a slight difference in the
distribution of C-heterochromatin between the studied taxa
(Fig. 2). We confirmed that a cytologically-detectable hetero-
chromatin was found in the vicinity of centromeres in all kar-
yotypes. Such pericentromeric C-heterochromatin is character-
istic for the subgenus Pinus (Hizume et al. 2002). All four
species contained distally located C-heterochromatin with 9

Fig. 2 Ideograms of (a)
P. sylvestris, (b) P. mugo, (c)
P. uliginosa, and (d) P. x rhaetica.
The chromosomes are numbered
in decreasing order of
chromosome length. The gaps
represent secondary constrictions.
The black stripes represent C-
bands
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to 16 intercalary C-bands per haploid genome. These interca-
lary C-bands were observed as a single narrow band restricted
to one arm of a banded chromosome. The taxa P. × rhaetica, P.
uliginosa and P. mugo showed 3 to 8 chromosomes with two
C-bands, one on each arm (Fig. 2 b, c, d).

Many studies report a lack of correlation between cy-
tological and molecular evolution. For example, the clas-
sification of the section Pinus based on FISH karyotyping
corresponds with the morphology-based classification of
Price et al. (1998), but is incompatible with the taxonomy
of Gernandt et al. (2005), which was based on chloroplast
DNA. There are no such data available for the Pinus
mugo complex.

Our studies confirm differences in the distribution of cytolog-
ically detectable heterochromatin and the secondary construc-
tions (SCs) among the studied taxa, but the most visible differ-
ences apply to P. mugo – P. sylvestris chromosomes. The ob-
served variation of karyotypes is inconsistent with observations
at the DNA level. According to Celiński et al. (2017b) it is not
possible to distinguish particular pine taxa inside the Pinus mugo
complex using chloroplast barcodes due to lack of differences in
DNA sequences. The deficiency of genetic differences in the
obtained chloroplast DNA sequences may result from recent
diversification or hybridisation inside these taxa. Additional anal-
yses that would combine different molecular and cytogenetic
techniques may validate the association between cytological
and molecular data in the Pinus mugo complex.

Conclusions

The obtained results indicate that Pinus uliginosa and Pinus ×
rhaetica show certain taxa-specific determinant connected
with C-banding patterns, but insufficient levels of variation
in the banding patterns made it difficult to unambiguously
discriminate among most chromosomes.

In our opinion these pines represent two different taxa, and
so their names should not be used as synonyms, but additional
analyses that would combine different molecular and cytoge-
netic techniques are necessary to be able to clearly determine
the taxonomic status of pines belonging to the Pinus mugo
complex.
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