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Introduction
Portugal constitutes the southwestern end limit of the distribution area of Scots pine in the world. The population
of ‘Ribeira das Negras’ (‘Serra do Gerês’; NW Portugal)
has been considered potentially native and peripheral. This
species has 24 chromosomes, hardly distinguishable because
of their similar size and shape. Cytogenetic studies are scarce
and instabilities were previously reported in peripheral Scots
pine populations. Here, we intended to cytogenetically characterize individuals from ‘Ribeira das Negras’ using 14
simple sequence repeats (SSRs) and 45S rDNA sequence
(pTa71) as probes, by nondenaturing fluorescence in situ
hybridization (ND-FISH) and FISH, respectively. Eight
SSRs [(AC)10 ; (AG)10 ; (AG)12 ; (AAG)5 ; (AAC)5 ; (GATA)4 ;
(GACA)5 and (GGAT)4 ] and pTa71 showed hybridization.
The (AG)10 probe hybridized on all chromosomes and an
ideogram was constructed. Each metaphase cell presented
cytogenetic instabilities corroborating ‘Ribeira das Negras’
as a peripheral population. As far as we know, this is the
first cytogenetic study in Scots pine using SSRs in FISH
experiments.
Scots pine (Pinus sylvestris L.) is one of the most widely
distributed conifers across Eurasia and an economically
important species as source of timber (Manson and Alía
2000). Peripheral populations of Scots pine are susceptible
to marginal environments and could present high phenotypic variation as well as cytogenetic irregularities (Muratova
1994).
Cytogenetic studies in gymnosperms constitute a hard
task due to incomplete cell division synchronization
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(Kupila-Ahvenniemi and Hohtola 1977; Lubaretz et al.
1996); and similar chromosomal size, shape and arms ratio
(Natarajan et al. 1961; Kupila-Ahvenniemi and Hohtola
1977; Lubaretz et al. 1996). The available karyotypes for
Scots pine (2n=2x=24) were based on chromosome length,
ratio of the chromosome arms and visible secondary constrictions (Natarajan et al. 1961). However, these criteria have not been sufficient for the unequivocal identification of individual chromosomes. Hizume et al. (2002)
identified interstitial and proximal chromosomal landmarks
in four pine species, including P. sylvestris, after FISH
was performed with telomeric, centromeric and ribosomal DNA probes. These landmarks allowed the identification of some homologous chromosomes and revealed
reduced interspecific chromosomal differentiation (Hizume
et al. 2002).
SSRs have been widely used for chromosome identification and study of genome organization and evolution in different plant species (Cuadrado et al. 2008a, b; Carvalho et al.
2013; Cabo et al. 2014). As far as we know, no previous
FISH experiments using SSR sequences as probes have been
reported in P. sylvestris.
The ND-FISH technique constitutes a FISH variant that
does not involve the denaturing of the chromosomal DNA,
and has proved to be suitable for the hybridization of SSR
probes in chromosomes of different species (Cuadrado and
Jouve 2010, 2011).
In the present study, we aim to perform ND-FISH and conventional FISH using 14 SSRs and the 45S rDNA sequence
(pTa71) as probes, on mitotic chromosome spreads of P.
sylvestris individuals from the Portuguese peripheral population of ‘Ribeira das Negras’, in order to identify individual chromosomes and to detect possible cytogenetic
instabilities.
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Materials and methods
Seeds germination, collection and fixation of root tips

Seeds of P. sylvestris individuals from the peripheral population of ‘Ribeira das Negras’ (‘Serra do Gerês’, NW Portugal) were allowed to germinate in the dark at 25◦ C in Petri
dishes containing filter paper moistened in distilled water.
After two weeks, root tips with 1.5 cm length were harvested
and treated in ice-cold water (0◦ C) for 24 h. The ice treated
root tips were fixed in a solution of absolute ethanol and
glacial acetic acid in the proportion of 3:1 (v/v). The fixed
root tips were maintained at −20◦ C till the preparation of
chromosome spreads by the squashing procedure.
Labelling of the SSRs and pTa71 probes

The 14 SSR sequences: (AC)10 ; (AG)10 ; (AG)12 ; (AAG)5 ;
(AAC)5 ; (CAC)5; (CAT)5 ; (GGC)5 ; (GATA)4 ; (GACA)5 ;
(GGAT)4 ; (CT)10 ; (TTC)5 and (AGA)5 , were labelled with
biotin-16-dUTP or digoxigenin-11-dUTP by the Random
Primed Labeling Kit (Roche Applied Science, Mannheim,
Germany) according to manufacturer’s instructions.
The 45S ribosomal DNA (rDNA) sequence, pTa71
(Gerlach and Bedbrook 1979) was labelled with digoxigenin11-dUTP with the Nick Translation Kit (Roche Applied
Science, Mannheim, Germany) according to manufacturer’s
instructions.

(Vector Laboratories, Peterborough, UK) and observed in the
epifluorescence microscope Axio-Plan2 (Zeiss, Göttingen,
Germany). The images were captured by a digital camera
(AxioCam, Zeiss, Göttingen, Germany) using the AxionVision 3.2 software (Zeiss, Göttingen, Germany), and after
double exposure with appropriate filters, were prepared for
printing with Adobe Photoshop ver. 6.0 (Adobe Systems
Incorporated, USA; http://www.adobe.com).

FISH protocol

Hybridization of the mitotic chromosome spreads of Scots
pine with the 45S rDNA sequence as probe (pTa71) followed the conventional FISH method of Schwarzacher and
Heslop-Harrison (2000), including the prehybridization steps
of RNase, postfixation and dehydration treatments. The
hybridization mixture (final volume of 40 µL) contained 20
µL of formamide 100%; 8 µL of 50% dextran sulphate; 4
µL of 20× SSC; 1 µL of salmon sperm DNA; 0.5 µL of
10% SDS; 0.5 µL of 10 mM EDTA and 7 ng/µL of pTa71
labelled probe. Due to the high molecular weight (around 12
kb) of this probe, the hybridization was performed overnight
at 37◦ C in the modified thermal block Omnislide Hybaid.
The posthybridization washes, detection and visualization
of hybridization signals were performed as described in the
ND-FISH protocol.

Results and discussion

ND-FISH protocol

Although the ND-FISH protocol of Cuadrado and Jouve
(2010) omitted the prehybridization steps (RNase, postfixation and dehydration treatments) required to prepare and
preserve the quality of chromosome preparations needed for
conventional FISH, in this study, we performed those steps
according to Schwarzacher and Heslop-Harrison (2000).
The hybridization mixture (only composed of 2× SSC), the
amount of labelled probe (2 pmol) and the posthybridization washes followed the protocol described by Cuadrado
and Jouve (2010). The slides were hybridized in the modified thermal block Omnislide Hybaid for 2 h at 24◦ C.
After hybridization, the slides were washed twice for 10
min in 4 × T detection buffer. Unspecific hybridization sites
were blocked by incubating the chromosome spreads with
5% BSA prepared in 4 × T for 10 min at room temperature (RT). Further washes in 4 × T detection buffer were
performed for 15 min at RT. In the detection step, we
used the antibodies fluorescein-avidin D (Vector Laboratories, Peterborough, UK) or anti-digoxigenin-rhodamine
(Roche Applied Science, Mannheim, Germany), both diluted
in saline buffer 4 × SSC, for probes labelled with biotin or
digoxigenin, respectively. The slides were incubated with the
antibodies for 1 h at 37◦ C in the modified thermal block
Omnislide Hybaid. After three washes with 4 × T detection
buffer for 15 min at RT, the chromosomes were counterstained using the Vectashield Mounting Medium with DAPI
568

ND-FISH experiments were performed in mitotic chromosome spreads of P. sylvestris individuals from the
‘Ribeira das Negras’ population using 14 SSR sequences as
probes. Eight SSR probes, namely, (AC)10 ; (AG)10 ; (AG)12 ;
(AAG)5 ; (AAC)5 ; (GATA)4 ; (GACA)5 and (GGAT)4 showed
hybridization signals (table 1; figures 1a and b). These SSRenriched regions were detected in the centromeric, pericentromeric, telomeric, subtelomeric and/or interstitial regions
(table 1; figures 1a and b).

Table 1. Number of hybridization signals detected with seven SSR
probes after ND-FISH performed in mitotic chromosome spreads of
Scots pine.
SSR probe

No. of hybridization
signals

Physical location

(AAC)5
(AAG)5
(AG)12

4
4 (maximum)
6

(AG)10

62

(GACA)5
(GATA)4
(GGAT)4

4
2
4

Telomeric
Telomeric
Telomeric, centromeric and
interstitial
Telomeric, centromeric and
interstitial
Telomeric and centromeric
Centromeric
Interstitial and centromeric
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Figure 1. Mitotic metaphases of P. sylvestris individuals from the
Portuguese population of ‘Ribeira das Negras’ after hybridization
with the probes: (a) (AAC)5 (red) showing four hybridization signals at the telomeres (red arrows), four ring chromosomes (RC)
and two acentric fragments (yellow arrows); (b) (AG)10 (green) that
hybridized in all chromosomes; and (c) pTa71 (red) that detected
14 rDNA loci in short and long chromosome arms. Chromosomes
were counterstained with DAPI (blue) and all metaphases showed
polycentric chromosomes.

The 45S rDNA probe (pTa71) detected 14 strong rDNA
loci revealing high number of rDNA copies (figure 1c). This
result was coincident with that reported by Hizume et al.
(2002). The number and position of rDNA loci could vary

among gymnosperm families (Roa and Guerra (2012). Gymnosperms such as Podocarpus, Larix and Picea presented
45S rDNA loci in interstitial positions, near the centromere,
or in the terminal regions of long and short chromosome arms
(Doudrick et al. 1995; Lubaretz et al. 1996; Murray et al.
2002). Weak 45S rDNA signals have been also reported in
Pinus centromeric regions and were explained as remnants
of primary rDNA loci that became nonfunctional. (Hizume
et al. 2001, 2002; Cai 2006). However, in the present study,
all rDNA loci detected by pTa71 were restricted to the
secondary constrictions (figure 1c).
The probe SSR (AG)10 hybridized in all chromosomes
(figures 1b and 2a) and it was selected to construct an
ideogram (figure 2b). The 12 chromosome pairs were organized by their length, shape and position of the secondary
constrictions according to the karyotypes previously reported
by Hizume et al. (2002) and Natarajan et al. (1961). The
chromosome spreads of P. sylvestris showed 11 metacentric
chromosomes and one submetacentric chromosome pair with
similar size and ratio of chromosome arms length (figure 2b).
These results were coincident with those reported previously
by other researchers (Natarajan et al. 1961; Lubaretz et al.
1996; Hizume et al. 2002; Cai 2006; Nkongolo et al. 2012).
Both the SSR and the rDNA sequences have contributed
to identification of individual chromosomes, and studies of
genome organization and evolution in several plant species.
As far as we know, this is the first cytogenetic study in P.
sylvestris using SSR sequences as probes in ND-FISH experiments and no previous karyotypes for such probes exist to
establish comparisons. The ND-FISH technique performed
with SSR sequences as probes was previously reported in different species, including plants (Cuadrado and Jouve 2010).
In the present study, we confirmed the utility of this technique
to physically locate SSR enriched regions in Scots pine. We
are confident that the use of ND-FISH with SSR probes could
be extended to other conifers contributing to individual chromosomes identification. Besides, in this study we used icecold water treatment of root tips instead of chemical agents
for arresting metaphase cells that were previously used in
gymnosperms (Hizume et al. 2002; Murray et al. 2002;
Liu et al. 2003), and we produced chromosome spreads
of high quality and suitable for FISH experiments, suggesting its application in other conifers. Further, ND-FISH
allowed the detection of cytogenetic instabilities previously
described by Muratova (1994) for peripheral populations of
Scots pine. The author reported that chromosomal anomalies
such as ring chromosomes, chromosome fragments, polycentric chromosome and asymmetric homologous chromosomes could occur in Scots pine populations near the southern border of their distribution areas and reinforced that
such anomalies occurred in separate cells. Nonetheless, we
detected three anomalies on a single metaphase cell: the
presence of four ring chromosomes, two acentric chromosome fragments and polycentric chromosomes, simultaneously (figure 1a). Additionally, all metaphase spreads of the
individuals from the ‘Ribeira das Negras’ population showed
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Figure 2. (a) Hybridization pattern of the probe SSR (AG)10 after ND-FISH performed on mitotic metaphase chromosomes of P. sylvestris; (b) respective ideogram
constructed based on the chromosome length and position of the secondary constrictions
according to the karyotypes previously reported by Hizume et al. (2002) and Natarajan
et al. (1961).

polycentric chromosomes (with two and three constrictions).
The ring and polycentric chromosomes were not additions
to the genomes, instead they belong to the diploid set chromosomes of Scots pine (Muratova 1994). The rings result
from deletion of telomere parts followed by the joining of
the sticky ends of a middle fragment, enabling the formation of acentric fragments, while the polycentric chromosomes are derived from asymmetric translocations (revised
by Muratova 1994). Ring and polycentric chromosomes
were also observed in other conifers such as Pseudotsuga
menziesii, Picea obovata and some Larix sp. (revised by
Muratova 1994). During this study, we also realized a
ND-FISH experience with the telomere repeat sequence
(TTTAGGG)6 as probe, which showed an interstitial distribution rather than a telomeric location (data not shown). This
feature could be explained by the deletion of the telomeric
regions as a result of the cytogenetic instabilities, but it was
also found in other conifers (Murray et al. 2002).
The present cytogenetic study allowed the identification of the 12 chromosome pairs of Scots pine based on
the hybridization pattern of the SSR probe (AG)10 , their
length and position of the secondary constrictions. Further, it
also provided the detection of chromosome irregularities in
the potentially native and peripheral Portuguese population
570

of Scots pine, ‘Ribeira das Negras’. Peripheral populations
occur in marginal environments and experience different
regimes of natural selection relatively to the central ones. Our
research group already verified the occurrence of private haplotypes revealed by chloroplastidial and nuclear SSR markers
within this population as well as a high genetic divergence
relatively to foreign Scots pine populations from Central
Europe (Pavia et al. 2014). Peripheral populations have high
genetic intraspecific variability, probably derived by the occurrence of cytogenetic instabilities that contribute to a reduced
rate of concerted evolution emphasized by the high number
of rDNA loci which are characteristic of gymnosperms.
Development and optimization of further cytogenetic studies in this and other conifers associated with the ongoing
whole genome sequencing projects will contribute towards
deeper insights into the genomics of these plant species.
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