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Abstract: The genus Brachypodium has become the target of extensive 
cytomolecular studies since one of its representatives, B. distachyon, has been 
accepted as a model plant for temperate cereals and forage grasses. Recent 
preliminary studies suggested that intraspecific rDNA polymorphism can occur in at 
least two members of the genus, B. sylvaticum and B. pinnatum, so the aim of this 
study was to further analyse this phenomenon. FISH with 25S rDNA and 5S rDNA 
probes was performed on somatic metaphase chromosomes, supplemented by 
the silver staining technique which distinguishes transcriptionally active from 
inactive 18S-5.8S-25S rDNA loci. The number, size and chromosomal 
distribution of 5S rDNA loci were very constant: two loci were invariably 
observed in all studied diploid accessions of both species, while four 5S rDNA 
loci were present in the tetraploid B. pinnatum. In contrast to 5S rDNA loci, those 
of the 35S rDNA were more variable. Two or three loci were observed in the 
diploid B. pinnatum and four in tetraploid accessions. In chromosome 
complements of B. sylvaticum accessions from two to six 35S rDNA sites were 
detected. Regardless of total rDNA locus number, only two were transcriptionally 
active in diploid accessions of both species, while two or four were active in the 
tetraploid B. pinnatum. Additionally, the fluorescent CMA/DAPI banding method 
was used to identify the relation between rDNA sites and CMA+ bands. It was 
revealed that the number and chromosomal distribution of CMA+ bands are in 
congruence only with 35S rDNA loci which gave strong FISH signals.  
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INTRODUCTION 
 

In almost every living cell ribosomal DNA (rDNA) sequences are actively 
transcribed, ensuring sufficient amounts of rRNA, which is an essential 
component of ribosomes. The genes encoding 18S, 5.8S and 25S rRNA 
(transcribed together as 35S preribosomal RNA) and those for 5S rRNA exist in 
a nuclear genome as arrays of tandem repeated units separated by non-
transcribed spacers (NTSs), each of them at one or more loci in chromosomes 
[1]. In higher eukaryotes the 35S and 5S rDNA arrays may be found on separate 
chromosomes or may be closely linked on the same chromosome, whereas in 
some yeasts and liverworts these genes are physically interspersed within the 
same locus [2]. Every region coding for 18S, 5.8S, 25S rRNA and 5S rRNA is 
evolutionary conserved, but NTSs and ITSs (internal transcribed spacers, located 
on both sides of the 5.8S rDNA sequence) are more variable in terms of their 
length and sequence. This diversity within the noncoding sequences is highly 
informative in phylogenetic and taxonomic analysis [3-6]. rDNA sequences are 
also useful chromosome landmarks and provide important information about 
genome evolution at the chromosomal level. In some species, such as 
Arabidopsis thaliana [7], Hordeum vulgare [8] and Rhoeo spathacea [9, 10], 
fluorescence in situ hybridisation (FISH) with 25S and 5S rDNA as probes is 
sufficient to identify each chromosome in the complement. A complementary 
approach that can be used for karyotype characterization is double fluorescent 
banding with DAPI and CMA fluorochromes, which discriminates between AT- 
and GC-rich DNA regions. FISH experiments combined with CMA/DAPI 
staining facilitated effective identification of homologous chromosomes in 
uniform karyotypes of Citrus paradisi [11], Lilium [12] and Pinus [13].  
rDNA sequences are widely used as chromosomal landmarks in cytogenetic 
studies. However, polymorphism of both rDNA loci number and position has 
been observed in many plant species, limiting the application of rDNA as 
reliable chromosome landmarks. Such intraspecific variation in number and 
chromosomal distribution of rDNA loci has been reported in numerous plant 
genera, including Brassica, Raphanus, Sinapis [14], Pinus [15] and Sanguisorba [16]. 
The number and chromosomal distribution of rDNA loci have also been 
analysed in some species of Brachypodium [17, 18]. This is a genus of temperate 
grasses, mostly Mediterranean and Eurosiberian, which comprises about  
17 species [6, 19]. Molecular analysis [19-22] showed that Brachypodium is 
more closely related to key temperate cereals, such as wheat, rye, barley and oat, 
than rice. This feature, along with a very small nuclear genome (~355 Mb/1C DNA), 
low number (2n = 10) of easily distinguishable chromosomes and some 
attractive biological traits, such as undemanding growth requirements, self-
fertility and short life cycle, have drawn attention to one of the representatives of 
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the genus, B. distachyon, which has become an internationally recognised model 
organism [23-25].  
Brachypodium species possess variable base chromosome numbers of 5, 7, 8, 9 
and 10 [6, 26] and rather small genomes [18]. Our previous cytogenetic studies 
in Brachypodium species showed that the number of both 5S and 35S rDNA loci 
varies from 2 to 6, while their position in chromosomes is highly conserved,  
5S rDNA loci always being localised in pericentromeric regions while 35S 
rDNA are distributed at the chromosomal termini [18]. However, it turned out in 
this study that the number of rDNA loci may differ within a species, as was 
observed in B. pinnatum and B. sylvaticum. It was the first and so far the only 
evidence for the presence of polymorphism in the number of rDNA loci in those 
Brachypodium species. In this paper we extend this research to systematically 
analyse this phenomenon in several genotypes of both B. pinnatum and  
B. sylvaticum. Within the first species, both diploid and allotetraploid genotypes 
were analysed with one objective being to assess the changes in rDNA loci 
number that are possibly correlated with polyploidisation. Multicolour FISH 
with 5S rDNA and 25S rDNA on somatic metaphase chromosomes was 
performed to reveal all rDNA loci within the genome, with silver staining used 
to discriminate between active and inactive loci, and double staining with CMA 
and DAPI used to identify the spatial relationships between rDNA sites and 
CMA+ bands.  
 
MATERIAL AND METHODS 
 

Plant material 
The Brachypodium pinnatum and B. sylvaticum accessions used in this study 
were obtained from the USDA-USA collection. Information about the origin of 
the seeds is listed in Table 1. 
 

Table 1. Geographical origin of the investigated Brachypodium species. 
 

Species 2n Accession No. Origin 

Brachypodium pinnatum 

18 
PI 251803 Italy 

PI 380759 Iran 

28 
PI 206677 Turkey 

PI 229676 Iran 

Brachypodium sylvaticum 18 

PI 23524 China 

PI 251102 Serbia and Montenegro 

PI 268222 Iran 

PI 269842 Tunisia 

PI 384810 Iran 
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Chromosome preparation 
The somatic chromosome preparations were made as described by Hasterok et al. 
[17]. Seeds were germinated in Petri dishes on moist filter paper at room 
temperature (RT) in the dark. Seedlings with roots 1.5-2 cm long were immersed 
in ice-cold water for 24 h, then transferred to a fixative (3:1 (v/v) methanol/glacial 
acetic acid) and stored at -20°C until use. Excised roots were washed in 0.01M 
citric acid-sodium citrate buffer (pH 4.8) and digested enzymatically at 37°C in  
a mixture comprising 20% (v/v) pectinase (Sigma), 1% (w/v) cellulase 
(Calbiochem) and 1% (w/v) cellulase ‘Onozuka R-10’ (Serva) for about two 
hours. Multi-substrate chromosome preparations were prepared as described by 
Hasterok et al. [27]. Briefly, three dissected meristems of each genotype were 
transferred to a slide, in three separate drops (about 2 µl each) of 45% acetic 
acid, then a 24 mm × 24 mm coverslip was gently applied to the slide and 
squashed. Coverslips were removed by freezing and the preparations were post-
fixed in 3:1 ethanol/glacial acetic acid, dehydrated in absolute ethanol, air dried 
and stored at -20°C. 
 

CMA and DAPI staining 
Double fluorescent staining with chromomycin A3 (CMA) and 4',6-diamidino-
2-phenylindole (DAPI) was performed as described by Schweizer [28]. Briefly, 
preparations were stained with CMA solution (0.5 mg/ml, Sigma) at RT for an 
hour in the dark, rinsed in distilled water and air dried. After subsequent staining 
in DAPI solution (2.5 µg/ml, Sigma) at RT for 30 minutes, preparations were 
briefly rinsed, air dried and mounted in a Dako antifade buffer. 
 

Silver staining 
To determine transcriptional activity of 18S-5.8S-25S rDNA sites the silver 
staining technique according to Hizume et al. [29] was used. Preparations were 
immersed in 0.01M borate buffer (pH 9.2; Merck) for 10 min at RT, and about 
50 µl of freshly made 50% silver nitrate (Merck) in double distilled water was 
applied to each slide. Then, slides covered with nylon meshes were incubated in 
a humid chamber at 42°C for 20–25 min, washed in double distilled water, air 
dried and mounted in glycerine. After imaging, slides for sequential silver 
staining and FISH were rinsed in 4 × SSC at 37°C to remove coverslips and 
mounting medium, washed in 30% hydrogen peroxide for 30 s to remove silver 
staining, washed in distilled water and air dried. 
 

DNA probes and FISH 
Two ribosomal DNA sequences were used as probes: 5S rDNA (wheat clone 
pTa794) [30], labelled by PCR with tetramethyl-rhodamine-5-dUTP (Roche), 
and a 2.3 kb ClaI subclone of the 25S rDNA coding region of Arabidopsis 
thaliana [31], labelled by nick-translation with digoxigenin-11-dUTP (Roche). 
The 25S rDNA probe was used to detect 35S rRNA gene clusters. The details of 
probe labelling and the following FISH procedure were as described by Hasterok 
et al. [32] and Jenkins and Hasterok [33]. Slides were pre-treated with RNase 
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(100 µg/ml) in 2 × SSC at 37°C for 1 h, washed in 2 × SSC, dehydrated in 
ethanol and air dried. The hybridisation mixture consisted of 50% deionized 
formamide, 20% dextran sulphate, 2 × SSC, and sonicated salmon sperm 
blocking DNA in 50-100 × excess of labelled probes. Probes in a final 
concentration of about 2.5 ng/µl each were pre-denatured at 75°C for 10 min, 
then, after applying the mixture to slides, denatured together with chromosome 
material at 70°C for 4.5 min and allowed to hybridise in a humid chamber at 37°C 
overnight. After hybridisation slides were washed in 10% formamide in 2 × SSC 
(2 × 4 min, 42°C), which is equivalent to 79% stringency. Immunodetection of 
the digoxigenated probe was performed according to a protocol by Jenkins and 
Hasterok [33] using fluorescein isothiocyanate (FITC)-conjugated anti-
digoxigenin antibodies (Roche). Slides were mounted in Vectashield (Vector 
Laboratories) containing 2.5 µg/ml DAPI. 
 

Image acquisition and processing 
All images were acquired using a monochromatic Photometrics CoolSNAP cf 
camera attached to a Leica DMRB epifluorescence microscope. Images were 
tinted using Wasabi (Hamamatsu Photonics) and processed uniformly and 
superimposed using Picture Publisher (Micrografx/Corel). 
 
RESULTS AND DISCUSSION 
 

The studies on the phenomenon of numerical variation of rDNA loci comprised 
four B. pinnatum and five B. sylvaticum accessions. Fifteen plants of each 
genotype/accession and at least ten metaphase plates from each individual were 
analysed. Because of the probability of polymorphism existing not only between 
accessions but also within a given accession, it was important to analyse each 
specimen individually. For this reason, multisubstrate chromosome preparations 
were performed [27], with three objects from different individuals on one slide 
separately, which ensured the same reaction conditions and made the analysis of 
number, as well as size and activity of rDNA sites more comparable and reliable.  
 
Chromosome number and rRNA gene distribution 
All studied accessions of B. sylvaticum had 18 chromosomes, while among  
B. pinnatum two different somatic chromosome numbers were observed, i.e. two 
accessions with 2n = 18 and another two with 2n = 28 (Table 2). Although 
Robertson [26] also described different chromosome numbers characteristic for 
those two species, i.e. 14, 28, 42, 44, and 56 for B. sylvaticum as well as 14 or 16 
for B. pinnatum, the numbers observed in this study are in agreement with the 
results of Wolny and Hasterok [18]. Two different chromosome numbers found 
among B. pinnatum accessions suggest that polyploidisation may have happened 
during the formation of B. pinnatum with 28 chromosomes. The results of GISH 
analysis indicate species similar to present B. pinnatum (2n = 18) and  
B. distachyon (2n = 10) as putative phylogenetic ancestors of this hybrid [18]. 
However, recent molecular studies contradict this hypothesis and suggest that 
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both ancestral species had the chromosome number of 18 and some major 
rearrangements, e.g. dysploidy and/or partial diploidisation, took place after the 
formation of the new polyploid, leading to the present chromosome number of 
28 [34].  
 

Table 2. Number of chromosomes, CMA+ bands, total number of 5S and 35S rDNA sites 
and number of Ag-NORs in genomes of investigated Brachypodium species.  
 

B. pinnatum 
Accession No. 2n 5S rDNA 35S rDNA Ag-NOR CMA+ bands 

PI 251803 18 2 2 2 2 
PI 380759 18 2 2 – 3 2 2 

PI 206677 28 4 4 4 4 

PI 229676 28 4 4 2 2 

B. sylvaticum 

PI 23524 18 2 2 2 2 
PI 251102 18 2 4 2 4 

PI 268222 18 2 4 – 6 2 2 

PI 269842 18 2 2 – 3 2 2 

PI 384810 18 2 4 2 4 

 
The exact distribution of rRNA gene sites was analysed using FISH with 5S and 
25S rDNA as probes. Their simultaneous use revealed one pair of chromosomes 
carrying the 35S rRNA gene site and one pair of 5S rDNA in B. pinnatum 
accessions with 18 chromosomes, i.e. PI 380759 (Fig. 1A; Table 2) and PI 
251803 (data not shown). The number of both types of rDNA sites was generally 
constant, but in two out of fifteen individuals of PI 380759 an additional 35S 
rDNA site was observed on a different chromosome of the complement (Fig. 1C). 
In interphase nuclei of those individuals, the additional hybridisation signal was 
substantially weaker, much more condensed than the other two and also 
localised outside the nucleoli (Fig. 1D). The chromosomal distribution of 35S 
rDNA sites in B. pinnatum 2n = 18 was always terminal, in contrast to 5S rDNA 
loci, which were situated in proximal regions of chromosomes. In nine 
individuals of the PI 251803 accession (data not shown) and six of PI 380759 
(Fig. 1B) the chromosomal distribution of 18S-5.8S-25S rDNA loci was as 
expected, but an apparent difference in size and intensity of 25S rDNA signals 
was observed. The FISH signal in one chromosome of a homologous pair was 
much smaller and weaker than in the complementary one. 
The two analysed genotypes of B. pinnatum 2n = 28 (PI 206677 and PI 229676) 
contained two chromosome pairs bearing terminally located 18S-5.8S-25S 
rDNA loci and two other pairs with pericentromeric 5S rDNA sites in their 
karyotypes (Fig. 1E - 1G; Table 2). Using morphometric differences it was 
possible to distinguish each chromosome pair carrying rDNA loci. No 
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significant variation in size or intensity of the 5S rDNA probe signal was 
observed; however, some differences were found in the fluorescence strength of 
the 25S rDNA probe. All studied individuals of the B. pinnatum PI 229676 
genotype had two minor signals of 25S rDNA probe in the pair of longer 
chromosomes carrying these genes (Fig. 1E). Additionally, 13 out of 15 plants of 
the PI 206677 accession displayed 25S rDNA signals of similar size and 
intensity (Fig. 1F), whilst the last two individuals presented notably smaller and 
weaker signals in one homologue of the pair of longer chromosomes (Fig. 1G).  
All studied B. sylvaticum accessions invariably had one pair of chromosomes 
with a pericentromeric distribution of 5S rDNA loci. In contrast, the number of 
35S rDNA sites varied substantially (Table 2). Only one pair of chromosomes 
with these sequences was present in PI 23524 (Fig. 1H) as well as in the 
majority of analysed individuals of PI 269842 (Fig. 1I). Three sites of 35S rRNA 
genes were observed in one individual of PI 269842 (Fig. 1J), whilst four loci 
were seen in three accessions: PI 251102 (Fig. 1K), PI 384810 (Fig. 1L) and in 
some individuals of PI 268222 (Fig. 1O). This last genotype also included 
individuals with five (Fig. 1P) and six (Fig. 1Q) 35S rDNA sites (four and three 
individuals, respectively). Additionally, some differences in signal size and 
intensity as well as in chromosome position were revealed. All analysed 
individuals of PI 251102 had 25S rDNA signals of similar size, but in one 
chromosome pair, rDNA loci were located subterminally instead of at the 
expected terminal position (Fig. 1K; green arrows). In PI 384810, all 35S rDNA 
sites were located terminally, but three different types of signal size were 
distinguished. Firstly, eight individuals had two major signals in a pair of shorter 
chromosomes, while the minor loci were observed in two longer chromosomes 
(Fig. 1L). Secondly, in five specimens, three 35S rDNA sites of similar size and 
one significantly smaller rDNA locus were found. The minor locus was located 
in one of the longer chromosomes (Fig. 1M). Finally, two individuals with three 
minor and one major 25S rDNA signals were observed. The major signal was 
located in one of the shorter chromosomes bearing 35S rDNA sites, whilst its 
homologue and another pair of chromosomes contained minor loci (Fig. 1N). In 
the PI 268222 accession, which is polymorphic for rDNA number, two bigger 
and two smaller terminally located hybridisation signals of this probe were 
found in individuals with four 35S rDNA sites (Fig. 1O). In the complements of 
individuals with one or two chromosomes carrying additional 35S rDNA loci, 
the supernumerary rDNA sites were of intermediate size and located 
subterminally in the chromosomes; the total number of 35S rDNA loci was 5 
(Fig. 1P) and 6 (Fig. 1Q), respectively. 
To the best of our knowledge, the presence of two or three 35S rDNA loci in  
B. sylvaticum accessions has not been reported yet. However, this study along with 
the previous analysis [18] indicates that the most common number of 35S rRNA 
gene sites in this species is four. The results presented here confirmed the 
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Fig. 1. Distribution of 5S (red) and 25S (green) ribosomal DNA sites determined by FISH 
to somatic metaphase chromosomes and interphase nucleus of Brachypodium pinnatum 
and B. sylvaticum accessions. A-D – B. pinnatum (2n = 18) PI 380759; E – B. pinnatum 
(2n = 28) PI 229676; F-G – B. pinnatum (2n = 28) PI 206677; H – B. sylvaticum PI 23524; 
I-J – B. sylvaticum PI 269842; K – B. sylvaticum PI 251102; L-N – B. sylvaticum  
PI 384810; O-Q – B. sylvaticum PI 268222. DAPI counterstaining – blue fluorescence. 
Arrows colour coding: white – minor terminal 35S rDNA loci; green – subterminal 35S 
rDNA loci. Scale bars = 5 µm. 
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occurrence of intraspecific variation of 35S rDNA loci number in both analysed 
species. Moreover, variability was also observed between individuals of a single 
accession. In B. pinnatum the number of 35S rDNA loci is much less variable, 
while the number of 5S rDNA sites in both analysed species is constant (Table 2). 
In general, FISH patterns of 35S rDNA are reported to be more polymorphic 
than those of 5S rDNA. Variation in chromosome patterns of 35S rRNA gene 
sites has been observed in many different plant species such as Oryza sativa 
subsp. japonica [35], Centaurea jacea [36] and Phaseolus species [37]. Variable 
loci of 5S rDNA have been reported, inter alia, in A. thaliana [7] and Brassica 
juncea var. crispa ‘685’ [14]. 5S rDNA polymorphism was also observed in 
Paphiopedilum species, where massive duplication and amplification of 5S 
rDNA loci leading to large-scale polymorphism of number, size and physical 
position of signals was found [38]. On the other hand, strong conservation of 
rDNA locus number has been described in many plant species or even whole 
genera, e.g. Glycine [39] and Setaria [40]. 
rRNA genes are not found to be syntenic [41] and their copy number can change 
rapidly, which in some cases can result in complete elimination of entire loci or 
loss of most copies of 35S rDNA repeats, resulting in reduction or absence of  
a hybridisation signal. Various mechanisms have been proposed to explain the 
variability of rDNA sequences, e.g. chromosome rearrangements, gene conversion, 
unequal crossing-over or transposition by TE (transposable elements) [42, 43].  
Apart from a polymorphism of 35S rDNA loci number in Brachypodium 
species, some variation in the intensity of 25S rDNA probe hybridisation signals 
was also observed. FISH is not a quantitative method, but it is acknowledged 
that variation in signal strength can to some extent reflect a different copy 
number of rDNA in particular loci [44]. No attempt was made to quantify FISH 
signal intensity in this study, but differences in signal intensity and size suggest 
an asymmetric distribution of 35S rDNA repeat number in Brachypodium. It was 
observed both between homologous and non-homologous 35S rDNA loci  
(Fig. 1B, 1G, 1M, 1N). In some cases one locus remains unbalanced (Fig. 1C, 
1J, 1P). Differentiation of rDNA hybridisation signal size and intensity between 
chromosome pairs carrying these sequences is quite common in plants. It was 
observed e.g. in Trifolium [45], Lupinus angustifolius [46] and Fragaria species 
[47]. Variety in rDNA hybridisation signal intensity between homologues is not 
common, but it was reported in Hypochaeris spathulata, where the mechanism 
of the changes was postulated to be mainly unequal crossing-over [48]. 
It is also noticeable that in all examined accessions of B. pinnatum and  
B. sylvaticum chromosomal distributions of both kinds of rDNA sequences were 
conserved, while locus number and signal intensity of 25S rDNA were variable. 
35S rRNA gene clusters were localised in terminal parts of chromosomes  
(or exceptionally in subterminal parts), while chromosomal distribution of 5S rDNA 
sites was always pericentromeric. Such localisation in chromosomes can also be 
connected with the frequency of polymorphism. It seems reasonable that 
changes in terminal parts of chromosomes affect chromosome pairing during 
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meiosis less than such events that occur close to the centromeres. Moreover, the 
distal position of rDNA may facilitate sequence association during meiosis that 
could lead to unequal exchanges of rDNA repeats and eventually a change of 
copy number at both homologous and non-homologous sites. Variation in locus 
number limited only to terminally located rDNA sequences was observed in 
Phaseolus [49] and Fragaria [47], but in some species, e.g. Brassica, both types 
of rDNA are highly variable, irrespective of their chromosomal position [14].  
One of the objectives of this work was to assess whether changes in rDNA loci 
number are correlated with polyploidisation in B. pinnatum (2n = 28). All 
analysed genotypes of B. pinnatum (2n = 28) revealed only 4 loci of both types 
of rDNA sequence, indicating no rDNA loci number reduction or repeat 
amplification, with one exception, where diminution of 35S rDNA copy number 
repeats was visible as a smaller FISH signal in one polyploid accession of  
B. pinnatum (PI 229676). One pair of both kinds of rDNA loci in diploid 
chromosome complements of Brachypodium seems to be the ancestral number. 
Additional 35S rDNA loci which we observed in B. sylvaticum and B. pinnatum 
(2n = 18) genotypes probably arose during the evolution of this genus. These 
results indicate that 35S rDNA sequences are subjected to various changes in 
copy number and organisation in Brachypodium chromosomes. 
 

Activity of rRNA genes  
The silver staining technique is commonly used to discriminate transcriptionally 
active 18S-5.8S-25S rRNA genes from inactive ones and helps to complement 
results achievable by fluorescence in situ hybridisation, which identifies all  
18S-5.8S-25S rDNA sites in a karyotype regardless of expression status. In this 
study silver staining was performed to visualise active rDNA loci in the 
investigated accessions of B. pinnatum and B. sylvaticum (Table 2). In both 
species, Ag-NORs were present only in terminal segments of chromosomes. 
Karyotypes of B. pinnatum (2n = 18) contained two active rDNA sites. Silver 
staining revealed two positive Ag bands that were of equal size or significantly 
asymmetric in size (Fig. 2A and Fig. 2B, respectively), consistent with the 
equivalent FISH pattern and further supporting diversity in the number and/or 
activity of 35S rDNA repeats. Similarly, one of the B. pinnatum (2n = 28) 
accessions (PI 229676) had a single pair of chromosomes bearing active rDNA 
sites, although possessing four rDNA loci in total (Fig. 2C). However, one pair 
of chromosomes in this accession displayed a very weak FISH signal of the 25S 
rDNA probe (Fig. 1E), so it is also possible that the amount of transcription-
related proteins which are detected by staining with silver was below the 
detection level of this method. In the other genotype with 28 chromosomes  
(PI 206677) four chromosomes with positive Ag-NOR bands were observed  
(Fig. 2D). Four active rDNA sites in B. pinnatum (2n = 28) karyotypes were also 
observed by Wolny [50]. The other species analysed, B. sylvaticum, invariably 
had two Ag-NOR bands, even if more than two 35S rDNA sites were present 
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Fig. 2. Chromosomes of Brachypodium pinnatum and B. sylvaticum analysed by silver 
staining, FISH and CMA/DAPI techniques. A-D – silver staining of: A-B – B. pinnatum (2n 
= 18) PI 380759; C – B. pinnatum (2n = 28) PI 229676; D – B. pinnatum (2n = 28) PI 
206677; E-F – sequential silver staining and FISH with 5S (red) and 25S (green) probes to 
metaphase chromosomes of B. sylvaticum PI 251102; G-H – Double fluorescent CMA/DAPI 
staining of B. pinnatum (2n = 18) PI 251803; I-J – CMA/DAPI of B. pinnatum (2n = 28) PI 
229676; K-L – CMA/DAPI of B. sylvaticum PI 251102. CMA – yellow/green fluorescence; 
DAPI counterstaining – blue fluorescence. Arrows colour coding: white – terminal 
CMA+/DAPI- bands; yellow – subterminal CMA+/DAPI- bands; red – inactive 35S rDNA 
sites. Scale bars = 5 µm. 
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within a genome. Sequential silver staining and FISH, which allow identification 
of chromosomes containing active and inactive rDNA loci in the same 
chromosome complement, revealed that in the accessions of B. sylvaticum with 
more than two 35S rRNA gene sites only the ones localised in the pair of shorter 
chromosomes were transcriptionally active (Fig. 2E - 2F). The presence of 
inactive rDNA sites was reported for many other plant species, e.g. Lupinus 
cosentinii [46], three diploid Brassica species of the U-triangle [51] and 
allotetraploid Brachypodium hybridum (ABR113) [52]. 
 

Distribution of CMA+ bands 
Double fluorescent staining with DAPI/CMA is used to localise chromosome 
regions rich in AT and GC base pairs, respectively [28]. In both examined 
species no DAPI+ bands were found, but DAPI- bands that corresponded to 
CMA+ regions were observed (Fig. 2G - 2L). In B. pinnatum 2n = 18 (Fig. 2G - 2H), 
one of the B. pinnatum accessions with 28 chromosomes (PI 229676; Fig. 2I - 2J) 
and three B. sylvaticum genotypes (PI 23524, PI 268222 and PI 269842; Table 2) 
only two bright CMA+ bands of equal size were present, irrespectively of the 
number of rDNA sites. Two pairs of chromosomes with CMA+ bands were seen 
in B. pinnatum 2n = 28 (PI 206677; data not shown) and two B. sylvaticum 
accessions (PI 251102 and PI 384810), which was equal to the number of 35S rDNA 
loci in those genotypes. Consistent with the silver staining results, all visualised 
CMA+ bands were localised terminally. The only exception was one pair of 
chromosomes in the PI 251102 accession of B. sylvaticum, which possessed two 
subterminal CMA+ bands (Fig. 2K - 2L; yellow arrows). The correlation 
between CMA+ bands and 35S rDNA sequences in plants is well known and 
was reported for species such as Helianthus annuus [53]. In species that form the 
‘U triangle’ within the Brassica genus, the number of CMA+ bands was shown 
to correspond to the number of 35S rDNA loci, irrespectively of their size [54]. 
However, DAPI/CMA staining is much less sensitive than FISH and it is 
probable that this, combined with the small size of Brachypodium chromosomes, 
accounts for the lower number of CMA+ bands compared to the total number of 
35S rRNA gene loci observed in some accessions here (Table 2), with some 
terminally located loci being too small for successful detection by DAPI/CMA 
staining. Consequently, this kind of chromosome staining in Brachypodium may 
only be appropriate for major rDNA sites. In other species, e.g. Allium 
victorialis, similar results were seen, as CMA+ regions were correlated only 
with the biggest pair of 35S rDNA loci [55].  
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