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• Background and Aims The Brachypodium genus represents a useful model system to study grass genome 
organization. Palaeogenomic analyses (e.g. Murat F, Armero A, Pont C, Klopp C, Salse J. 2017. Reconstructing 
the genome of the most recent common ancestor of flowering plants. Nature Genetics 49: 490–496) have identified 
polyploidization and dysploidy as the prime mechanisms driving the diversity of plant karyotypes and nested 
chromosome fusions (NCFs) crucial for shaping grass chromosomes. This study compares the karyotype structure 
and evolution in B. distachyon (genome Bd), B. stacei (genome Bs) and in their putative allotetraploid B. hybridum 
(genomes BdBs).
• Methods Brachypodium chromosomes were measured and identified using multicolour fluorescence in situ 
hybridization (mcFISH). For higher resolution, comparative chromosome barcoding was developed using sets of 
low-repeat, physically mapped B. distachyon-derived bacterial artificial chromosome (BAC) clones.
• Key Results All species had rather small chromosomes, and essentially all in the Bs genome were 
morphometrically indistinguishable. Seven BACs combined with two rDNA-based probes provided unambiguous 
and reproducible chromosome discrimination. Comparative chromosome barcoding revealed NCFs that contributed 
to the reduction in the x = 12 chromosome number that has been suggested for the intermediate ancestral grass 
karyotype. Chromosome Bd3 derives from two NCFs of three ancestral chromosomes (Os2, Os8, Os10). 
Chromosome Bs6 shows an ancient Os8/Os10 NCF, whilst Bs4 represents Os2 only. Chromosome Bd4 originated 
from a descending dysploidy that involves two NCFs of Os12, Os9 and Os11. The specific distribution of BACs 
along Bs9 and Bs5, in both B. stacei and B. hybridum, suggests a Bs genome-specific Robertsonian rearrangement.
• Conclusions mcFISH-based karyotyping identifies all chromosomes in Brachypodium annuals. Comparative 
chromosome barcoding reveals rearrangements responsible for the diverse organization of Bd and Bs genomes and 
provides new data regarding karyotype evolution since the split of the two diploids. The fact that no chromosome 
rearrangements were observed in B. hybridum compared with the karyotypes of its phylogenetic ancestors suggests 
prolonged genome stasis after the formation of the allotetraploid.
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INTRODUCTION

Brachypodium is a small genus of temperate grasses that 
belongs to the Brachypodieae tribe within the Pooideae sub-
family. It consists of ~20 primarily perennial species that are 
distributed worldwide, which are quite diverse in terms of their 
basic chromosome number, nuclear genome size and ploidy 
level, making their exact phylogenetic relations complex and 
unresolved (Robertson, 1981; Khan and Stace, 1999; Wolny 
and Hasterok, 2009; Wolny et  al., 2011; Betekhtin et  al., 
2014). Early chloroplast DNA and internal transcribed spacer 

(ITS) repeat-based phylogenetic analyses revealed that the 
Brachypodium species emerged soon after the divergence of 
the Pooideae from Oryzeae (Catalán et  al., 1997). The close 
relationship of B. distachyon with economically important tem-
perate cereals and forage grasses combined with many other 
favourable attributes, such as its very small nuclear genome, 
simple growth requirements, small stature and rapid annual life 
cycle, prompted Draper et al. (2001) to propose it as a model 
organism. Although this species was initially used to facilitate 
functional genomics analyses in grasses, other useful features 

mailto:robert.hasterok@us.edu.pl?subject=


Lusinska et al. — Karyotype structure and evolution in Brachypodium annuals446

rapidly promoted its use in diverse research programmes and 
ensured a continuous growth of various experimental tools 
and resources, such as large germplasm collections, sequenced  
(IBI, 2010) and resequenced (Gordon et  al., 2014) genomes, 
cDNA libraries (Gordon et  al., 2014), high-coverage gen-
omic DNA libraries of ordered bacterial artificial chromosome 
(BAC) clones (Febrer et  al., 2010) and efficient mutagenesis 
and transformation protocols (Vogel and Hill, 2008).

Based on simple cytogenetic analyses, Robertson (1981) 
postulated the presence of three B.  distachyon cytotypes that 
had diploid chromosome numbers of 2n  =  10, 20 and 30 and 
that constituted an autopolyploid series with a base chromo-
some number of x  =  5. Later, the use of genomic DNA- and 
BAC-based probes in fluorescence in situ hybridization (FISH) 
analyses gave clear indications that these cytotypes may rep-
resent distinct species (Hasterok et  al., 2004, 2006a, b).  
Combining phenotypic, cytogenetic and molecular studies, 
Catalán et al. (2012) proposed that the cytotypes be classified as 
two separate diploid species, i.e. B. distachyon (2n = 10, genome 
Bd) and B. stacei (2n = 20, genome Bs), and their natural allo-
tetraploid B. hybridum (2n = 30, genomes BdBs), which are the 
only annuals in the genus. The distinction of the new species was 
corroborated by DNA barcoding (Lopez-Alvarez et al., 2012), and 
more recently by the successful resynthesis of stable and fertile 
B. hybridum from an interspecific cross between B. distachyon and 
B.  stacei, which closely resembles its natural counterpart (Dinh 
Thi et al., 2016). Brachypodium stacei and B. hybridum have now 
attracted increasing research interest and their genome sequencing 
projects are nearing completion (https://jgi.doe.gov/our-science/
science-programs/plant-genomics/brachypodium).

Many cytological features and existing resources make 
B.  distachyon and other species in the genus exception-
ally useful model systems in various areas of plant molecu-
lar cytogenetics (e.g. Wolny et  al., 2014; Idziak et  al., 2015; 
Borowska-Zuchowska and Hasterok, 2017; Kus et  al., 2017). 
The availability of the whole genome sequence of B. distachyon 
(IBI, 2010) and its combination (Febrer et  al., 2010) with effi-
cient BAC–FISH-based methodology (Hasterok et al., 2006a, b;  
Jenkins and Hasterok, 2007) enabled the first true chromo-
some painting in monocotyledonous plants (Idziak et al., 2011; 
Betekhtin et al., 2014; Robaszkiewicz et al., 2016). This approach 
is especially effective in visualizing specific chromosomes and 
large segments, particularly in long pachytene chromosomes, 
which has helped to elucidate the mechanisms of karyotype evolu-
tion in Arabidopsis thaliana and some other Brassicaceae (Lysak 

et  al., 2006, 2010) and, more recently, in Cucumis (Lou et  al., 
2014; Han et al., 2015). Chromosome barcoding is a complemen-
tary approach that exploits either single low-repeat BACs or their 
small pools. By precisely targeting specific chromosome regions, 
it allows even relatively small rearrangements, such as duplica-
tions, deletions and inversions, to be detected (Szinay et al., 2012; 
Hoang and Schubert, 2017; Tran et al., 2017). In Brachypodium, 
the B. distachyon-derived BACs hybridize across the genus and 
facilitate effective mapping on mitotic chromosome preparations. 
Until now, this approach has been used for individual chromo-
some discrimination and karyotyping in the diploid B. pinnatum 
(2n = 18) (Wolny et al., 2013) and on a small scale to analyse 
chromosome structure and evolution in some Brachypodium per-
ennials (Wolny et al., 2011; Idziak et al., 2014).

Synteny-based reconstructions of ancient angiosperm genomes 
imply that the genomes of extant species originated from ancestral 
genomes that had the lowest number of historical polyploidiza-
tion events (Abrouk et al., 2010). Although this provided insight 
into the putative numbers of protochromosomes in the monocot 
progenitors and permitted the karyotypes of some present-day 
grasses, including this of B. distachyon, to be connected with their 
hypothetical ancestral karyotypes, these studies did not involve 
other Brachypodium representatives (IBI, 2010; Salse, 2016a, b). 
Moreover, cytomolecular data about karyotype organization in 
B. stacei and B. hybridum are limited, since they have consider-
ably more chromosomes than B. distachyon, the vast majority of 
which were until recently unidentifiable.

Here we present the holistic characteristics of the B. distachyon, 
B. stacei and B. hybridum karyotypes using a general morphomet-
ric analysis of chromosomes together with their unambiguous and 
reproducible identification using multicolour FISH (mcFISH) with 
chromosome-specific probes. In order to gain more detailed insight 
into the karyotype structure and evolution of B. stacei and B. hybri-
dum, we also used comparative chromosome barcoding (CCB) 
with a series of single low-repeat BAC clones that were derived 
from chromosomes Bd3 and Bd4 of B. distachyon.

MATERIALS AND METHODS

Plant material

Seven genotypes of the three Brachypodium species were used 
in this study. Their names, basic cytogenetic characteristics 
and other essential information are provided in Table 1.

Table 1. General characteristics of the Brachypodium species that were used in this study

Species Accession number 2n x Genome designation Genome size (pg/2C DNA) Origin Source

B. distachyon Bd21 10 5 Bd 0.631 Iraq a
B. stacei ABR114 20 10 Bs 0.564 Spain, Formentera b

ABR200 20 10 Bs n/a n/a b
Bsta5 20 10 Bs n/a Spain, Alicante c

B. hybridum ABR113 30 5 + 10 BdBs 1.265 Portugal, Lisbon b
ABR100 30 5 + 10 BdBs n/a Iran, Khalaf Abad b
ABR117 30 5 + 10 BdBs n/a Afghanistan b

Source: a, US Department of Agriculture, National Plant Germplasm System, USA; b, Institute of Biological, Environmental and Rural Sciences, Aberystwyth 
University, Aberystwyth, UK; c, High Polytechnic School of Huesca, University of Zaragoza, Huesca, Spain.

Genome size data from Wolny and Hasterok (2009) and Catalán et al. (2012). n/a, not available.

https://jgi.doe.gov/our-science/science-programs/plant-genomics/brachypodium
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Chromosome preparation

Multisubstrate chromosome preparations were made accord-
ing to the methodology of Hasterok et al. (2006a) with some 
modifications. Briefly, Petri dishes with 3- to 4-d-old seedlings 
were placed in a box with ice for 24 h. Whole seedlings were 
fixed in 3:1 (v/v) 100 % methanol/glacial acetic acid at 4 °C 
for a minimum of 3 h or overnight and stored at −20 °C until 
used. B. distachyon and B. hybridum roots were digested in an 
enzyme mixture consisting of 8 % (v/v) pectinase (Sigma), 1 % 
(w/v) cellulase (Sigma) and 1 % (w/v) cellulase Onozuka R-10 
(Serva) in a 0.01 m citric acid–sodium citrate buffer (pH 4.8) 
for 2 h at 37 °C. For the roots of B. stacei, the concentrations 
of these enzymes were 6, 0.5 and 0.5 %, respectively, with the 
digestion time extended to 2 h 40 min at 37 °C.

Clone selection, probe labelling and FISH

All of the BAC clones originated from the BD_ABa and 
BD_CBa genomic DNA libraries and were derived from the 
FingerPrinted Contigs that had previously been assigned to 
chromosomes Bd1–Bd5 of B. distachyon Bd21 (Febrer et al., 
2010). The clones were selected on the basis of their even dis-
tribution along the entire length of a given chromosome. With 

the exception of the centromeric clone BD_CBa0033J12, in 
order to minimize the risk of unwanted cross-hybridization, 
only low-repeat (i.e. containing <23 % of repetitive sequences) 
BACs were selected (Table  2) using RepeatMasker (http://
www.repeatmasker.org; Febrer et  al., 2010). With the aim of 
determining the inter-individual consistency, each clone was 
mapped to chromosome preparations of at least seven individu-
als of each species and three different accessions of B. stacei 
and B. hybridum (Table 1).

The BAC DNA was isolated using the standard alkaline 
lysis method, and then labelled by nick-translation with tetra-
methylrhodamine-5-dUTP (Roche), digoxigenin-11-dUTP 
(Roche) or biotin (Roche). The nick-translated 25S ribosomal 
DNA (rDNA) and 5S rDNA probes were prepared using the 
clone that contained a 2.3-kb ClaI fragment of the 25S rRNA 
gene of A.  thaliana (Unfried and Gruendler, 1990) and the 
clone pTa794, which contained the 5S rRNA gene from wheat 
(Gerlach and Dyer, 1980), respectively.

The FISH procedure and kinetic conditions followed Jenkins 
and Hasterok (2007) with minor modifications. For CCB, the 
hybridization mixture consisted of 30 % deionized formamide, 
40 % dextran sulphate, 2 × SSC, 0.5 % SDS and 50–100 ng mL–1 
of each probe DNA. Post-hybridization washes were equivalent 
to ~60 % stringency. The hybridization signals were detected 

Table 2. Specification of the BAC clones that were used in the FISH analyses

Chromosome marker BAC name BAC clone identifier* Position in the genome (bp)

Centromere visualization CEN BD_CBa0033J12 –
Bd1S BD_CBa0030L10§ Bd1: 8680898: 8845282
Bd2S/1 BD_ABa0005E09§† Bd2: 10380990: 10507985

Chromosome identification Bd2S/2 BD_CBa0023P23† Bd2: 13336480: 13486307
Bd3S BD_CBa0014A01§† Bd3: 20363699: 20508591
Bd3L BD_ABa0019B17† Bd3: 50354409: 50508627
Bd4S BD_CBa0022F16§ Bd4: 1375208: 1513070
Bd3S/1 BD_CBa0028O16§ Bd3: 856255: 1007650
Bd3S/2 BD_ABa0015A18§ Bd3: 4001904: 4157452
Bd3S/3 BD_ABa0018B12§ Bd3: 6003300: 6153924
Bd3S/4 BD_ABa0030J22§ Bd3: 8504730: 8651070
Bd3S/5 BD_CBa0016A22§ Bd3: 11505050: 11712720
Bd3S/6 BD_ABa0022G01§ Bd3: 16038657: 16055486
Bd3S/7 BD_ABa0033D16§ Bd3: 22106200: 22299788
Bd3L/8 BD_CBa0011M04§ Bd3: 36854229: 37002472
Bd3L/9 BD_ABa0038N13§ Bd3: 44001051: 44142538
Bd3L/10 BD_ABa0026M18§ Bd3: 49347850: 49503810
Bd3L/11 BD_ABa0037F15§ Bd3: 50854746: 51004145

Chromosome structure and evolution Bd3L/12 BD_ABa0037C10§ Bd3: 52501229: 52687354
Bd3L/13 BD_ABa0008G22§ Bd3: 55503533: 55665230
Bd3L/14 BD_ABa0020N10§ Bd3: 57504387: 57653389
Bd4S/1 BD_CBa0030B12§ Bd4: 2007584: 2157984
Bd4S/2 BD_CBa0040J03§ Bd4: 7830905: 8001843
Bd4S/3 BD_CBa0021B09§ Bd4: 9502901: 9667864
Bd4S/4 BD_ABa0043D11§ Bd4: 11006774: 11150531
Bd4S/5 BD_ABa0010I18§ Bd4: 14002249: 14164264
Bd4L/6 BD_ABa0006J17§ Bd4: 29358544: 29516826
Bd4L/7 BD_ABa0020D08§ Bd4: 32504625: 32642850
Bd4L/8 BD_CBa0035E05§ Bd4: 39350118: 39526113
Bd4L/9 BD_CBa0038H23§ Bd4: 42789149: 43003220
Bd4L/10 BD_ABa0041I03§ Bd4: 48350055: 48507632

*More details can be found in the NCBI database at the URLs http://www.ncbi.nlm.nih.gov/clone/library/genomic/424 (BD_ABa library) and http://www.ncbi.
nlm.nih.gov/clone/library/genomic/426 (BD_CBa library).

§Clones used in pools for comparative chromosome painting by Idziak et al. (2011) and Betekhtin et al. (2014).
†Single clones used for CCB-based mapping by Idziak et al. (2014).

http://www.repeatmasker.org;
http://www.repeatmasker.org;
http://www.ncbi.nlm.nih.gov/clone/library/genomic/424
http://www.ncbi.nlm.nih.gov/clone/library/genomic/426
http://www.ncbi.nlm.nih.gov/clone/library/genomic/426
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using green fluorescein isothiocyanate (FITC)-conjugated 
anti-digoxigenin antibodies (Roche), far red- (false-coloured 
to yellow) Alexa Fluor 647-conjugated anti-biotin antibodies 
(Jackson ImmunoResearch), or, in the case of red tetrameth-
ylrhodamine-5-dUTP, directly visualized. Air-dried prepara-
tions were mounted and counterstained in Vectashield (Vector 
Laboratories) containing 2.5 µg mL−1 of DAPI (4′,6-diamidino-
2-phenylindole; Serva). For karyotype analysis, slide reprob-
ing was performed as previously described (Schwarzacher and 
Heslop-Harrison, 2000).

Photomicrographs were acquired using either an 
AxioImager.Z.2 (Zeiss) or Provis AX (Olympus) wide-field 
epifluorescence microscope equipped with high-sensitivity 
monochromatic cameras (AxioCam Mrm [Zeiss] and Retiga 
2000R [QImaging], respectively) and the respective narrow-
band filter sets. All of the images were then digitally coloured 
using Wasabi (Hamamatsu Photonics), uniformly processed (if 
required) to improve contrast and brightness, and then superim-
posed using Photoshop CS3 (Adobe) and ImageJ (NIH).

Chromosome measurements

Chromosomes were measured using MicroMeasure 3.3 
(Reeves, 2001), which allowed calculation of their total length 
(S+L), the lengths of the short (S) and long (L) arms, and the 

arm length ratio (L/S AR). We used FISH with the centromeric 
clone BD_CBa0033J12 and the 25S rDNA probe to improve 
visualization of the primary constrictions and 35S rDNA-bear-
ing chromosomes, respectively (Fig. 1). The classification and 
nomenclature of chromosome types was based on the AR and 
was adopted from Levan et  al. (1964) with minor modifica-
tions. According to this criterion, all of the chromosomes were 
identified as either metacentric (m type; L/S AR = 1.01–1.7) 
or submetacentric (sm type; L/S AR = 1.71–3.0). The calcula-
tions that were performed for individual mitotic chromosome 
spreads and the mean values for the three Brachypodium spe-
cies are presented in Supplementary Data Tables S1–S3. The 
lengths and shapes of the chromosomes in the ideograms are 
based on the values that were averaged for the respective pairs 
of homologous chromosomes (Figs 2 and 3) and  are shown 
Supplementary Data Tables S1–S3.

RESULTS

Basic morphometry of chromosomes

The karyotype of B. distachyon at mitotic metaphase or pro-
metaphase was the most variable in terms of both chromosome 
length and morphology and consisted of five chromosome 
pairs (Bd1–Bd5) with the mean length of the longest chromo-
some Bd1 equal to 3.6 µm and the mean length of the shortest 

A C E

B D F

Fig. 1. Somatic metaphase (A, C, E) and prometaphase (B, D, F) chromosomes of B. distachyon Bd21 (A, B), B.  stacei ABR114 (C, D) and B. hybridum 
ABR113 (E, F). Chromosomes in (A, C, E) were stained with DAPI (blue) only, arrows in (A, E) show DAPI-negative secondary constriction/satellite regions. 
Chromosomes in (B, D, F) were subjected to FISH using centromeric (red) and 25S rDNA (green) probes. Arrowheads in (D) show the specific organization of 

the satellites in B. stacei. Scale bars = 5 µm.

http://academic.oup.com/aob/article-lookup/doi/10.1093/aob/mcy086#supplementary-data
http://academic.oup.com/aob/article-lookup/doi/10.1093/aob/mcy086#supplementary-data
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chromosome Bd5 equal to 1.3 µm. The three longest chromo-
some pairs (Bd1–Bd3) were metacentric with an average L/S 
AR that ranged from 1.0 to 1.15, while chromosome pairs 
Bd4 and Bd5 were submetacentric with L/S AR 1.8 and 2.25, 
respectively (Supplementary Data Table  S1). A  characteristic 
feature of Bd5 was its secondary constriction and a satellite that 
was located terminally on the short arm. These were sometimes 
distinguishable as more or less prominent negative chromo-
some regions after DAPI staining (Fig. 1A; arrows). FISH with 
the 25S rDNA probe showed that the 35S rDNA locus in this 
region involved the proximal part of the Bd5 short arm with a 
secondary constriction and the entire satellite (Fig. 1B).

The 20 chromosomes in the root-tip cells of B.  stacei 
(Fig. 1C) were much smaller and more morphologically uni-
form than those of B. distachyon. The mean length of the long-
est mitotic metaphase chromosome was 1.95 µm, whereas the 
shortest one was only 1.25 µm. Most of them were submetacen-
tric with an average L/S AR of 1.73–2.44, with only one pair 
of metacentrics having an L/S AR equal to 1.0 (Supplementary 
Data Table S2). The only 35S rDNA locus in this genome had a 
secondary constriction that is often distended. However, unlike 
its counterpart in B. distachyon, it had a visibly more promin-
ent and DAPI-positive satellite, the distal part of which had no 
rDNA signal (Fig. 1D; arrowheads).

The somatic chromosome complement of B. hybridum com-
prised 30 chromosomes, which differed significantly in their 
lengths and shapes (Fig. 1E). The mean length of the longest 
chromosome was 3.55 µm versus only 1.25 µm for the short-
est chromosome. Submetacentrics (average L/S AR 1.72–2.25) 
were predominant in this karyotype over metacentrics (aver-
age L/S AR between 1.13 and 1.41), which constituted only 
one-third of all of the chromosomes (Supplementary Data 
Table S3). In view of the hybrid nature of this species, all of the 
large chromosomes originated from the putative B. distachyon 
parent, and the vast majority of the small chromosomes came 
from the B.  stacei parent. Brachypodium hybridum ABR113 
had two pairs of 35S rDNA loci in its somatic chromosome 
complement, one of which was significantly more decondensed 
during mitosis than the other (Fig. 1E [arrows], F).

Multicolour FISH karyotyping

Our aim was to unambiguously identify all of the chromo-
somes in the complements of the species under study using the 
smallest possible number of FISH probes. Thus, we selected six 
low-repeat BACs (Table 2) and two different (25S and 5S) rDNA 
probes. These were complemented by the centromeric BAC, 
which provided more reliable determination of chromosome 
shape and better discrimination of the chromosome arms, par-
ticularly in the case of the metacentric chromosomes of the Bd 
genome and the small chromosomes of the Bs genome (Fig. 2). 
Since only two or three probes were simultaneously visualized 
in one FISH experiment using green, red and far red fluores-
cence, it was necessary to apply to the same preparation four 
successive FISH rounds using probe combinations Bd2S/1  + 
Bd2S/2, Bd3S + Bd1S, CEN + 25S rDNA + 5S rDNA and Bd3L 
+ Bd4S, and to use false colours during image processing.

All six low-repeat BACs used for the karyotyping yielded 
reproducible signals and enabled the discrimination of all 

chromosomes in the complements of all species in this study 
(Fig. 2A–C). This allowed us to propose for the first time the 
nomenclature (Bs1–Bs10) for B. stacei and B. hybridum, and to 
arrange the chromosomes of Bs into karyograms (Fig. 2E, F) 
and ideograms (Fig. 3B, C). All karyograms and ideograms in 
this study are based not only on the distribution of the mcFISH 
markers but also on the averaged morphometric parameters 
(Supplementary Data Tables  S1–S3) of chromosomes shown 
in Fig. 2A–C.

The clone Bd1S (yellow in Figs  2 and 3) marked the dis-
tal part of the short arm of chromosome Bd1 in B. distachyon 
(Fig. 2D), but in B. stacei was diagnostic for the terminal part 
of the short arm of chromosome Bs3 (Figs 2E and 3B). There 
were two clones that hybridized to the short arm of chromosome 
Bd2 (Figs 2D and 3A), and one of these (Bd2S/1, orange) was 
more distally located than the other (Bd2S/2, green). In B. stacei, 
Bd2S/1 marked the proximal part of the long arm of chromo-
some Bs1, while Bd2S/2 was specific to the terminal part of the 
corresponding arm of Bs7. Two BACs were specific to the Bd3 
chromosome; while Bd3S (purple) marked the proximal part of 
its short arm, Bd3L (blue) occupied the intercalary part of the 
long arm (Figs 2D and 3A). In the B.  stacei genome, the first 
of the clones produced a distinct signal in the terminal part of 
the short arm of Bs6 and the second clone specifically marked 
the Bs4 chromosome in the distal part of its long arm (Figs 2E 
and 3B). Interestingly, clone Bd4S (magenta), which was located 
rather distally on the short arm of chromosome Bd4 in B. distach-
yon (Figs 2D and 3A), was not completely chromosome-specific 
in B. stacei, where it hybridized with the long arms of chromo-
somes Bs2 and Bs9 (Figs 2E and 3B). Additionally, the 5S rDNA 
probe (cyan), which highlighted the only locus for these genes in 
the B. distachyon genome in the proximal region of Bd4 (Figs 2D 
and 3A), permitted the specific detection of chromosome Bs5 
in B.  stacei, where it hybridized to the subterminal part of its 
short arm (Figs 2E and 3B). Finally, the Bd5-marking (Figs 2D 
and 3A) 25S rDNA probe (white) discriminated the short arm of 
chromosome Bs10 (Figs 2E and 3B).

We also applied the same set of probes to the B. hybridum chro-
mosomes (Fig. 2C). This experiment revealed that the chromo-
some complement of this species is a perfect combination of 
those of B.  distachyon and B.  stacei, not only with respect to 
chromosome numbers and shapes but also in terms of the distri-
bution of all of the mcFISH landmarks (Figs 2F and 3C).

Comparative chromosome barcoding

For detailed comparative analyses of the structure and evo-
lution of the chromosomes in the three Brachypodium annu-
als, we selected an additional 24 low-repeat BAC clones, 14 
of which were derived from chromosome Bd3 and ten from 
Bd4 and spanned these two chromosomes uniformly along their 
entire length (Table  2) (Febrer et  al., 2010). For most FISH 
experiments, overlapping triplets of clones that occupied adja-
cent positions on the physical map of a given chromosome were 
used together as sets of differentially labelled probes. These 
were complemented by several additional probe combinations 
as well as with the centromeric BAC clone, which were useful 
in confirming some mapping details. Firstly, we verified that 
the distribution of all of the clones along chromosomes Bd3 
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and Bd4 (Figs 4A and 6A, respectively) in B. distachyon was 
consistent with their expected position on the physical map 
(Table 2). Then, we performed cross-species chromosome map-
ping, which revealed that all of the clones gave single-locus 
FISH signals on the chromosomes of the Bs genome that were 
homoeologous  to Bd3 (chromosomes Bs4 and Bs6; Figs  4B 
and 5B) and Bd4 (chromosomes Bs9 and Bs5; Figs 6B and 7B), 
respectively. In B. hybridum, the number and distribution of all 
of the clones were always the composite of the two other spe-
cies (Figs 4–7), which is consistent with the putative origin of 

this allotetraploid. The intensity of the hybridization signals on 
the Bs-genome chromosomes in both B. stacei and B. hybridum 
was often visibly weaker than on the chromosomes belonging 
to the Bd genome in B. distachyon and in B. hybridum, but was 
sufficient to permit analysis. The number of chromosomes car-
rying the signals of the BACs that occupied adjacent positions 
on the respective Bd chromosomes (Figs 4A and 6A) was one 
or two in the genome Bs of B. stacei (Figs 4B and 5B) and two 
or three in the Bd and Bs genomes in B. hybridum (Figs 4C 
and 6C). We did not observe any intraspecific differences in the 
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Fig. 2. Multicolour FISH identification of B. distachyon Bd21 (A, D), B. stacei ABR114 (B, E) and B. hybridum ABR113 (C, F) somatic metaphase chromosomes 
using nine probes that were sequentially hybridized to the same preparations. Chromosomes in the karyograms (D, E, F) were extracted from the respective pho-
tomicrographs (A, B, C) and ordered according to their total descending length with the 35S rDNA-bearing chromosomes placed at the end, regardless of their 
length. All of the morphometric chromosome parameters are detailed in Supplementary Data Tables S1–S3. Chromosomes were stained with DAPI (grey). Scale 

bars = 5 µm.
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BAC–FISH signal number and distribution among the three dif-
ferent accessions of B. stacei and B. hybridum (Supplementary 
Data Fig. S1).

Mapping the Bd3-derived clones

Among the clones that had originated from chromosome Bd3 
of B. distachyon, Bd3S/1 and Bd3L/14 mapped most distally 
to its short and long arms, respectively (Figs 4A and 5A). In 
B. stacei (Figs 4B and 5B), clones Bd3S/1–3 hybridized to the 

distal part of the short arm on one chromosome, which by link-
ing our mcFISH-based karyotype with the physical map infor-
mation was identified as Bs4. Within the next triplet of BACs, 
starting with clone Bd3S/3 (mapped in yellow to Bs4), the other 
two, i.e. Bd3S/4 (red) and Bd3S/5 (green), were on another 
B.  stacei chromosome, which was identified as Bs6 by kary-
otyping. It should be noted that, due to its repetitive content, 
Bd3S/4 also had weak cross-hybridization to the centromeric 
regions of all Bs chromosomes but its most prominent signal 
was always detected in the close vicinity of Bd3S/5. Next, two 
sets of probes (Bd3S/5–7 and Bd3S/7 + CEN + Bd3L/8) were 
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Bd2 Bd3 Bd4 Bd5

Bd1
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*

*

Bd3L Bd4S 5S rDNA 35S rDNA

B. distachyon (x = 5; genome Bd)

B. stacei (x = 10; genome Bs)

B. hybridum (x = 5 + 10; genomes BdBs)

A

B

C

Fig. 3. Ideograms of B. distachyon Bd21 (A), B. stacei ABR114 (B) and B. hybridum ABR113 (C) somatic metaphase chromosomes. The ideogram in (C) rep-
resents the sum of those in (A) and (B) except for some minor variation regarding Bs10 chromosomes, which is connected with a difference in condensation of 
their 35S rDNA loci (marked by asterisks). The lengths and shapes of the chromosomes in the diagrams are based on the mean morphometric parameters from 

Supplementary Data Tables S1–S3. Scale bars = 2.5 µm.
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Fig. 4. BAC–FISH-based comparative chromosome barcoding with the clones from chromosome Bd3 of B. distachyon (A) to chromosomes Bs4 and Bs6 of 
B. stacei (B) and Bd3, Bs4 and Bs6 of B. hybridum (C). Only one homologue from a pair is shown. The BAC name text labels in the first column indicate the 
fluorochrome that was used (green, FITC; red, tetramethylrhodamine; yellow [false colour], Alexa Fluor 647). The chromosomes were stained with DAPI (blue). 

The coloured bars on the left and BAC names that were assigned to specific clones correspond to those on the cytogenetic maps in Fig. 5.
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characterized by an undisrupted linear arrangement along the 
interstitial part of chromosome Bs6. Then, within the next tri-
plet of FISH probes, the first two clones, i.e. Bd3L/8 and 9, still 
mapped on Bs6 towards the distal part of its long arm. By con-
trast, Bd3L/10 was localized in the interstitial part of the long 
arm of Bs4, and was followed by the four remaining clones 
(Bd3L/11–14) to the end of its long arm in a linear order. Two 
additional probe combinations that consisted of distantly local-
ized clones – Bd3S/5, Bd3L9 and Bd3S/1, Bd3L/12, which 
were complemented by the centromeric BAC – confirmed that 
all of the Bd3-derived clones were restricted in their mapping 
to only two chromosomes in the B. stacei genome, i.e. Bs4 and 
Bs6. Mapping all of the Bd3-derived clones in B.  hybridum 

(Figs 4C and 5C) showed, in terms of FISH signal number, dis-
tribution and intensity, that they represented a simple sum of 
those that were observed in B. distachyon (Figs 4A and 5A) and 
B. stacei (Figs 4B and 5B).

Mapping the Bd4-derived clones

Similarly to Bd3, clone Bd4S/1 mapped most distally to the 
short arm of chromosome Bd4 of B.  distachyon, and Bd4L/10 
was at the opposite chromosomal end (Figs  6A and 7A).  
Comparative mapping revealed that clones Bd4S/1–5, derived from 
the short arm, and clones Bd4L/7–10, from the long arm of Bd4, 
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Fig. 5. Chromosomal distribution of the BAC clones that were derived from chromosome Bd3 of B. distachyon (A) and comparatively mapped to the chromo-
somes of B. stacei (B) and B. hybridum (C). The distribution of the clones on the chromosome diagram (A) reflects their position on the physical map of the 
B. distachyon genome (Febrer et al., 2010). The diagrams next to the Brachypodium chromosomes relate the BAC clones to the homoeologous regions in different 
rice chromosome equivalents. Black diamonds and dotted lines indicate the hypothetical fusion points of the intermediate ancestral grass chromosomes in Bd3 
(adapted from IBI, 2010). Red dashed lines indicate the chromosomal breakpoints that were found in the Bs-genome chromosomes in B. stacei and B. hybridum.
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hybridized consistently to two different chromosomes in B. stacei 
that were identified as Bs9 and Bs5, respectively (Figs 6B and 7B). 
Interestingly, clone Bd4L/6, which was located on the long arm in the 
vicinity of the 5S rDNA locus in B. distachyon, was still closely con-
nected with this rDNA locus in Bd5, although it gave a hybridization 

signal in the distal part of the short arm. Additional mapping experi-
ments using five probe combinations (Bd4S/1 + CEN + Bd4L/10, 
Bd4S/1  + Bd4S/5  + Bd4L/9, Bd4S/5  + Bd4S/8  + Bd4L/10, 5S 
rDNA + Bd4L/7 + Bd4L/9 and 5S rDNA + Bd4L/6 + Bd4L/9) indi-
cated that the structure of the Bs9 and Bs5 chromosomes in relation 
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Fig. 6. BAC–FISH-based comparative chromosome barcoding with the clones from chromosome Bd4 of B. distachyon (A) to chromosomes Bs9 and Bs5 of 
B. stacei (B) and Bd4, Bs9 and Bs5 of B. hybridum (C). Only one homologue from a pair is shown. The red, yellow and green BAC name text labels in the first 
column indicate the fluorochrome used (green, FITC; red, tetramethylrhodamine; yellow [false colour], Alexa Fluor 647). Chromosomes were stained with DAPI 

(blue). The coloured bars on the left and BAC names that were assigned to specific clones correspond to those on cytogenetic maps in Fig. 7.
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to chromosome Bd4 could be the result of a Robertsonian rearrange-
ment. Moreover, comparison with Bd4 revealed an altered order of 
the 5S rDNA locus and the clone Bd4L/6 on the short arm in relation 
to the centromere and Bd4L/7 on the long arm in Bs5. This suggests 
the occurrence of a probable pericentric inversion that determines 
the orientation of these regions in the Bd and Bs genomes (Figs 6A 
and 7A versus 6B and 7B). Similarly to the pattern of the Bd3-
derived clones, all BACs in B. hybridum (Figs 6C and 7C) that had 
originated from chromosome Bd4 showed a distribution that was 
identical to those observed in its putative progenitors B. distachyon 
and B. stacei.

DISCUSSION

Reliable chromosome identification in Brachypodium annuals

Determining chromosome number, size and shape is usually a 
starting point for more advanced studies on the organization of 
a karyotype, but usually there are limitations in terms of reli-
able chromosome identification. This is particularly so for spe-
cies that have numerous, structurally uniform chromosomes with 

none or few chromosome-specific markers (Dydak et al., 2009; 
Kolano et al., 2016; Susek et al., 2016). Brachypodium stacei and 
B.  hybridum have higher numbers of chromosomes compared 
with B.  distachyon, most of which being small and similar in 
morphology and therefore difficult to identify. The morphomet-
ric parameters of the B.  distachyon karyotype (Supplementary 
Data Table S1) are distinct enough to provide a reasonably repro-
ducible identification of most of its chromosomes using simple 
DAPI staining (Fig.  1A), which can be enforced using a 25S 
rDNA probe to ensure a more reliable discrimination between the 
Bd5 and Bd4 chromosomes. However, even the use of a centro-
meric probe does not permit a good discrimination of Bd2 from 
Bd3 since these two metacentrics are almost identical in length 
and shape (Fig. 1B). With the exception of one pair of 35 rDNA-
bearing chromosomes, no homologous pairs could be identified in 
B. stacei based on morphometric criteria. Specific morphometric 
characteristics of the Bs-genome chromosomes (Supplementary 
Data Table S2), especially in highly condensed spreads, may even 
hamper the localization of the centromeres, which are useful for 
identifying some chromosomes after DAPI staining (Fig.  1C); 
this can be resolved by using a centromeric probe (Fig. 1D). As 
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Fig. 7. Chromosomal distribution of the BAC clones that were derived from chromosome Bd4 of B. distachyon (A) and comparatively mapped to the chromo-
somes of B. stacei (B) and B. hybridum (C). The distribution of the clones on the chromosome diagram (A) reflects their position on the physical map of the 
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Arrows point to the inversion that was present on chromosomes Bs5 of these species.
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was expected in B. hybridum, only a few pairs of larger chromo-
somes that had originated from genome Bd of a B. distachyon 
ancestor could be reliably distinguished on morphometric exam-
ination (Supplementary Data Table  S3). Though exceptionally 
good chromosome spreads may produce satisfactory centromere 
visibility (Fig. 1E), FISH with a centromere-specific probe is usu-
ally indispensable in determining the exact chromosome shape of 
the small Bs-genome chromosomes in the complement (Fig. 1F). 
A  clear difference in chromatin condensation within the two 
pairs of 35S rDNA sites, one of which is characterized by the 
presence of distended secondary constrictions and the other by 
high compaction (Fig. 1F), is connected with the occurrence of 
nucleolar dominance in this genotype of B. hybridum. This enig-
matic phenomenon results in the expression of only the 18S-5.8S-
25S rRNA genes inherited from the B.  distachyon progenitor 
(Idziak and Hasterok, 2008; Borowska-Zuchowska et al., 2016; 
Borowska-Zuchowska and Hasterok, 2017).

In large plant genomes that are saturated with ubiqui-
tous repeats, the BAC–FISH-based approach either fails 
or is technically challenging and only partially success-
ful in providing landmarks that are reproducibly diagnos-
tic for individual chromosomes (Ma et  al., 2010; Majka 
et al., 2017). However, as has already been demonstrated 
for several taxa, it is considerably more effective in plants 
with small and preferably sequenced genomes and also 
often in their close relatives, e.g. Phaseolus vulgaris 
(Fonseca et al., 2010), Brassica (Xiong and Pires, 2011), 
Solanum (Szinay et  al., 2012) and recently even in the 
extremely small chromosomes of some aquatic (Hoang 
and Schubert, 2017) and carnivorous (Tran et  al., 2017) 
plants. Although there have been substantial and diverse 
cytomolecular studies performed in Brachypodium in 
recent years (for review see Hasterok et  al., 2015; IBI, 
2014), no systematic research on chromosome identifica-
tion had been reported in this genus. Since basic mor-
phometric analyses have been ineffective in identifying 
almost all of the chromosomes in B.  stacei and most 
of them in B.  hybridum, we performed mcFISH-based 
karyotyping with consecutively applied sets of chromo-
some-specific markers, most of which were B.  distach-
yon-derived BACs. Here, this approach provided reliable 
and reproducible identification of all of the chromosomes 
in B.  distachyon (Figs  2A, D and 3A) and nine out of 
ten chromosome pairs in B.  stacei (Figs  2B, E and 3B). 
Although the set of mcFISH landmarks that we used does 
not permit the effective discrimination of chromosome 
Bs2 from Bs9, in most of chromosome spreads they are 
sufficiently different in size and shape to be identified with 
the support of a morphometric evaluation both in B. stacei 
and in B. hybridum (Supplementary Data Tables S2–S3).  
The fact that both the number and chromosomal distri-
bution of all of the markers in the karyotype of B. hybri-
dum (Figs  2C, F and 3C) is a simple composite of the 
hybridization patterns that have been observed in its puta-
tive ancestors suggests that no major chromosome rear-
rangements have occurred within the genomes of these 
three species after the divergence of B.  hybridum. Such 
long-lasting genome stasis is not always the case in other 
allopolyploids (e.g. Adams and Wendel; 2005, Renny-
Byfield and Wendel, 2014).

Grass and Brachypodium karyotype evolution

The Poaceae comprises >10 000 species, many of which are 
of key ecological and economic importance. Grass genomes 
show a great variety in their nuclear genome organization 
and plasticity, which at the cytomolecular level are connected 
with differences in the number, size, shape and sequence 
composition of the chromosomes that constitute their karyo-
types. These features may vary even among closely related 
species and may provide useful information about various 
evolutionary rearrangements (Schubert and Lysak, 2011). It 
is now widely accepted that the most important mechanisms 
that shape the structure of plant genomes at the chromosomal 
level involve both the changes that affect entire sets of chro-
mosomes (whole-genome duplications [WGDs] and allopol-
yploidization followed by subsequent diploidization) and 
individual chromosomes (aneuploidization and dysploidy), 
which are complemented by some minor inter- and intrachro-
mosomal rearrangements (Schubert, 2007; Soltis et al., 2015; 
Alix et  al., 2017; Mandakova et  al., 2017). Furthermore, 
recent comparative phylogenomic and cytomolecular studies 
of a larger number of species have suggested various modes 
of DNA double-strand break repairs to be another cause of 
the variability and evolution of genome size and karyotype 
(Schubert and Vu, 2016).

The technological advances of high-throughput DNA 
sequencing have greatly promoted both large- and small-scale 
comparative genomics, thereby providing new opportunities to 
reconstruct in silico the crucial events of angiosperm genome 
evolution that occurred in their extinct ancestors (Murat et al., 
2010; Salse, 2016a). A recent palaeogenomic study indicated 
that the ancestral grass karyotype (AGK) was structured into 
seven protochromosomes that contained 8581 protogenes with 
a minimal gene-space physical size of 33  Mb (Murat et  al., 
2017). This extinct ancestor underwent a palaeotetraploidiza-
tion event followed by diploidization via a number of recipro-
cal translocations, including ‘insertional’ centromeric fusions 
(nested chromosome fusions; NCFs) and end-to-end telomeric 
chromosome fusions (TCFs), which resulted in a 12-chromo-
some intermediate ancestral grass karyotype (Salse, 2016b). 
Nested chromosome fusions are common in grasses and have 
had a significant impact on the divergence of their karyotypes, 
which only seem to occur occasionally in eudicots (Fonseca 
et al., 2016), in which TCFs are considered to be the key driv-
ers of chromosome number reduction, such as in Arabidopsis 
and other crucifers (Lysak et  al., 2006; Mandakova et  al., 
2017). Interestingly, among the modern grass karyotypes that 
have been studied, this of rice remains the most evolutionarily 
unchanged and thus resembles the putative post-tetraploidiza-
tion AGK. Conversely, other grasses have been subject to vari-
ous numbers of reshuffling events, which have resulted in more 
complex karyotypes (Murat et al., 2017).

Nested chromosome fusions have also played a prominent 
role in the divergence of the B. distachyon genome. Comparative 
sequence analyses with rice and sorghum indicate that the pre-
sent-day B.  distachyon karyotype derives from a 12-chromo-
some AGK via a descending dysploidy that involved seven 
major NCFs, which resulted in x  =  5 chromosomes (Abrouk 
et al., 2010; IBI, 2010). Considering the 2-fold higher number 
of considerably smaller chromosomes that are present in the 
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B. stacei genome (x = 10), it was anticipated that a lower num-
ber of NCFs would occur in this more evolutionarily ancient 
genome, which we aimed to verify by the direct comparative 
visualization of putative karyotype rearrangements in the Bd 
and Bs genomes.

Considering the findings of the sequenced-based modelling 
of the evolution of the grass karyotype, chromosome Bd3 of 
B. distachyon resulted from two separate NCFs that occurred 
via the reciprocal translocation of three ancestral chromo-
somes, which are equivalent to the rice chromosomes Os2, Os8 
and Os10 (IBI, 2010). In Bd3, the most distally located Os2 
segment is interrupted by the nested insertion of Os8 and the 
most internal by Os10 (Fig.  5A). In both B.  stacei (Fig.  5B) 
and B. hybridum (Fig. 5C), chromosome Bs4 is hallmarked by 
clones Bd3S/1–3 on its short arm and Bd3L/10–14 on its long 
arm and corresponds to Os2 in its entire length, which, when 
combined with the results of palaeogenomic analyses, may 
indicate its structural conservation. Conversely, the arrange-
ment of BACs along Bs6 reveals that its distal parts, which 
harbour the clones Bd3S/4–6 and Bd3L/9, respectively, corres-
pond to two discontinued Os8 segments. Then, the internal part 
of this chromosome, which is delimited by clone Bd3S/7 on 
the short arm and Bd3L/8 on the long arm, corresponds to the 
Os10 equivalent of the rice chromosome. Thus, the structure of 
Bs6 is a relic of an ancient Os8/Os10 NCF that contributed to 
the early reduction of the original chromosome number from 
x  =  12, as was suggested for the AGK-carrying intermediate 
ancestor (IBI, 2010). Importantly, Os8/Os10 and Os2 ances-
tral segments, which are consistently mapped on two different 
chromosomes of a given genome, were also found in several 
diploid and allopolyploid Brachypodium perennials, such as 
B.  pinnatum (2n  =  18 and 28), B.  sylvaticum (2n  =  18) and 
B.  phoenicoides (2n  =  28) (Idziak et  al., 2014; J.  Lusinska, 
unpubl. res.). It seems likely, then, that the second NCF, which 
combined the fused Os8/Os10 segments (contemporary Bs6 in 
B. stacei and B. hybridum, perennials) with Os2 (contempor-
ary Bs4 in B. stacei and B. hybridum, perennials) to assemble 
the present-day Bd3, occurred after the B. distachyon–B. stacei 
split, which recent comparative plastome analyses estimate to 
have happened 10.1 Ma (Sancho et al., 2017).

It is assumed that chromosome Bd4 of B. distachyon results 
from a descending dysploidy that involved the NCFs of the ter-
minally located Os12, Os9 and Os11 ancestral equivalents of 
the rice chromosome, which in Bd4 has the most internal posi-
tion (Fig. 7A) (IBI, 2010). Contrary to inference from the pal-
aeogenomic analyses, both Bs9 and Bs5 in B. stacei (Fig. 7B) 
and in B.  hybridum (Fig.  7C) consist of all three linearly 
arranged Os11, Os9 and Os12 segments. The specific distri-
bution of BAC markers along Bs9 and Bs5 supports the pres-
ence of a Robertsonian rearrangement, the possibility of which 
was already inferred from our previous observations on both 
mitotic (Hasterok et al., 2006b) and meiotic (Betekhtin et al., 
2014) chromosomes. However, this was difficult to prove due 
to the sparsity of the physical map. Preliminary results on the 
Bd4-derived clone distribution on the chromosomes of the dip-
loids B. sylvaticum and B. pinnatum and of the allopolyploids 
B. pinnatum and B. phoenicoides show that this rearrangement 
is only present in the Bs genome. In all species without this 
genome, their corresponding chromosomes reveal a very con-
served composition, which seems to be identical to that of Bd4 

(J. Lusinska, unpubl. res.). This implies that the NCFs that had 
assembled the Bd4-like chromosomes may be evolutionarily 
more ancient than the Bs-specific Robertsonian rearrangement, 
and it is probably a centric fission that split chromosome Bd4 
into the Bs9 and Bs5 chromosomes. Moreover, since this rear-
rangement also involves Bs9 and Bs5 in B. hybridum, it must 
have occurred before the formation of this allotetraploid ~1 Ma 
(Catalán et al., 2012).

Conclusions

Based on the results of comparative mapping of BACs from 
two of the five B. distachyon chromosomes, although it would be 
premature to extrapolate to the phylogenies of the Brachypodium 
genus, our results show that genomes Bd and Bs appear to be 
cytogenetically the most divergent from each other within the 
genus. Mapping the Bd3- and Bd4-derived BACs in the Bs gen-
ome revealed various and complex rearrangements that influence 
the karyotypes in terms of both the number and structure of the 
chromosomes. Moreover, although B. hybridum is not a recent 
allotetraploid, it seems that no major chromosome rearrange-
ments occurred in the Bd and Bs genomes of both the putative 
ancestors and their allotetraploid since the time of its formation. 
Mapping of both Brachypodium annuals and perennials based on 
CCB, using clones that are derived from all of the Bd-genome 
chromosomes, may provide a more comprehensive picture of the 
structure and evolution of the karyotype. Eventually, when com-
bined with the results of further molecular phylogenetic studies 
and, in particular, of the ongoing whole-genome sequencing pro-
jects, this may contribute to resolving the enigmatic phylogenetic 
relations within the genus.

SUPPLEMENTARY DATA

Supplementary data are available online at https://academic.
oup.com/aob and consist of the following. Tables S1–S3: sets of 
morphometric data for the B. distachyon, B. stacei and B. hybri-
dum chromosomes, respectively, which were analysed in this 
study using mcFISH karyotyping (shown in Fig 2). Figure S1: 
comparative mapping of the Bd4-derived clones in the different 
genotypes of B. stacei and B. hybridum.

ACKNOWLEDGEMENTS

We thank Professor Glyn Jenkins (Aberystwyth University, 
UK), Dr Trude Schwarzacher (University of Leicester, UK) 
and two anonymous reviewers for their valuable comments 
on the manuscript. This work was supported by the National 
Science Centre Poland (grants DEC-2012/04/A/NZ3/00572 
and DEC-2014/14/M/NZ2/00519).

LITERATURE CITED

Abrouk M, Murat F, Pont C, et  al. 2010. Palaeogenomics of plants: syn-
teny-based modelling of extinct ancestors. Trends in Plant Science 15: 
479–487.

Adams KL, Wendel JF. 2005. Polyploidy and genome evolution in plants. 
Current Opinion in Plant Biology 8: 135–141.

https://academic.oup.com/aob
https://academic.oup.com/aob


Lusinska et al. — Karyotype structure and evolution in Brachypodium annuals458

Alix K, Gerard PR, Schwarzacher T, Heslop-Harrison JSP. 2017. 
Polyploidy and interspecific hybridization: partners for adaptation, speci-
ation and evolution in plants. Annals of Botany 120: 183–194.

Betekhtin A, Jenkins G, Hasterok R. 2014. Reconstructing the evolution of 
Brachypodium genomes using comparative chromosome painting. PLoS 
One 9: e115108.

Borowska-Zuchowska N, Hasterok R. 2017. Epigenetics of the prefer-
ential silencing of Brachypodium stacei-originated 35S rDNA loci in 
the allotetraploid grass Brachypodium hybridum. Scientific Reports 7: 
5260.

Borowska-Zuchowska N, Kwasniewski M, Hasterok R. 2016. Cytomolecular 
analysis of ribosomal DNA evolution in a natural allotetraploid Brachypodium 
hybridum and its putative ancestors – dissecting complex repetitive structure 
of intergenic spacers. Frontiers in Plant Science 7: 1499.

Catalán P, Kellogg EA, Olmstead RG. 1997. Phylogeny of Poaceae sub-
family Pooideae based on chloroplast ndhF gene sequences. Molecular 
Phylogenetics and Evolution 8: 150–166.

Catalán P, Muller J, Hasterok R, et al. 2012. Evolution and taxonomic split of 
the model grass Brachypodium distachyon. Annals of Botany 109: 385–405.

Dinh Thi VH, Coriton O, Le Clainche I, et  al. 2016. Recreating stable 
Brachypodium hybridum allotetraploids by uniting the divergent genomes 
of B. distachyon and B. stacei. PLoS One 11: e0167171.

Draper J, Mur LAJ, Jenkins G, et al. 2001. Brachypodium distachyon. A new 
model system for functional genomics in grasses. Plant Physiology 127: 
1539–1555.

Dydak M, Kolano B, Nowak T, Siwinska D, Maluszynska J. 2009. Cytogenetic 
studies of three European species of Centaurea L. (Asteraceae). Hereditas 
146: 152–161.

Febrer M, Goicoechea JL, Wright J, et al. 2010. An integrated physical, gen-
etic and cytogenetic map of Brachypodium distachyon, a model system for 
grass research. PLoS One 5: e13461.

Fonseca A, Ferreira J, dos Santos TR, et al. 2010. Cytogenetic map of 
common bean (Phaseolus vulgaris L.). Chromosome Research 18: 
487–502.

Fonseca A, Ferraz ME, Pedrosa-Harand A. 2016. Speeding up chromosome 
evolution in Phaseolus: multiple rearrangements associated with a one-
step descending dysploidy. Chromosoma 125: 413–421.

Gerlach WL, Dyer TA. 1980. Sequence organization of the repeating units 
in the nucleus of wheat which contain 5S rRNA genes. Nucleic Acids 
Research 8: 4851–4886.

Gordon SP, Priest H, Des Marais DL, et  al. 2014. Genome diversity in 
Brachypodium distachyon: deep sequencing of highly diverse inbred lines. 
Plant Journal 79: 361–374.

Han Y, Zhang T, Thammapichai P, Weng Y, Jiang J. 2015. Chromosome-
specific painting in Cucumis species using bulked oligonucleotides. 
Genetics 200: 771–779.

Hasterok R, Draper J, Jenkins G. 2004. Laying the cytotaxonomic foun-
dations of a new model grass, Brachypodium distachyon (L.) Beauv. 
Chromosome Research 12: 397–403.

Hasterok R, Dulawa J, Jenkins G, Leggett M, Langdon T. 2006a. Multi-
substrate chromosome preparations for high throughput comparative 
FISH. BMC Biotechnology 6: 20.

Hasterok R, Marasek A, Donnison IS, et al. 2006b. Alignment of the genomes 
of Brachypodium distachyon and temperate cereals and grasses using bac-
terial artificial chromosome landing with fluorescence in situ hybridiza-
tion. Genetics 173: 349–362.

Hasterok R, Betekhtin A, Borowska-Zuchowska N, et al. 2015. Molecular 
cytogenetics in the genus Brachypodium. In: Vogel JP, ed. Genetics and 
genomics of Brachypodium. Cham, Heidelberg, New York, Dordrecht, 
London: Springer: 39–46.

Hoang PTN, Schubert I. 2017. Reconstruction of chromosome rearrange-
ments between the two most ancestral duckweed species Spirodela pol-
yrhiza and S. intermedia. Chromosoma 126: 729–739.

IBI. 2010. Genome sequencing and analysis of the model grass Brachypodium 
distachyon. Nature 463: 763–768.

IBI. 2014. Update on the genomics and basic biology of Brachypodium. 
Trends in Plant Science 19: 414–418.

Idziak D, Hasterok R. 2008. Cytogenetic evidence of nucleolar dominance in 
allotetraploid species of Brachypodium. Genome 51: 387–391.

Idziak D, Betekhtin A, Wolny E, et al. 2011. Painting the chromosomes of 
Brachypodium: current status and future prospects. Chromosoma 120: 
469–479.

Idziak D, Hazuka I, Poliwczak B, Wiszynska A, Wolny E, Hasterok R. 
2014. Insight into the karyotype evolution of Brachypodium species using 
comparative chromosome barcoding. PLoS One 9: e93503.

Idziak D, Robaszkiewicz E, Hasterok R. 2015. Spatial distribution of cen-
tromeres and telomeres at interphase varies among Brachypodium species. 
Journal of Experimental Botany 66: 6623–6634.

Jenkins G, Hasterok R. 2007. BAC ‘landing’ on chromosomes of 
Brachypodium distachyon for comparative genome alignment. Nature 
Protocols 2: 88–98.

Khan MA, Stace CA. 1999. Breeding relationships in the genus Brachypodium 
(Poaceae). Nordic Journal of Botany 19: 257–269.

Kolano B, McCann J, Orzechowska M, Siwinska D, Temsch E, Weiss-
Schneeweiss H. 2016. Molecular and cytogenetic evidence for 
an allotetraploid origin of Chenopodium quinoa and C.  berland-
ieri (Amaranthaceae). Molecular Phylogenetics and Evolution 100: 
109–123.

Kus A, Kwasniewska J, Hasterok R. 2017. Brachypodium distachyon - a 
useful model in the qualification of mutagen-induced micronuclei using 
multicolor FISH. PLoS One 12: e0170618.

Levan A, Fredga K, Sandberg A. 1964. Nomenclature for centromeric pos-
ition on chromosomes. Hereditas 52: 201–220.

Lopez-Alvarez D, Lopez-Herranz ML, Betekhtin A, Catalan P. 2012. 
A DNA barcoding method to discriminate between the model plant 
Brachypodium distachyon and its close relatives B. stacei and B. hybridum 
(Poaceae). PLoS One 7: e51058.

Lou Q, Zhang Y, He Y, et  al. 2014. Single-copy gene-based chromosome 
painting in cucumber and its application for chromosome rearrangement 
analysis in Cucumis. Plant Journal 78: 169–179.

Lysak MA, Berr A, Pecinka A, Schmidt R, McBreen K, Schubert I. 2006. 
Mechanisms of chromosome number reduction in Arabidopsis thaliana 
and related Brassicaceae species. Proceedings of the National Academy of 
Sciences of the USA 103: 5224–5229

Lysak MA, Mandakova T, Lacombe E. 2010. Reciprocal and multi-species 
chromosome BAC painting in crucifers (Brassicaceae). Cytogenetic and 
Genome Research 129: 184–189.

Ma L, Vu GT, Schubert V, et  al. 2010. Synteny between Brachypodium 
distachyon and Hordeum vulgare as revealed by FISH. Chromosome 
Research 18: 841–850.

Majka J, Ksiazczyk T, Kielbowicz-Matuk A, Kopecky D, Kosmala A. 2017. 
Exploiting repetitive sequences and BAC clones in Festuca pratensis kar-
yotyping. PLoS One 12: e0179043.

Mandakova T, Pouch M, Harmanova K, Zhan SH, Mayrose I, Lysak MA. 
2017. Multi-speed genome diploidization and diversification after an 
ancient allopolyploidization. Molecular Ecology 26: 6445–6462.

Murat F, Xu JH, Tannier E, et al. 2010. Ancestral grass karyotype recon-
struction unravels new mechanisms of genome shuffling as a source of 
plant evolution. Genome Research 20: 1545–1557.

Murat F, Armero A, Pont C, Klopp C, Salse J. 2017. Reconstructing the 
genome of the most recent common ancestor of flowering plants. Nature 
Genetics 49: 490–496.

Reeves A. 2001. MicroMeasure: a new computer program for the collection 
and analysis of cytogenetic data. Genome 44: 439–443.

Renny-Byfield S, Wendel JF. 2014. Doubling down on genomes: polyploidy 
and crop plants. American Journal of Botany 101: 1711–1725.

Robaszkiewicz E, Idziak-Helmcke D, Tkacz MA, Chrominski K, Hasterok 
R. 2016. The arrangement of Brachypodium distachyon chromosomes in 
interphase nuclei. Journal of Experimental Botany 67: 5571–5583.

Robertson IH. 1981. Chromosome numbers in Brachypodium Beauv. 
(Gramineae). Genetica 56: 55–60.

Salse J. 2016a. Ancestors of modern plant crops. Current Opinion in Plant 
Biology 30: 134–142.

Salse J. 2016b. Deciphering the evolutionary interplay between subgenomes 
following polyploidy: a paleogenomics approach in grasses. American 
Journal of Botany 103: 1167–1174.

Sancho R, Cantalapiedra CP, Lopez-Alvarez D, et al. 2017. Comparative 
plastome genomics and phylogenomics of Brachypodium: flowering time 
signatures, introgression and recombination in recently diverged ecotypes. 
New Phytologist 218: 1631–1644.

Schubert I. 2007. Chromosome evolution. Current Opinion in Plant Biology 
10: 109–115.

Schubert I, Lysak MA. 2011. Interpretation of karyotype evolution should con-
sider chromosome structural constraints. Trends in Genetics 27: 207–216.



Lusinska et al. — Karyotype structure and evolution in Brachypodium annuals 459

Schubert I, Vu GT. 2016. Genome stability and evolution: attempting a holis-
tic view. Trends in Plant Science 21: 749–757.

Schwarzacher T, Heslop-Harrison JS. 2000. Practical in situ hybridisation. 
Oxford: BIOS Scientific Publishers.

Soltis PS, Marchant DB, Van de Peer Y, Soltis DE. 2015. Polyploidy and genome 
evolution in plants. Current Opinion in Genetics & Development 35: 119–125.

Susek K, Bielski WK, Hasterok R, Naganowska B, Wolko B. 2016. A first 
glimpse of wild lupin karyotype variation as revealed by comparative 
cytogenetic mapping. Frontiers in Plant Science 7: 1152.

Szinay D, Wijnker E, van den Berg R, Visser RG, de Jong H, Bai Y. 2012. 
Chromosome evolution in Solanum traced by cross-species BAC-FISH. 
New Phytologist 195: 688–698.

Tran TD, Simkova H, Schmidt R, Dolezel J, Schubert I, Fuchs J. 2017. 
Chromosome identification for the carnivorous plant Genlisea margare-
tae. Chromosoma 126: 389–397.

Unfried I, Gruendler P. 1990. Nucleotide sequence of the 5.8S and 25S rRNA 
genes and of the internal transcribed spacers from Arabidopsis thaliana. 
Nucleic Acids Research 18: 4011.

Vogel J, Hill T. 2008. High-efficiency Agrobacterium-mediated transformation of 
Brachypodium distachyon inbred line Bd21-3. Plant Cell Reports 27: 471–478.

Wolny E, Hasterok R. 2009. Comparative cytogenetic analysis of the genomes 
of the model grass Brachypodium distachyon and its close relatives. 
Annals of Botany 104: 873–881.

Wolny E, Lesniewska K, Hasterok R, Langdon T. 2011. Compact genomes 
and complex evolution in the genus Brachypodium. Chromosoma 120: 
199–212.

Wolny E, Fidyk W, Hasterok R. 2013. Karyotyping of Brachypodium pinna-
tum (2n = 18) chromosomes using cross-species BAC-FISH. Genome 56: 
239–243.

Wolny E, Braszewska-Zalewska A, Hasterok R. 2014. Spatial distri-
bution of epigenetic modifications in Brachypodium distachyon 
embryos during seed maturation and germination. PLoS One 9: 
e101246.

Xiong Z, Pires JC. 2011. Karyotype and identification of all homoeologous 
chromosomes of allopolyploid Brassica napus and its diploid progenitors. 
Genetics 187: 37–49.




