
INTRODUCTION

The species-rich brome grass genus Bromus L.
occupies a very important place in the systematics
and evolution of the Poaceae (Stebbins, 1981). The
genus includes species with different ploidy levels
(2n = 2x – 12x), and many taxa with higher than 2n
= 2x chromosome number are of allopolyploid ori-
gin (Stebbins, 1981; Armstrong, 1991).

One of the most interesting but less known sub-
genera of the genus Bromus is subgenus Festucaria.
It comprises about sixty Old World and New World
species and possesses different ploidy levels.
Cytogenetic study revealed that the American
species, except for B. pumpellianus Scribn., pos-
sess genome L with large chromosomes, while the
Eurasian species share genomes A and B with small
chromosomes, except for the complex B. ramosus L.
–B. benekenii (Lange) Trimen. Examining the histo-
ry of the genus Bromus, Stebbins (1981) suggested
that the subgenera Ceratochloa, Festucaria, and
Neobromus emerged in Eurasia, and the spread of
the subgenus Festucaria into the Americas and
Africa started presumably in the Pliocene. In

Eurasia, species with the polyploid complex,
Bromus erectus and B. inermis Leyss., developed in
the Pleistocene, as did the similar complex B. mar-
canthus Meyen in the Andes, South America.

The main sources of our knowledge of the genus
Bromus are morphological, cytological-genomic and
serological data. Smith's (1970) sectional treatment
of the genus relies on serological data for Bromus,
Ceratochloa, Genea, Pnigma, Neobromus and
Nevskiella. Stebbins (1981) gave the taxonomic
treatment at the rank of subgenera: Ceratochloa,
Boissiera, Bromus, Festucaria, Neobromus,
Nevskiella and Stenobromus.

DNA analysis of the genus Bromus has focused
on non-encoding sequences of rDNA (Pillay, 1995,
1996; Ainouche et al., 1997), intraspecific and inter-
specific RAPD (Ainouche et al., 1999; Ferdinandez,
2001; Joachimiak et al., 2001; Sutkowska et al.,
2002), ISSR (Sutkowska et al., 2002; Sutkowska
and Mitka, 2005), chloroplast DNA (cpDNA) (Pillay
and Hilu, 1990, 1995; Pillay, 1993, 1995; Pillay and
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Armstrong, 2001), and both chloroplast and nuclear
DNA sequence data (Saarela et al., 2007). These
analyses give deeper insight into the Linnaean taxo-
nomic treatment and open new questions. 

Restriction maps of rDNA have been worked out
for some species of the genus Bromus, including B.
inermis and B. erectus from subgenus Festucaria.
Pillay (1996) suggested that restriction maps of this
gene family might be useful for identification of
species and interspecific hybrids. For this type of
identification, RAPD and ISSR methods proved use-
ful in confirming the hybrid nature of accessions
(Sutkowska et al., 2002). 

Pillay (1993) constructed restriction maps of
cpDNA of B. inermis and compared them with sim-
ilar maps for wheat, rye, barley, oat and rice.
Cladistic analysis demonstrated that B. inermis
(tribe Bromeae) is closely related to wheat, rye and
barley (tribe Triticeae), and much less to oat (tribe
Aveneae). In a complementary study, Pillay (1995)
showed that B. inermis is more closely related to
barley than to wheat and rye. In spite of the genetic
differences between parents, progeny always strictly
demonstrated a maternal pattern of cpDNA inheri-
tance (Pillay and Armstrong, 2001). 

RAPD (random amplified polymorphic DNA)
technique enables analysis of anonymous, arbitrari-
ly adopted sequences. For example, Ainouche et al.
(1999) used RAPD technique in a comparative study
of the tetraploid B. hordeaceus L. and diploid taxa
from the subgenus Bromus. 

PCR methods were used to study the postglacial
migrations of B. inermis and B. erectus in Poland.
The work showed that the present range of B. erec-
tus probably originated from one source, and sug-
gested the origin of B. inermis in Poland from two
refugial areas (Sutkowska et al., 2002). 

The analyses showed a clear overall similarity
in the band patterns of B. hordeaceus L., B. arven-
sis L., B. pseudobrachystachys H. Scholz, B. caroli-
henrici Greuter, B. alopecuros Poir. and B. inter-
medius Guss. The molecular similarity of the
diploids B. briziformis Fisch. et C.A. Mey., B. japon-
icus Thunb., B. squarrosus L., B. caroli-henrici and
B. alopecuros is accompanied by morphological
similarities (Ainouche and Bayer, 1997; Smith,
1973). The RAPD method was also used in an analy-
sis of hybridogenous genomes between B. riparius
and B. inermis (Ferdinandez et al., 2001). 

The RAPD method has successfully been used
in other phylogenetic and population analyses, for
example in Aconitum (Fico et al., 2003; Zhang et al.,
2005), Dipterocarpaceae (Rath et al., 1997), Morus
(Awasthi et al., 2004), Phoenix (Gonzales-Perez et
al., 2004) and Spartina (Ayres and Strong, 2000).

This study uses molecular-based methods to
study the relationships between New World and Old
World species in subgen. Festucaria, and in partic-

ular the position of B. variegatus. Previous studies
based on ISSR analysis (Sutkowska et al., 2007)
suggested that B. variegatus has a genome different
from B. erectus, which represents genome A. It is
plausible that B. variegatus has genome B. We test
this hypothesis. The molecular relationships
between New World species of the genome L and
their Old World counterparts may throw light on the
mechanism of evolution within the taxon. Our work-
ing hypothesis is that the New World Bromus
species of genome L originated from Old World
(Asian) ancestors closely related to B. variegatus. 

We established the RAPD banding patterns in
the Old World species B. biebersteinii Roem. &
Schult., B. cappadocicus, B. ramosus, B.
benekenii, B. erectus, B. inermis, B. riparius and B.
variegatus, and in the New World species B. anom-
alus Rupr. ex E. Four., B. auleticus, B. ciliatus L.
and B. parodii Covas et & Itria and B. pumpel-
lianus. Authors of plant names are according to
Mirek et al. (2002), supplemented by www.ipni.org. 

MATERIALS AND METHODS

Seeds of the species used in the study were obtained
from the genetic seed bank at the USDA Plant
Introduction Station, Pullman, WA, U.S.A. Thirty
seeds of each species were sown in the greenhouse of
the Department of Plant Breeding and Seed Science of
the Agricultural University, Cracow. For molecular
analysis, 2 to 5 plants were chosen from each popula-
tion. The species, origin of plant population, and sam-
ple size of the examined species are given in Table 1.

Molecular analysis were done by the RAPD-PCR
method. Here, the polymorphism is the result of muta-
tions inside the sequences complementary to the 3'
end and small indels between the hybridization sites
of the starter. It is especially useful in seeking the
markers used in the construction of genetic maps, and
for evaluation of genetic similarity among plant taxa.
RAPD-PCR allows one to obtain, in one amplification
reaction, from a few to many products of various
lengths (Tab. 2). RAPD primers generate species-spe-
cific markers, making them a useful tool in phyloge-
netic and systematic research (Oxelman, 1996).

DNA ISOLATION AND RAPD AMPLIFICATION

DNA was isolated from fully developed leaf lamina.
Only healthy leaves were selected, without any signs
of damage caused by insects, mold or pathogens
that might cause contamination. 

Prior to DNA isolation, plant material was
ground in 2.5 M sodium acetate to prevent oxidation
of cell sap compounds. The sample was then twice
eluted with disinfected 0.9% natrium chloratum to
eliminate sodium acetate and some compounds

Sutkowska and Mitka118



originating from cells which might partially or com-
pletely block DNA isolation. After this preparation
procedure, DNA was isolated from samples with

DNA-zol reagent (Invitrogen). DNA samples were
separated electrophoretically with 1% low-melting-
point agarose (Invitrogen) with ethidium bromide in
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TABLE 1. List of Bromus L. species, including chromosome and accession numbers, and origin of seed material. 1 –
Armstrong 1981, 2 – Armstrong 1983, 3 – Armstrong 1984, 4 – Armstrong 1987, 5 – Armstrong 1991, 6 –  Kozhuharov
et al. 1981, 7 – Pillay and Hilu 1990, 8 – Tuna et al. 2001a, 9 – Tuna et al. 2001b, 10 – Tuna et al. 2005



TAE buffer at 15 V for 3–4 h. After electrophoresis,
the purified DNA was cut out in gel blocks. Smug
intensity analysis allows estimation of DNA concen-
tration and degradation levels.

The PCR reaction was conducted with reagents
from an Invitrogen kit, except for the Taq poly-
merase which originated from Fermentas, at 
2 units/μl concentration. Primer sequences (OPB01,
OPB03, OPB14, OPB15, and OPB18) were taken
from Oxelman (1996). Amplification was conducted
with a 2720 thermal cycler (Applied Biosystems).
Optimal conditions for the reaction were as follows:
initial denaturation at 94°C for 5 min; 35 amplifica-
tion cycles of denaturation at 94°C for 40 sec,
annealing at 35°C for 40 sec and polymerization at
72°C for 40 sec; final polymerization at 72°C for 
7 min.

PCR product separation was carried out in
2.5% agarose gel and archived with Imagemaster
VDS (Pharmacia-Amersham). Original Liscap
Capture ver. 1.0 software was also used.

For analysis of band patterns, GeleScan ver.
1.45 (Kucharczyk Techniki Elektroforetyczne) was
used. 

The molecular weight of the resulting amplifica-
tion products was determined based on a calibra-
tion curve and manual checking. 

NUMERICAL ANALYSES

The amplification products were scored as a pres-
ence/absence matrix of binary data. The initial matrix
encompassed 440 RAPD bands and 156 Bromus
operational taxonomic units (OTUs). Then it was
reduced to 253 bands, excluding species-specific and
singular bands, and 156 accessions were pooled to
13 Bromus species (Tab. 1). In both matrices, ini-
tial and reduced, 1-Jaccard similarity coefficients
(Jaccard, 1908) were calculated to obtain second-
ary matrices of distances between accessions or
species. The DISTANCE procedure based on
1000 bootstrap iterations was applied using
PhylTools software (http://www.dpw.wau.nl/pv/PUB/pt;
Buntjer, 1997–2001). The trees were obtained with

the use of UPGMA (Sokal and Michener, 1958) and
neighbor-joining (NJ) methods (Saitou and Nei,
1987) implemented in the Phylip package
(Felsenstein, 2004). Relative bootstrap support val-
ues were computed with the CONSENSE option in
the Phylip package. The trees were drawn with
MEGA4 software (Tamura et al., 2007).

Ordination of OTUs based on the initial matrix
was done with principal coordinate analysis (PCo)
implemented in NTSYS-pc software (Rohlf, 2002).
The ordination diagrams were produced with
CanoDraw (Smilauer, 1990). The genetic distances
between OTUs were calculated as the square root of
the 1-Jaccard similarity coefficient. PCo shows dis-
tances between OTUs without assuming a hierarchi-
cal topology. 

RESULTS

The UPGMA classification based on 440 amplified
fragments and 156 OTUs, defined as individual
Bromus accessions, pointed to high RAPD identity of
particular species but gave a low level of group res-
olution (Fig. 1a). The bootstrap values at species
level varied from 56% (B. cappadocicus) to 92% 
(B. riparius). The only group of species above 50%
bootstrap value was B. benekenii–B. ciliatus–
B. ramosus. 

The UPGMA classification based on the reduced
data set of 253 RAPD bands and 13 species dis-
played two groups of species (Fig. 1b). The first
group was formed by B. alueticus–B. cappadocicus
–B. erectus–B. riparius with bootstrap value 66%.
The second group was formed by the remaining
species, excluding B. biebersteinii, with 82% boot-
strap support. The subgroup B. ciliatus–B. pumpel-
lianus–B. ramosus had 50% bootstrap value. 

The unrooted NJ tree gave a result complemen-
tary to the UPGMA classification (Fig. 1c). It recon-
structed the group of B. auleticus, but with support
below 50%. On the other hand, the group of 
B. benekenii–B. pumpellianus–B. ramosus gained
relatively high 88% bootstrap support. The group 
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FFiigg..  11.. Classification based on RAPD data. (aa) UPGMA tree, initial
data set: 152 OTUs, 444 RAPD bands, (bb) UPGMA tree, reduced data
set: 13 Bromus spp., 256 RAPD bands, (cc) NJ tree, reduced data set.
Distance measure – 1-Jaccard coefficient. Percentage bootstrap val-
ues (1000 replicates) are indicated at each node. Species abbrevia-
tions. ANO – B. anomalus, AUL – B. auleticus; BEN – B. benekenii;
BIE – B. biebersteinii; CAP – B. cappadocicus; CIL – B. ciliatus; ERE
– B. erectus; INE – B. inermis; PAR – B. parodii; PUM – B. pumpel-
lianus; RIP – B. riparius; RAM – B. ramosus; VAR – B. variegatus. 



B. anomalus–B. parodii–B. variegatus was partial-
ly reconstructed from the UPGMA analysis. 

Generally, UPGMA and NJ showed three
groups of species: the first B. alueticus–B. cap-
padocicus-B. erectus–B. riparius (UPGMA, 66%),
the second B. benekenii–B. ciliatus–B. inermis–B.
pumpelianus–B. ramosus (NJ, 88%, 50%) and the
third B. anomalus–B. parodii–B. variegatus (NJ,
50%). In both analyses, B. biebersteinii remained
unresolved.

Ordination of the OTUs along the first three
principal coordinates, which explained 9.4% of total
variance, showed genetic distinctness of some
species under study. Axes 1 and 2 discriminated a
group of species occupying the right side of the dia-
gram (B. benekenii, B. biebersteinii, B. ciliatus, B.
ramosus, B. riparius) from those on the left side
(Fig. 2a). This set of species resembled the group
previously recognized as the B. benekenii group,
and added to it the previously unresolved B. bieber-
steinii. It also confirmed the close relationships
between B. benekenii and B. ramosus. There is
some separation between the Old World and New
World species, but B. anomalus, B. auleticus, B.
erectus, B. pumpellianus and B. variegatus over-
lapped with the Old World species (Fig. 2a). Axes 2
and 3 identified the B. anomalus group (Fig. 2b). 

DISCUSSION

THE ANCESTRAL FORM OF GENOMES A AND B

The phylogeny of the genus Bromus is still far from
fully understood, but one aspect seems well docu-
mented, that is, the typology of the A, B and L
genomes based on classical studies on the meiotic
conjugation of chromosomes at interspecific hybrids
(Armstrong, 1981, 1983, 1984, 1991). The origin of
these genomes and their relationships remains
unresolved. Here the key is to recognize the diploids
that might be ancestral or at least closely related to
the ancestral form. The phylogeny of Bromus may
be inferred from the distribution of genomes with
large (L) and small (A and B) chromosomes among
diploids and polyploids in the Old World and New
World. According to Stebbins (1981) the cradle of
Bromus is in the Old World. Thus, diploids from
this region should be considered first.

The Eurasian species with small chromosomes
are the diploid B. variegatus, autotetraploid 
B. erectus and allopolyploid B. inermis (Armstrong,
1991), B. biebersteinii and B. cappadocicus
(Kozhuharov, 1981) and B. riparius (Armstrong,
1981). The present analysis showed the sister posi-
tion of B. cappadocicus–B. erectus. They form a
group with another Old World facultative diploid, 
B. riparius. They all share genome A with B. erec-

tus. Thus, the complex B. erectus–B. cappadoci-
cus–B. riparius with high UPGMA bootstrap support
(93%) is presumably ancestral to the New World
South American B. auleticus. The relations of B.
erectus and B. cappadocicus with B. auleticus need
further study. It is worth noting that the Old World
species of the group have a similar ecological profile:
all are moderately xerophilous, preferring open
sites. They also have a relatively restricted geo-
graphical distribution as compared to other species
of subgen. Festucaria, confined mostly to Europe.
Among the species representing Eurasian small
chromosomes, only the diploid genome A was iden-
tified in B. erectus, which as a rule is to be found in
the autotetraploid form. In the present analysis it
formed a sister group with B. cappadocicus. The
latter species is polyploid; this accounts for its dis-
tinct position on the ordination diagram (Fig. 2b).
All of these observations support the view that this
is the oldest group of species in subgen. Festucaria. 

The aim of the study was to determine whether
B. variegatus could be a member of genome B. The
search for the ancestral form or an existing diploid
with genome B has not been fruitful. Small chromo-
somes A and B are difficult to distinguish from each
other. Only indirect evidence of their existence can
come from analysis of chromosome conjugation in
hybrids. Our results show no relations between 
B. variegatus and B. erectus, representing genome
A (Fig. 1a,b,c); thus they probably have different
genomes.

Recently, Tuna et al. (2001a,b, 2004, 2006)
studied the cytogenetic character and nuclear DNA
content of the Eurasian species of the subgen.
Festucaria and came to the conclusion that diploid
B. variegatus or tetraploid B. erectus could be pro-
genitors of tetra- and octoploid B. inermis, as sug-
gested previously by Armstrong (1991).

The results of the present study incline towards
Armstrong's hypothesis, at least in the case of B. var-
iegatus. On the UPGMA diagram (Fig. 1b) B. inermis
was joined, with moderate support of 82%, with B.
variegatus and B. erectus. The ordination diagram
also supports close relationships between the B. var-
iegatus group and the respective taxa (Fig. 2b).

The PCo results (Fig. 2a) point to relations
between the Eurasian B. riparius and B. bieber-
steinii and the complex B. ramosus–B. benekenii–
B. ciliatus, representing genome L. B. riparius
probably contains the same genomes as B. inermis
(A, B) plus an additional genome (Armstrong,
1991). According to Tuna et al. (2001b) the simi-
lar average content of cDNA in B. riparius (22.15
pg) and B. biebersteinii (22.62 pg) suggests that
these decaploids have similar genome structure
and demonstrates a close genetic relationship.

Our results suggest that this "additional"
genome could be closely related to genome L or
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ancestral to it. This corroborates the previous sup-
position based on ISSR analyses (Sutkowska et al.,
2007) that polyploids have an old phylogenetic his-
tory. 

THE ORIGIN OF GENOME L

In our argument we adopted the view (Stebbins,
1981) that evolution proceeded from small to large
chromosomes, thus that genome B is ancestral to L.
The grouping B. benekenii–B. ramosus–B. pumpel-
lianus–B. inermis–B. ciliatus (Fig. 1c) is interesting
in this context. B. ciliatus and B. pumpellianus are
New World species. The most coherent is the com-
plex B. benekenii–B. ramosus–B. pumpellianus
(88-98% bootstrap). B. inermis and B. ciliatus are
weakly attached to the group (50% bootstrap). Three
species (B. ramosus, B. benekenii, B. ciliatus) pos-
sess genome L. Based on satellite morphology,
Armstrong (1981, 1983) regarded the Eurasian
complex B. ramosus–B. benekenii as a possible
progenitor or as related to the progenitor of the L

genome of the American species. This scenario is
corroborated in the present and other studies
(Sutkowska and Mitka, 2005) regarding B.
pumpellianus. The position of the diploid New
World B. ciliatus is still unresolved. It is a good
candidate for the ancestral form of the New World
species of the subgenus, but it is weakly tied to the
group. Additional information is needed to place it.
The sister group B. benekenii–B. ramosus has a
distinct ecological profile: they are mesophilous
forest species. In this respect, B. inermis with
small A and B chromosomes and a xerophilous
ecological profile may be considered close to the
hypothetical ancestor of the group. Based on
cpDNA analysis, Pillay and Hilu (1990) reached
similar conclusions regarding the monophyly of the
group, in which B. pumpellianus, B. biebersteinii
(not resolved in our analysis) and B. inermis form
a clade sister to B. ciliatus. 

The third group (B. anomalus–B. parodii–B.
variegatus) recognized in the NJ classification with
weak (50–59%) bootstrap support (Fig. 1c) and on
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FFiigg..  22. PCo ordination of 152 OTUs based on 444 RAPD bands. (aa) Distribution of OTUs along axes 1 and 2, (bb)
Distribution of OTUs along axes 1 and 3. Distance measure: squared (1-Jaccard coefficient). Species abbreviations as
in Figure 1. 



the ordination diagram (Fig. 2b) supports the origin
of New World species from Old World genetic stock.
In this respect the Old World diploid B. variegatus
seems close (ancestral) to the group of New World
species.

The basal position of B. variegatus among the
American species (Sutkowska et al., 2007) suggests
its ancestral (or related to ancestral) relation to New
World species with genome L. This is consistent
with the cytological results of Armstrong (1983,
1984) indicating that the American diploid species
may have originated from the Eurasian diploids and
that they are younger than Eurasian diploids.

The most robust groups in the RAPD analyses
were B. ramosus–B. pumpellianus (UPGMA) and 
B. benekenii–B. ramosus (NJ; Fig. 1b,c). The latter
pair of species are sister to another New World
species, B. pumpellianus. They share the large chro-
mosomes described as genome L. It is thought that
genome L is of Eurasian origin and that its occur-
rence in B. ramosus and B. benekenii is a relict
(Sutkowska and Mitka, 2005). The linkage of 
B. inermis and B. pumpellianus to B. benekenii
and B. ramosus suits the hypothesis that genomes A
or B are ancestral to genome L. The close relation of
B. ciliatus, albeit with weak support in both classi-
fications, to the complex B. ramosus–B. benekenii –
the only group in Eurasia with genome L – suggests
that the species can also possesses genome L
(Sutkowska and Mitka, 2005). 

Previous ISSR analyses (Sutkowska and Mitka,
2005) of selected species of the subgenus
Festucaria (B. pumpellianus, B. inermis, and B.
erectus, Eurasian species with small chromosomes;
B. ramosus and B. benekenii, Eurasian species with
genomes similar to the American genome L) con-
firmed the close relations between species with
small chromosomes, and pointed to the Eurasian
origin of B. pumpellianus. Those results also sug-
gest the old history of genome L, that it is of
Eurasian origin, from the relict genome complex of
B. benekenii–B. ramosus.

None of the groups of species from subgen.
Festucaria resolved by RAPD and numerical analy-
ses was homogenous in respect of genome type and
geographical distribution. Such a pattern seems to
be the result of the complicated history of the taxon,
involving not only polyploidization but evolutionary
migration accompanied by several interspecific mul-
tiple hybridizations, as recognized, for example, in
sect. Genea (Fortune et. al., 2008). It seems likely,
based on RAPD analysis, that B. variegatus pos-
sesses genome B. The view that genome L originated
from genome B seems relevant in light of our
results. The hypothesis should be verified by other
molecular techniques based on sequencing of
chloroplast and nuclear DNA. 
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