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Abstract

Leymus mollis and L. racemosus (Triticeae; Poaceae) are important as genetic resources for wheat
improvement, as they carry genes for salt tolerance and disease resistance. Even though these
species share common Ns and Xm genomes, the genomic relationship between these two species
is not yet clearly understood. In this study, we examined the genomes of the two species by FISH
and GISH, using combinations of tandem-repetitive sequences and genomic DNAs. Comparative
GISH showed that genomes in the genus Leymus were diverse. Nevertheless, chromosomes of these
two species were able to undergo complete meiotic pairing in hybrids, suggesting that differences
in the subtelomeric heterochromatin and sequences distinguishable by GISH do not affect meiotic
pairing.

Introduction

During meiosis, a chromosome searches for its
homologous partner, which it can distinguish
from non-homologous chromosomes. A picture
has emerged of homologous pairing, and how
chromosomes find and recognize their homo-
logous partner. In yeast and plants, chromo-
somes can potentially initiate homologous
pairing along their entire length (for review,
see Roeder 1997). However, the distribution of
initiation sites for pairing is organism-depen-

dent. For example, budding yeast shows multi-
ple pairing initiation sites (Loidl et al. 1994),
but homologous rye chromosomes in addition
lines of wheat start meiotic pairing from the
centromeric regions (Mart��nez-Pérez et al.
1999). An important feature in pairing is the
clustering of telomeres known as the ‘bouquet’
structure, which is formed during the early
stage of meiosis, and is conserved from yeast
to humans and higher plants (for review, see
Zickler & Kleckner 1998). This structure is
thought to align the chromosomes properly to
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help the recognition of homologous pairs.
Homologous recognition of chromosomes is
believed to be at the DNA level. In yeast and
Drosophila, a random search model has been
proposed, in which homologous segments of
chromosomes meet randomly (Scherthan et al.
1994, Fung et al. 1998). Chromosome struc-
tures such as heterochromatin are involved in
homologous recognition in Drosophila (Hawley
et al. 1992). Repetitive sequences have also
been thought to facilitate recognition.

The genus Leymus in the tribe Triticeae con-
sists of about 30 wild species. These species
grow mainly along sea coasts and in inland dry
areas, being distributed from Iceland and the
North Sea across central Asia to East Asia,
Alaska, and North America. They are evolu-
tionarily distant from wheat, have strong rhi-
zomes, and are a useful genetic resource for
wheat breeding, having characteristics such as
salt tolerance (McGuire & Dvorak 1981) and
resistance to various diseases including scab
(Mujeeb-Kazi et al. 1983) and powdery mildew
(Faith 1983). AmongLeymus species,L. racemosus
(2n¼ 28) and L. mollis (2n¼ 28) have attracted
special interest, because they have exceptionally
large spikes, strong rhizomes and vigorous
growth. L. racemosus is distributed along sea
coasts or in the dry lands from Eastern Europe
to central Asia, whereas L. mollis is found
from Siberia to Canada and Iceland as well as
in the northern parts of Japan. In spite of the
potential importance of the genus Leymus, the
genomic relationships among its species are still
largely unknown. All of these species share two
common Ns and Xm genomes, where the Ns
genome is derived from diploid species of the
genus Psathyrostachys, and the origin of the
Xm genome is unknown (Wang & Jensen
1994). Anamthawat-Jo¤ nsson & B˛dvarsdo¤ ttir
(2001) reported on the complexity of the gen-
omes of Leymus, in which some Leymus
species were phylogenetically closer to
Psathyrostachys species than to other Leymus
species. During a study of L. racemosus chro-
mosomes, we found that the copy number of
two tandem repetitive sequences was quite dif-
ferent in L. racemosus and L. mollis (Kishii
et al. 1999). These results indicated the need for
re-evaluation of the genomes of Leymus species.

The aim of the present research was to investi-
gate the genomic di¡erentiation of L. racemosus
and L. mollis by comparing the hybridization
patterns of their genomic DNAs.

Materials and methods

Plant materials

Leymus racemosus (Lam.) Tzvelev (2n¼ 4x¼ 28,
genome NsNsXmXm), a Bulgarian population,
were collected (Accession number: HT15405) or
donated by Dr. I. Panayotov (Institute of Wheat
and Sunflower, Bulgaria) (Accession numbers:
MK10101��10105). All plants were collected along
the Black Sea coast around Balchik, Bulgaria.
Leymus racemosus plants from Russia were also
used (Accession numbers: MK10201��10206).
L. mollis (Trin.) Pilger (2n¼ 4x¼ 28, NsNsXmXm)
was collected at three locations: 10 km north-
east of Iwaki, Fukushima, along the Pacific Sea
coast of Japan (Accession number: MK10001),
1 km west of Niigata along the Japan Sea
coast (MK10020), and 20 km north of Aomori
(MK10030) in Japan.

To produce F1 hybrids between L. racemosus
and L. mollis, L. racemosus (Accession number:
HT15405) was pollinated by L. mollis (MK10001).

Cytological analysis

Mitotic and meiotic chromosome slides were
prepared by the acetocarmine squash method
and were used for FISH and GISH tech-
niques, following Mukai (1996) and Kishii
et al. (1999). Two kinds of probes were used for
FISH: pLrTaiI-1 (TaiI-family sequences from
L. racemosus; Kishii et al. 1999) and pLrPstI-1
(350-bp family sequences from L. racemosus;
Kishii et al. 1999). These clones were labelled
with digoxigenin-11-dUTP or biotin-16-dUTP
using the PCR method. Probes for the geno-
mic DNAs of L. mollis and L. racemosus were
labelled with biotin-16-dUTP using a BioNick
labelling System (Gibco BRL) or with digoxi-
genin-11-dUTP using a commercial labelling
kit (Roche). For blocking DNA in GISH
experiments, genomic DNA was sonicated to
produce DNA fragments with a mean size of
around 500 bp.
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Results

Comparison of total genomic sequences in L. mollis
and L. racemosus

It was reported previously that L. racemosus
(Accession number: HT15405) carried massive
subtelomeric heterochromatic regions in most

chromosomes, and that high copy numbers of
both TaiI and 350-bp tandem repetitive sequen-
ces families were present in those regions (Kishii
et al. 1999). On the other hand, L. mollis did not
show subtelomeric heterochromatic blocks con-
taining the 350-bp and TaiI family sequences
(Kishii et al. 1999). Investigation of additional
accessions of L. racemosus and L. mollis con-

Figure 1. GISH labelling of chromosomes from F1 hybrids of Leymus mollis and L. racemosus, showing differences in subtelomeric

heterochromatin and total genomic DNA between chromosomes of the different species. (a) Chromosomes probed with L. mollis

total genomic DNA (green) with tenfold excess of unlabelled L. racemosus total genomic DNA used for blocking. (b) DAPI image of
a. (c) Chromosomes probed with L. mollis total genomic DNA (green) and L. racemosus total genomic DNA (red). The letters ‘m’

and ‘r’ indicate L. mollis and L. racemosus chromosomes, respectively. The arrowheads indicate chromosomes with both red and

purple segments. The 14 chromosomes of L. mollis (stained green with FITC) appeared bright green to bluish-green in colour

(m1��m14 in Figure 1c). Among them, five chromosomes (m1��m5) had an especially bright green colour and four of the others
(m11��m14) were bluish-green. Similarly, L. racemosus chromosomes (stained red with rhodamine) showed a red to purple colour

(r1��r14). (d) DAPI image of c. All bars equal 10mm.
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firmed that all accessions of L. racemosus showed
massive signals of these two repeats, while
L. mollis showed no or small signals of these two
repeats (data not shown).

The huge di¡erences between copy numbers of
particular tandem repetitive sequences and sub-
telomeric structures prompted us to investigate
di¡erences in the total genomic constitution of
the two species. To accomplish this, we ¢rstly
made F1 hybrids between them. Analysis of
genomic di¡erences was conducted by applying
the GISH technique to the F1 plants. Using biotin-
labelled genomic DNA of L. mollis as a probe,
the L. racemosus and L. mollis genomes were

clearly distinguished in the hybrids (Figure 1a,
b), staining the 14 chromosomes of L. mollis
green. This result was con¢rmed by the fact that
subtelomeric heterochromatin was stained dar-
ker than other regions by DAPI only in chromo-
somes of L. racemosus. A tenfold excess of
blocking DNA over the probe gave good repro-
ducibility of the results, and, even when an
amount of blocking DNA equal to that of the
probe was used, several chromosomes could be
distinguished (data not shown), indicating a very
large di¡erence in the genomes of the two species.
Application of equal amounts of L. racemosus
and L. mollis genomic probes of di¡erent colours

Figure 2. Chromosome pairing of Leymus racemosus chromosomes having different subtelomeric repeat sequences. Probes were

TaiI-family sequences (red) and 350-bp family sequences (green). Arrowheads indicate chromosome ends with different repeat

families in the homologous chromosomes. (a) Metaphase stage. Fourteen bivalents can be seen. Homologous chromosomes with
different chromosome ends have formed pairs. (b) Anaphase stage. Bars equal 10mm.

Figure 3. Meiotic pairing of Leymus mollis (red) and L. racemosus chromosomes in the L. mollis�L. racemosus hybrid. (a) Pachytene
stage. L. mollis and L. racemosus chromosomes are paired with each other. Asymmetrical pairing can be seen in some chromosome

pairs (arrowheads). (b) Diplotene stage. L. mollis chromosomes have paired with L. racemosus chromosomes in all cases. (c) DAPI

image of b. (d) Metaphase stage. Chromosomes are aligned in the equatorial plane. (e) Anaphase stage. Recombination between
L. mollis and L. racemosus chromosomes can be seen. All bars equal 10 mm.

"
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produced a mosaic-like mixture of the two geno-
mic colours (Figure 1c, d).

Pairing of L. racemosus chromosomes

Kishii et al. (1999) reported that the signals
from the TaiI and 350-bp families were highly
polymorphic between homologous chromo-
somes within L. racemosus plants of Bulgarian
origin (Accession number; HT15405). We
investigated whether this polymorphism would
affect meiotic pairing in L. racemosus. When
we hybridized metaphase chromosomes of
L. racemosus with TaiI (red) and 350-bp
family (green) probes, association of red and
green signals was detected (Figure 2a). Since
14 bivalents were formed, the pairings were
between homologous chromosomes. Anaphase
chromosomes revealed a clearer picture, show-
ing that the signals from the two different
repeats were present at the subtelomeric
regions of sister chromatid pairs in some chro-
mosomes (Figure 2b).

Pairing between L. racemosus and L. mollis
chromosomes

We next examined the possibility of meiotic pair-
ing between L. racemosus and L. mollis chromo-
somes in their hybrids. GISH applied to the
pachytene chromosomes clearly showed pairing
between L. mollis and L. racemosus chromo-
somes (Figure 3a). Some L. mollis and L. race-
mosus chromosome pairs made contact at their
telomeric ends, but many showed asymmetrical
pairing, with one chromosome end extending
further than the other.

In the diplotene stage, all 14 bivalents were
formed between blue and red chromosomes, show-
ing that the pairing was not intraspeci¢c but
interspeci¢c (Figure 3b, c). The presence of a sub-
telomeric block of heterochromatin on one of the
chromosomes in each bivalent con¢rmed that the
bivalents consisted of chromosomes from both
species. Chromosomes aligned on the equatorial
plane at metaphase (Figure 3d), and recombina-
tion between chromosomes of the two species was
also detected in anaphase cells (Figure 3e). Multi-

valents and univalents appeared occasionally at
metaphase (data not shown).

Discussion

Divergence of L. mollis and L. racemosus
chromosomes

In this and our previous study, we demons-
trated the diversity of subtelomeric regions and
total genomic sequences between L. mollis and
L. racemosus (Kishii et al. 1999, and Figure 1).
Although we discriminated chromosomes of the
two species by using a 1 : 10 ratio of the probe and
blocking DNA in GISH, a much larger amount of
blocking DNA is usually required for separation
of species in the same genus. For example, a hun-
dredfold excess of blocking DNA over the probe
was employed for separation of Aegilops species
(Wang et al. 2000). From this point of view, the
degree of divergence between the genomes of
these two Leymus species is similar to that seen
between genomes from di¡erent genera. Perhaps
Leymus is much older in origin than wheat and
Aegilops. It is also possible that Psathyrostachys,
the ancestral species of Leymus, had already di¡er-
entiated before the genus Leymus originated, and
that di¡erent Leymus species derived their Ns gen-
omes from di¡erent Psathyrostachys species.

Comparative GISH using both L. mollis and
L. racemosus genomic DNA as the probes further
distinguished L. mollis and L. racemosus chromo-
somes with various colours (Figure 1c), indicating
that Leymus genomes have quite complex con-
stitutions. This mosaic-like pattern would not be
produced if the two species had evolved directly
from a close common ancestor and accumulated
their repetitive sequences evenly throughout their
genomes (even though the two species would accu-
mulate di¡erent repetitive sequences). The mosaic
pattern would be produced, for instance, if sev-
eral L. racemosus chromosomes accumulated cer-
tain repetitive sequences that are abundant in the
L. mollis genome. Alternatively, Leymus may
have multiple origins. Anamthawat-Jo¤ nsson &
B˛dvarsdo¤ ttir (2001) published a phylogenetic
tree of Leymus and Psathyrostachys, the latter
being the Ns genome ancestor of Leymus, in
which L. mollis and L. racemosus were placed in
di¡erent groups.
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Repetitive sequences do not participate in
homologous chromosome recognition

Although ‘homologous’ chromosomes in L. mollis
and in L. racemosus could be distinguished in
their F1 hybrid by GISH (Figure 1a), homo-
eologous Ns and Xm chromosomes in each spe-
cies could not be separated by this method.
Nevertheless, pairing at meiosis occurred strictly
between the ‘homologous’ chromosomes (Figure 3).
This means that chromosomes can recognize
their partners when their DNA composition is so
different as to be distinguishable by GISH, even
though their homoeologous chromosomes could
not be distinguished by GISH. Since GISH is a
method based mainly on differences in repetitive
sequences, it may be that repetitive sequences do
not take part in the recognition of homologous
chromosome pairs.

Chromosome ends are not significant for
homologous chromosome recognition

It is generally accepted that telomere clustering
is important for the alignment of homologous
chromosomes (for review, see Zickler & Kleck-
ner 1998). Lukaszewski (1997) demonstrated
that even a tiny loss from the terminal regions
of chromosome arms of wheat led to defective
recognition of homologues. However, the pre-
sent result revealed that homologous chromo-
somes could form meiotic pairs even when
they were different in arm length, subtelomeric
structure and subtelomeric sequences (Figures 2
& 3). Homologous chromosomes formed hetero-
morphic pairs, leaving free subtelomeric and
distal regions (Figure 3a). These results imply
that differences in chromosomal ends are not
significant for pairing in Leymus species. The
entire length of the chromosome has the
potential to undergo homologous pairing (for
review, see Roeder 1997). Schwarzacher (2003)
argued that several pairing mechanisms could
exist in parallel and complement each other to
ensure proper pairing. Leymus might have
adopted some special mechanism to overcome
the differences in the terminal regions of the
chromosomes.
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