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Abstract Three different amphiploid lines originated
from crosses between wheat (Triticum L.) and lymegrass
(Leymus Hochst.) were analysed by fluorescence in situ
hybridization (FISH) using total genomic DNA and
18S.26S ribosomal genes (rDNA). Based on the genomic
probes, these lines were the same in that they all were
allohexaploids (2n=6x=42) containing 30 wheat and 12
lymegrass chromosomes. The ribosomal gene mapping
further identified species origin of the chromosomes,
whereby the lymegrass parent was undoubtedly L. mollis
and the wheat was likely to be a Triticum species having
the AB genomes. This rDNA mapping was aso able to
reveal differences in the genome composition among
these lines, and such differences were mainly in the
wheat nucleolar organizing regions (Nor). The first line
(M) had two Nor-B1 (1BS), the second line (G) had one
Nor-B1 (1BS), two Nor-B2 (6BS) and two Nor-Al
(1AS), whereas the third line (U) had the same Nor loci
as the second line but two sites each. The wheat ribo-
somal genes were variably expressed depending on the
lines, but the lymegrass loci appeared inactive. All three
lines had the same Nor loci belonging to L. mallis, two
Nor-m1 and two Nor-m2. Analysis of restriction frag-
ment length polymorphism (RFLP) of the rDNA con-
firmed the identity of L. mollis parent in all three lines
and verified the differences in the wheat ribosomal genes
among them. These amphiploids were, however, similar
in their restriction profiles, therefore indicating common
origin. The molecular and cytogenetic evidence here
suggested that these annual, fully fertile amphiploids that
originated from the same crosses 40 years ago became
genetically differentiated and fixed in stable forms.
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Introduction

Wide-crosses of wheat (Triticum L.) with its wild rela-
tives in the tribe Triticeae (Poaceae), including lyme-
grass (Leymus Hochst.), have been made with the aim of
improving wheat crops by alien chromosome transfer via
wide-hybrids or by making new hybrid species (Baum et
al. 1992; Jiang et al. 1994). Characteristics important to
wheat crops have been targeted for transfer from
Leymus, such as resistance to fungal diseases and vi-
ruses, tolerance to drought and salinity (Petrova 1960;
Fatih 1983; Mujeeb-Kazi eta. 1983; Plourde et al.
1992). The Leymus species themselves, in particular the
large-seeded species L. arenarius (octoploid 2n=56,
North European), L. mollis (tetraploid 2n=28, North
American/Asian) and L. racemosus (tetraploid, Central
Eurasian), have been studied for cultivation as perennial
grain species and for making amphiploids with wheat
(Anamthawat-Jonsson et al. 1997). Leymus is known for
its agricultural potential (Wagoner 1990; Pimm 1997).

Amphidiploids deriving from the earliest Triti-
cumxLeymus crosses, independently made in Russia
(Tsitsin 1965) and in North America by R.D. Dewey
(Shepherd and Islam 1988), have been maintained but
only partially characterized (see Table 1). The informa-
tion about species origin of these amphiploidsis limited,
and their genome composition is virtually unknown. In
addition, it is thought that some of the material has been
backcrossed further with wheat. In order to make good
use of these materials for Leymus breeding or wheat im-
provement, correct characterization is essential. The aim
of the present study was to examine the genome content
of these amphiploids using molecular cytogenetic meth-
ods, which included genomic fluorescence in situ hybrid-
ization (FISH), chromosomal mapping of the mgjor ribo-
somal genes and restriction fragment length polymor-
phism (RFLP) analysis of the genes.
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Materials and methods

Plant materials

Three amphiploid lines (code names in the present study: M, G
and U) were kindly provided as seed by their respective breeders
(Table 1). They were described as annual, amphidiploids and hav-
ing breeding materia status. Growth in Icelandic climates is not
complete to seed set, but under controlled environments (16-h
daylength and 15/13°C-day/night scheme) they are fully fertile
and generally produce a similar seed yield per plant as wheat. The
three lines are somewhat different in their growth and morpholo-
gy. For example, spikes of the M- and G-lines are awned, but
those of the U-line are awnless. These amphiploids were used as
seed parents in backcrosses with L. arenarius and L. mollis, one of
which, i.e. GxL. mollis, was examined here (Table 1). The back-
Cross progeny are perennial, possess vigorous growth, but are self-
sterile. Other plant species (Table 2) were included as references
in the RFLP analysis of the ribosomal genes.

Fluorescence in situ hybridization (FISH)

Mitotic chromosomes were isolated from seedling root tips of the
M-, G- and U-amphiploids after pre-treatment in ice-water for
24 h, and they were used in FISH experiments according to Ana-
mthawat-Jonsson et al. (1996). Meiotic chromosomes were isolat-
ed from pollen mother cells of the backcross material GO1 without
pre-treatment. Three types of FISH were performed. (1) FISH us-
ing digoxygenin-labelled total genomic DNA of L. arenarius as a
probe and unlabelled genomic DNA of T. aestivum (5% the probe
amount) as block (Fig. 18). Probe hybridization was detected with
antidigoxygenin-FITC (green fluorescence) and the chromosomes
were counter-stained with propidium iodide (red fluorescence). (2)
FISH using green-fluorescing FITC-labelled total genomic DNA
of L. mollis and red-fluorescing rhodamine-labelled total genomic
DNA of T. aestivum as simultaneous probes, without blocking
DNA (Fig. 1b). (3) FISH using a digoxygenin-labelled rDNA
probe (18S.26S ribosomal genes, clone pTarl from wheat, Ger-
lach and Bedbrook 1979), and detection of hybridization as in A
(Fig. 1c—e). Some samples were hybridized with the rhodamine-la-

belled rDNA probe and digoxygenin-labelled 5S-rDNA probe
(clone pTa794 from wheat, Gerlach and Dyer 1980) and fluores-
cein detection. Identification of the 18S.26S ribosomal gene loci
in wheat followed the procedure of Jiang and Gill (1994); in Ley-
mus it followed Anamthawat-Jonsson et al. (1997). The 5S-rDNA
loci in wheat was identified after Mukai et a (1990).

Southern hybridization of the rDNA

Total genomic DNAS of the plant materials listed in Table 1 and 2
were isolated using the CTAB-method as in Anamthawat-Jonsson
and Heslop-Harrison (1995). For Southern analysis, the DNAs
were digested with restriction enzymes BamHI, EcoRI and Dral
separately, sized-fractionated by gel electrophoresis on 0.7% aga-
rose and transferred to Hybond N+ nylon membrane. The blot was
then hybridized with the purified rDNA probe (clone pTa7l) ac-
cording to the standard ECL chemilluminescence protocol
(Amersham). Hybridization and washing stringencies were 78%
(based on 0.5 M NaCl) and 86%, respectively, and exposure time
on film was from 5 to 45 min. The polymorphic fragments from
BamHI and EcoRI digestions, 16 in total, were scored from each
of the nine plant samples as present (1) or absent (0). The Dral di-
gestion produced too few bands and hence was excluded from the
analysis. These scores were used to calculate the genetic distance
matrix according to Rogers and Tanimoto (1960), from which a
phenogram (neighbour-joining tree) was constructed using the
RAPDIsTANCE program of Armstrong et a. (1996).

Results
Genomic in situ hybridization

FISH using Leymus genomic DNA as probe (common
sequences blocked by wheat DNA) revealed all three
amphiploid lines to be karyotypically stable in that they
were allohexaploid (2n=42) containing 30 wheat and 12
Leymus chromosomes (G-line, Fig. 1a). This was con-

Table 1 The three amphiploids derived from crosses between Triticum and Leymus, and one backcross progeny

Codename  Origina identification  Parental species Cytogenetic status ~ Source of the material

M AD99 (T. durumxL. mollis)xT. aestivum ~ 2n=42 Swedish University of Agriculture,
Svaldv (Prof. A. Merker)

G Pl-442574 T. aestivumxL. arenarius 2n=98 Wheat Genetics Resource Center,
Kansas (Prof. B.S. Gill)

U T. aestivumxLeymus sp. No data USDA, Northern Plains Area,
Utah (Dr. K.B. Jensen)

Go1 G94BC1-01 GxL. mollis 1n=35 The present work

Table 2 Plant species used for DNA isolation and RFLP analysis of the ribosomal genes. Genome designations follow Wang et al.

(1994)

Code name Plant species Collection number ~ Genomes Origin (Keeper)

Th Thinopyrumjunceum (L.) A. Léve  Pl-234708 2n=42 EEE France (National Germplasm Resources,
USDA-ARS)

Ta Triticum aestivum L. em. Thell. cv. Chinese Spring  2n=42 ABD

Td Triticum durum Desf. 2n=28 AB

Lm Leymus mollis (Trin.) Pilger Mulakot, Iceland 2n=28 NX Alaska

La Leymus arenarius (L.) Hochst. Reykjavik 2n=56 NNXX Iceland

Lr Leymus racemosus (Lam.) Tzvelev  H-5053 2n=28 NX Romania (KVL, Royal Veterinary

and Agricultural University, DK)
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Fig. 1la—e Photomicrographs of chromosomes after fluorescence
in situ hybridization (FISH). Bar represents 10 um. a Mitotic
chromosomes from root tip cells of the G-amphiploid after FISH
using the Leymus arenarius genomic probe and Triticum aestivum
block. The cell shows 12 yellow-green fluorescing Leymus chro-
mosomes and 30 of the propidium iodide-stained wheat (Triti-
cum) chromosomes. The rDNA loci B1 and B2 belonging to the
B genome of wheat are evident as extended Nor, whereas the ho-
mologous pair of L mollis Nor-m1 loci can be seen asin situ neg-
ative bands due to the blocking of common sequences between
wheat and Leymus. b Meiotic chromosomes at metaphase | of the
GO1 backcross progeny of the G-amphiploidxL. mollis after si-
multaneous FISH using the red-fluorescing T. aestivum genomic
probe and green-fluorescing L. mollis genomic probe. The cell
shows 15 wheat chromosomes which are mainly univalents and

20 Leymus chromosomes as univalents, rod-bivalents and a multi-
valent (indicated with arrow). ¢ Mitotic chromosomes of the G-
amphiploid showing in situ mapping of 18S.26S ribosomal genes
(pTar1) in which the wheat loci Nor-B1 (1BS) and Nor-B2 (6BS)
and the L. mollis loci Nor-ml and Nor-m2 are indicated. The
wheat telomeric loci Nor-Al (1AS) can be seen on two homolo-
gous chromosomes in this preparation. d Mitotic chromosomes of
the M-amphiploid showing red-fluorescing wheat Nor-B1 loci of
the 18S.26S ribosomal genes and green-fluorescing 5S-rDNA |o-
ci on the same chromosome. e Mitotic chromosomes of the U-
amphiploid showing localization the of 18S.26S ribosomal genes
consisting of two Nor-B1 and two Nor-B2 loci of wheat and two
Nor-ml of L. mollis (indicated). The unmarked loci are one pair
of the sub-telomeric Nor-m2 and one pair of the wheat telomeric
Nor-Al
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firmed several times with seed-derived plants after three
more generations of selfing during the present study. As
this FISH method depicted species-specific DNA, in this
case Leymus-specific, the uniformity of the painting sig-
nal on the chromosomes clearly indicated that no major
structural exchanges (e.g. translocations) had occurred
between the wheat and the Leymus chromosomes. The
negative bands (sites without a positive signal) on Ley-
mus chromosomes (Fig. 1a, indicated m1) were their nu-
cleolar organizing regions (Nor loci), due to the highly
repeated tandem arrays of the ribosomal genes being
conserved between species and hence totally blocked by
the wheat DNA. This Nor-m1 map site was the first evi-
dence in this study revealing the Leymus origin of all
these amphiploids to be L. mollis, contradictory to some
of the information on record (Table 1). The genomic
FISH method as used here was not able to differentiate
between species of Leymus and therefore could not veri-
fy the identity of L. mollis directly.

FISH using wheat and Leymus genomic probes simul-
taneously on meiotic chromosomes of the backcross
progeny (e.g. Fig. 1b) confirmed the results obtained
from the mitotic studies, that the haploid set of the
amphiploids consisted of 15 wheat and 6 Leymus chro-
mosomes and that the amphiploids behaved as stable
diploids. In this backcross material there were 14 L. mol-
lis chromosomes from the pollen donor in addition to the
6 Leymus chromosomes of the amphiploid, and therefore
Leymus multivalents were observed at metaphase | (Fig.
1b) confirming that the Leymus parent in the amphiploid
was L. mollis. If the origin were L. arenarius as recorded
(Table 1), such high pairing would have been unlikely, as
the two Leymus species, L. arenarius and L. mollis, are
phylogenetically diverse (unpublished results). Most
wheat chromosomes remained univalents as expected.

rDNA mapping on chromosomes

FISH localization of the major (18S.26S) ribosomal
genes differentiated the three amphiploid lines by both
the number of wheat rDNA sites and chromosomal iden-
tity of the Nor loci (Table 3, Fig. 1c—€). The M-amphi-
ploid had one pair of Nor-B1, none of the Nor-B2 or the
Nor-Al loci, whereas the G- and U-lines had all these
sites except that the G-line had only one locus of Nor-
B1. These results were consistent between FISH experi-

Table 3 FISH localization of 18S.26S rDNA in the amphidiploids
(the present study) and amphihaploid F1 hybrids between T. aes-
tivum and L. mollis from Anamthawat-Jonsson et a. (1997). Nor

ments and between plants within each amphiploid line
(data not shown). The major and minor loci of L. mollis
were in this respect unvarying; all amphiploids had two
sites of each Nor-m1 and Nor-m2 loci. The rDNA-FISH
did not detect the presence of any Nor-bearing chromo-
somes from the D genome of wheat in these amphiplo-
ids, in contrast to the rDNA mapping of the F; hybrids
deriving from bread wheat which had the Nor-D3 locus
(Table 3). Particular Nor loci in these amphiploids ap-
peared to be actively expressed as the sites were clearly
extended across the secondary constriction, for example
all four Nor-B1 and Nor-B2 loci in the U-line (Fig. 1e),
similarly to that observed in the G-line (Fig. 1a). On the
contrary, the major Leymus loci Nor-m1 in all the amphi-
ploids studied here appeared to be inactive, similar to the
situation in F; hybrids between Triticum and Leymus
(Anamthawat-Jonsson et al. 1997).

rDNA restriction fragment analysis

RFLP profiles of the ribosomal genes fractionated by re-
striction enzymes BamHI and EcoRI (Fig. 2) were spe-
cies-specific, and therefore we were able to verify the
chromosome mapping results regarding the identity of
parental species and of the amphiploids themselves. The
BamHI profiles of the species studied here consisted
of three size classes (Fig. 2a): 9.4-11 kb; 5.4-8.6 kb;
34 kb; and the EcoRI profiles also had three size class-
es (Fig. 2b): 8-11 kb; 6.6 kb; 3.64.4 kb.

The three amphiploid lines evidently had the L. mollis
fragments, and none of the fragments of other Leymus
species (L. arenarius and L. racemosus) or Thinopyrum,
a genus that was thought for many years to contribute to
Leymus one of its two genomes (L6ve 1984). The genet-
ic distance analysis (Fig. 3) confirmed the L. mollis ori-
gin of the amphiploids, and other Leymus species were
clearly not involved. The wheat parent of these amphi-
ploids, however, could not be related with certainty to
any of the two wheat species included here, Triticum du-
rum and T. aestivum, (Figs. 2 and 3). Furthermore, there
were unigque fragments in the amphiploids, i.e. the 8-kb
BamHI fragment common to all three amphiploids (Fig.
2a) and the 3.6-kb EcoRI fragment (Fig. 2b), and these
must have come from their unknown wheat parent. As
the mapping results did not detect Nor-D3, this wheat
parent is likely to be a tetraploid species other than T.

loci in wheat: B1 (1BS), B2 (6BS), A1 (1AS) and D3 (5DS, hexa-
ploid wheat only). Nor loci in L. mollis: m1, m2 and m3

Amphiploid Number Major Nor loci Major loci Number Minor loci
of major sites in wheat (*active) in Leymus of minor sites
M (2x=42) 4 2x B1 2xml 2 2xm2
G (2x=42) 5 1x B1*1, 2x B2*1 2x ml 4 2x A1, 2x m2
U (2x=42) 6 2x B1*2, 2x B2*2 2xml 4 2x A1, 2x m2
F1 hybrids (1x=35) 3 1x B1, 1x B2*1 Ix ml 4 1x D3, Ix A1 1x m2, 1x m3
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Fig. 2a,b Luminograghs after Southern hybridization of the
18S.26S ribosomal gene probe to restriction-digested genomic
DNA of the M-, G- and U-amphiploids together with species of
Thinopyrum, Triticum and Leymus (code names according to Ta-
bles 1 and 2). The BamHI profiles a consist of three size classes:
9.4-11 kb; 5.4-8.6 kb; 34 kb, and the EcoRI profiles b have three
size classes: 8-11 kb, 6.6 kb, 3.6-4.4 kb. While the amphiploids
have certainly derived from Triticum and Leymus, this analysis
can only confirm the L. mollis parent. The lambda size marker
shows bands at 9.4, 6.6, 4.4 and 2.3 kb, indicated at right from top
to bottom

Thi

Lr
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Td

Lm

Fig. 3 Phenogram of 18S.26S ribosomal RFLP, based on 16
BamHI and EcoRI fragments in Fig. 2, showing genetic distances
among the species and amphiploids whose code names are listed
in Tables 1 and 2. The amphiploids have clearly originated from a
cross between Leymus mollis and a Triticum species

durum. Regarding the differentiation among the three
amphiploids, the rDNA-RFLP analysis here was comple-
mentary to the mapping data. For example the 3.6-kb
EcoRI fragment, which was observed only in the G- and
U- lines, revealed a restriction site not existing in the

1091

M- line and this could therefore be the site in the Nor-B2
specific to their wheat parent. Taken all the rDNA-
RFLPs together (Fig. 3) the M- and the G-amphiploids
were more related to one another than to the U-line, and
this seems to agree with their morphology.

Discussion
Species origin of the amphiploids

The present study has revealed the Leymus origin of the
amphiploids to be L. mollis, a tetraploid species having
NX genomes, whereas the wheat origin was most likely
a tetraploid wheat having AB genomes, therefore indi-
cating misclassification of the breeding materials, some
of which are germplasm collections. These amphiploids
were presumably derived from crosses made about
40 years ago between Triticum and Leymus (Petrova
1960; Tsitsin 1965). The crosses involved a number
of species including T. aestivum (6x), T. durum (4x),
T. carthlicum (4x), T. dicoccum (4x), T. persicum (4x),
L. arenarius (8x), L. mollis (4x) and L. racemosus (4x,
8x), resulting in several female fertile amphiploids hav-
ing 2n numbers of 56, 70, 84 and 98. The materials
might have been distributed and maintained in different
places, and after so many generations of controlled or
uncontrolled fertilization, only the cross combination
discovered here has survived. A particular cross combi-
nation can be more successful if, for example, the fertili-
ty is efficiently recovered, stability of diploidization is
effective and the genome is not too big to maintain. In-
deed, our meiotic study of new F,; hybrids between Triti-
cum and Leymus has detected bivalent pairing and viable
pollen in the hybrids having L. mollis as a parent, sug-
gesting that they are probably more fertile than those de-
rived from L. arenarius (Anamthawat-Jonsson and
Bddvarsdéttir 1998). Similar hybrids were backcrossed
to wheat (Merker and Lantai 1997), but only the hybrids
deriving from L. mollis successfully set seed. An annual
life form with good seed set may be convenient for
breeders to maintain potential breeding lines.

The methods of FISH used here were effective in
identifying the species origin of chromosomes and dif-
ferentiating similar breeding lines. The genomic in situ
hybridization in particular, detected species-specific se-
guences that were dispersed over the whole genome and
was therefore useful in differentiating between wheat
and Leymus chromosomes in these amphiploids. Such
chromosome painting is indeed an important method for
investigating genome relationships in hybrids and poly-
ploid species (Anamthawat-Jonsson et al. 1996). Meiotic
materials are especially valuable for this purpose, for ex-
ample to identify autosyndetic pairing in L. mollis (the
present study), intergenomic pairing and recombination
in wheatxLeymus hybrids (Anamthawat-Jonsson and
Bddvarsdéttir 1998). The rDNA markers, in contrast to
the genomic probing, are specific as they can differenti-
ate individual Nor-bearing chromosomes and are there-
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fore the key markers in identification of parental species
of amphiploids in the present study. The combination of
genomic and rDNA FISH, especialy if used simulta-
neously, would be a simple and effective way to charac-
terize diverse collections of germplasm materials and
breeding lines correctly.

The genome composition of the wheat x lymegrass
amphiploids

All the amphiploids examined here are stable as
hexaploids (2n=42) consisting of six pairs of Leymus and
15 pairs of wheat chromosomes, without any numerical
variation either within or between plants. No other stable
amphiploids deriving from crosses between Triticum and
Leymus have been described before, athough hybrids
from several cross combinations have been made and
backcrossed to wheat resulting in wheat addition and
substitution lines containing Leymus chromosomal mate-
rial (Dong et al. 1986; Qi et al. 1997). The diploid status
of these lines is also evident as they are fully fertile and
their haploid genome in the backcross progeny consists
exactly of 6 Leymus and 15 wheat chromosomes. This
unique genome composition is probably a result of the
stable replacement of one pair of Leymus chromosomes
by wheat, but which chromosomes are involved can not
be determined at this stage. Such replacement is likely to
be between closely related (homoeologous) chromo-
somes, as only then can the genetic content be comple-
mented. Recent molecular evidence has shown for the
first time the homoeology between Leymus (L. racemo-
sus) chromosomes with those of wheat (Qi et a. 1997).
Homoeologous chromosomes, as shown by comparative
genome mapping across cereal species, are in general
similar in their gene content and gene orders, and this
has been remarkably conserved (Gale and Devos 1998).
The mapping of ribosomal genes has detected appar-
ent differences among these amphiploids in their rIDNA
location and number, indicating that such variation istol-
erated at the genetic level. The number of rDNA sites,
for example, varies from six to ten, including two to four
from wheat and four to six from Leymus (see Table 3),
whereas in the parental species there are six sitesin each.
It is therefore probable that where the genes are lacking
in wheat, those in Leymus compensate, and vice versa.
But such compensation may not even be necessary as it
is known that the cereals have ample excess in the num-
ber of genes required to sustain ribosomal synthesis
(Leitch and Heslop-Harrison 1993). Indeed the ribosom-
a genes in these amphiploids appear to be active essen-
tialy in the wheat loci, as indicated by extended con-
striction and the dispersed in situ pattern of rDNA ex-
pression in interphase nucleoli typical of wheat ribosom-
al genes (Leitch et al. 1992), whereas the Leymus loci do
not form nucleoli. A similar expression of ribosomal
genes has been observed in triticale, whereby the wheat
genes are active but the rye genes are preferentially sup-
pressed (Lacadena et al. 1984), probably due to methyla-

tion (Neves et al. 1995). On the other hand, the expres-
sion of seed storage protein genes from rye is normal or
even enhanced in wheat genetic background (Bittel and
Gustafson 1992). For the wheatxlymegrass amphiploids
described here, it is undoubtedly important to understand
how the different genomes interact to the benefit of the
plants themselves, if they are to be domesticated further.
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