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Abstract The development of alien addition lines is im-
portant both for transferring useful genes from related spe-
cies into common wheat and for studying the relationship
between alien chromosomes and those of whest. Roe-
gneria ciliaris (2n=4x=28, S*SFY°Y°) is reported to be a
potential source of resistance to wheat scab, which may be
useful in wheat improvement. The amphiploid common
whest-R. ciliaris and BC,F; or BC,F, derivatives were
screened by C-banding, genomic in situ hybridization
(GISH), fluorescent in situ hybridization (FISH) and re-
striction fragment length polymorphism (RFLP) for the
presence of R. ciliaris chromatin introgressed into whest.
Six lines were identified as disomic chromosome addi-
tions (DA), one as a ditelosomic addition (Dt), two as
double disomic additions (dDA) and one as a monosomic
chromosome addition (MA). RFLP anaysis using wheat
homoeol ogous group-specific clones indicated that the R.
ciliaris chromosomes involved in these lines belong to
groups 1, 2, 3, 5 and 7. The genomic affinities of the add-
ed R ciliaris chromosomes were determined by FISH
analysis using the repetitive sequence pCbTag4.14 as a
probe. These data suggest that the R. ciliaris chromo-
somes in five lines belong to the S° genome. Based on the
molecular cytogenetic data, the lines are designated as
DA2S#1, Dt2S#1L, DA3S#1l, dDALS#H2+5Y#1,
DASY<#1, DA7S#1, DA7Y#1 and MA?Yc#1. Based on
the present and previous work, 8 of the 14 chromosomes
of R. ciliaris have been transferred into wheat.
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Introduction

Wheat scab, caused by Fusarium graminearum Schw., is
a devastating disease, especially in areas of high temper-
ature and humidity during the flowering period. Several
methods are being utilized to control the disease, among
which the use of scab-resistant varieties is the most eco-
nomic and effective. Among wheat cultivars, Sumai 3
represents the best source of scab resistance and has
been successfully used to develop scab-resistant culti-
vars in breeding programs worldwide (Bai and Shaner
1994, 1996). As aresult, most resistant germplasms have
Sumai 3 in their pedigrees. To broaden the genetic base
of scab resistance, new sources of resistance should be
identified and introgressed into wheat.

Wild relatives of bread wheat (Triticum aestivum L. em.
Thell., 2n=6x=42, AABBDD) provide a useful gene pool
for wheat improvement, and many genes that confer re-
sistance to diseases and pests have been introduced into
wheat by wide hybridization (Friebe et al. 1996). In or-
der to increase the diversity for scab-resistance genes,
(Liu et al. 1990) screened 14 wheat relatives from 11
genera by single-floret inoculation; Roegneria ciliaris
(Trin.) Nevski [syn. Agropyron ciliare (Trin) Franchet,
syn. Elymus ciliaris (Trin) Tzvelev], R. kamoji (Trin.)
Nevski (syn. Elymus tsukushiense Honda) and Leymus
racemosus Lam (syn. Elymus giganteus L.) were found
to have high levels of resistance to scab spread. Ban
(1997) found that several indigenous Japanese Agropy-
ron (Elymus) species also had high levels of resistance to
wheat scab. One of the scab-resistant species, Roegneria
ciliaris (2n=4x=28, StSEYcYC) is a perennia tetraploid
species distributed mainly throughout Asia and is well
adapted to high-humidity environments. Sharma and Gill
(1983) obtained a R. ciliaris-T. aestivum alloplasmic hy-
brid with R. ciliaris cytoplasm. Jiang et al. (1992, 1993)
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attempted to produce a set of chromosome addition lines
but, because of the alloplasmic condition, only chromo-
somes 1S#1 and 1Yc<#1, with fertility restoration (Rf)
genes, were recovered. The 1S#1 and 1Y<#1 chromo-
some addition lines were susceptible to scab.

Until now, the homoeology and the genome affinity
of R. ciliaris chromosomes have not been established ex-
cept for chromosomes 1S°#1 and 1Y#1. Muramatsu et
al. (1983) produced an aloplasmic wheat-R. ciliaris
amphiploid. In order to avoid aloplasmic effects, they
used T. aestivum cv. Chinese Spring (CS) as a female
parent and crossed it with the amphiploid to obtain eu-
plasmic progenies. This crossing scheme enabled the re-
covery of R. ciliaris chromosomes other than 1S°#1 and
1Y<#1. Wang et al. (1997) identified two addition lines
among the euplasmic progenies by chromosome C-band-
ing. In the present paper, we report the identification and
molecular cytogenetic characterization of euplasmic
wheat-R. ciliaris chromosome addition lines.

Materials and methods

Plant materials

Wheat var. Chinese Spring (CS) was crossed with a Triticum aes-
tivum cv. Inayama komugi (Ik)-R. ciliaris amphiploid (Kansas
State University accession number TA3427). Based on chromo-
some number, plant morphology and meiotic chromosome pairing,
16 BC,F; and BC,F; derivatives were chosen for C-banding, ge-
nomic in situ hybridization (GISH), fluorescent in situ hybridiza-
tion (FISH) and restriction fragment length polymorphism (RFLP)
analyses. Two accessions of Roegneria ciliaris (TA12245 and
TA12254) and the wheat cultivars Ik and CS were used as con-
trols. TA3427, TA12245, TA12254 CS and |k are maintained at
the Wheat Genetics Resources Center, Kansas State University,
Manhattan, Kansas, USA.

Chromosome identification was according to Gill and Kimber
(1974) and Gill BS et a. (1991). Clones pChTag4.14 and
pPITag2.5 were isolated originally from Critesion bogdanii
(Wilensky) A. Love (2n=2x=14, HH) and Pseudoroegneria liban-
otica (Hackle) D. R. Dewey (2n=2x=14, SS). The insert sizes of
the two clones were 0.8 kb and 0.4 kb, respectively, The fragments
were ligated to Accl-digested pUC18 and cloned in Escherichia
coli RR1 (Gill et a. 1988). Genomic DNA of R. ciliaris and the
two repetitive-sequence clones were used as probes in GISH and
FISH experiments following the protocol of Jiang and Gill (1994).

RFLP analysis was used to determine the homoeologous rela-
tionships of the added R. ciliaris chromosomes. DNA was isolated
from leaf tissue and digested with restriction enzymes (EcoRl,
Hindlll, Dral, EcoRV and Alul). DNA isolation, electrophoresis,
Southern blotting, hybridization and washing were performed as
described by Faris et al. (2000).

Low-copy RFLP clones located on the seven homoeologous
groups of wheat were selected from barley (Hordeum vulgare L.)
cDNA (BCD), oat (Avena sativa L.) cDNA (CDO) and wheat ge-
nomic DNA (WG, KSU, and PSR) libraries. The clones have been
described by Heun et al. (1991) (BCD, CDO and WG); Gill KS et
a. (1991) (KSU) and Devos and Gale (1993) (PSR). Clones were
kindly supplied by M.E. Sorrells (Cornell University, Ithaca, N.Y.)
(BCD, CDO and WG) and M.D. Gale (John Innes Centre, Nor-
wich, UK) (PSR).

The nomenclature of R. ciliaris chromosomes was according to
Raupp et a. (1995).

Results

Characterization of the alloplasmic amphiploid
of wheat-R. ciliaris

GISH analysis revealed the presence of 14 pairs of R.
ciliaris chromosomes in the Ik-R. ciliaris amphiploid.
Although many of the R. ciliaris chromosomes have dis-
tinct C-band patterns that allow their identification, some
of them have C-band patterns similar to those of wheat
making their identification difficult. C-banding and
GISH analysis were used in combination for unambigu-
ous chromosome identification. Some of the R. ciliaris
chromosomes present in the amphiploid showed C-band-
ing polymorphism comparable with those of the R. cili-
aris accession analyzed by Jiang et a. (1993).

Forty-two clones that detect loci distributed on the
seven wheat homoeologous groups were selected for
RFLP analysis, and 34 were polymorphic between wheat
and R. ciliaris (Table 1). Only a few polymorphisms be-
tween |k and CS were observed. No polymorphism was
found in the accession of R. ciliaris used in the amphi-
ploid and the accessions TA12245 and TA12254. Clones
that detect polymorphisms between wheat and R. ciliaris
were further used to characterize the R. ciliaris introgres-
sion lines.

Clones pCbTag4.14 and pPITag2.5 were used as
probes in FISH analysis to determine the genome affini-
ties of the added R. ciliaris chromosomes. Jiang et al.
(1994) observed that clone pChTag4.14 was specific on-
ly to some H-genome species but hybridized to six pairs
of S-genome chromosomes in Pseudoroegneria spicata
(Pursh) A. Léve. In our study, FISH analysis using pCb-
Tag4.14 as a probe detected no hybridization sites on any
of the wheat chromosome of cvs. CS and Ik. However,
the probe detected FISH sites on seven chromosome
pairs in R. ciliaris (TA12245 and TA12254) and in the
wheat-R. ciliaris amphiploid (Fig. 1). Because this probe
can hybridize to six pairs of P. spicata chromosomes, the
chromosomes detected in the amphiploid most likely be-
long to the S¢ genome.

Clone pPITag2.5 was used for FISH anaysis on
wheat, R. ciliaris and the wheat-R. ciliaris amphiploid.
Twelve pairs of R. ciliaris chromosomes had pPlTag2.5
FISH sites. Thus, this clone does not differentiate be-
tween S¢- and Y ¢-genome chromosomes.

Characterization of wheat-R. ciliarisintrogression lines

Chromosome C-banding and GISH analysis were used to
identify the added R. ciliaris chromosomes; RFLP and
FISH were used to determine the homoeologous group
and genome affinity of the added chromosomes. On the
basis of the plant morphology of the backcross deriva-
tives and molecular cytogenetics analyses, the following
lines were identified.

Disomic addition line (DA) DA2S#1 and ditelosomic
addition line (Dt) Dt2S*#1L
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Fig. 1 FISH patterns of the amphiploid T. aestivum-R. ciliaris us-
ing pCbTag4.14 as a probe
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Fig. 2 C-banding, GISH and FISH patterns of R. ciliaris chromo-
somes added to wheat. 1S#2 Lines 99-1514, 99-1515, 2S5#1 line
99-1506, 23#1L line 99-1511, 3S#1 line 99-1518, 7S#1 line
99-1507, 5Y¢#1 line 99-1512, 7Y#1 lines 99-1503, 99-1520,
?Y#1 line 99-1521

GISH showed that one pair of metacentric and one pair
of telocentric chromosomes were present in lines
99-1506 (2n=44) and 99-1511 (2n=42+2t), respectively.
The R. ciliaris chromosomes in 99-1506 have a small
telomeric band and a large proximal band in the short
arm, and a proximal and a telomeric band in the long
arm (Figs. 2, 3). RFLP analysis using group 2-specific
clones identified the added R. ciliaris chromosomes in
line 99-1506 as belonging to homoeologous group 2
(Table 1). On the basis of Fig. 2 and Table 1, we identi-
fied the added telosome in line 99-1511 as the long arm
of the R. ciliaris chromosome present in line 99-1506.
Spikes of line 99-1506 have tenacious glumes, which is
a group-2 short arm marker, whereas those of the line
99-1511 are free-threshing (Fig. 4). FISH analysis with
clone pCbTag4.14 revealed the presence of hybridization
sites on the added R. ciliaris chromosome in line
99-1506, suggesting that this chromosome belongs to
the S¢ genome. Thus, lines 99-1505 and 99-1511 were
designated as DA2S#1 and Dt2Se#1L, respectively.

Fig. 3 C-banded mitotic metaphase of disomic chromosome addi-
tion line DA2S#1 (99-1506). The two 2S%#1 chromosomesare in-
dicated by the arrows

Disomic addition line DA3S#1

Line 99-1518 was identified as a disomic addition line
(2n=44) by GISH analysis. The R. ciliaris chromosomes
are submetacentric and have proximal and telomeric C-
bands in both arms (Fig. 2). The added R. ciliaris chro-
mosomes in this line were found to be homoeol ogous to
group-3 chromosomes by RFLP analysis (Table 1). FISH
analysis using pChTag4.14 as a probe detected signals
on the alien chromosome. Therefore, this line was desig-
nated as DA3S#1. Spikes of this line are awned. Be-
cause neither the amphiploid nor CS has long awns this
trait islikely the result of outcrossing.

Disomic addition line DA5Y ¢#1 and double
disomic addition line (ADA) dDA1S#2+5Y ¢#1

GISH analysis revealed the presence of a pair of acro-
centric R. ciliaris chromosomes in line 99-1512
(2n=44). Two pairs of R. ciliaris chromosomes were
identified in lines 99-1514 and 99-1515 by GISH; one
chromosome pair is acrocentric and the other is metacen-
tric.

The acrocentric alien chromosomes in lines 99-1512,
99-1514 and 99-1515 have the same C-banding pattern
with a telomeric and an intercalary C-band in the short
arm and a proximal band in the long arm. Another pair
of chromosomes present in 99-1514 and 99-1515 have a
C-banding pattern similar to that of the 1S%#1 chromo-
some recovered by Jiang et a. (1993). According to
these results, line 99-1512 was identified as a disomic
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Fig. 4 Spike morphology of wheat-R. ciliaris addition lines. From
left to right: R. ciliaris, Inayama komugi, Ik-R. ciliaris amphi-
ploid, CS, dDA1S#2+5Yc#1 (99-1514, 99-1515), DA2S#1
(99-1506), Dt2S#1L) (99-1511), DA3S#1 (99-1518), DA7S#1
(99-1507), DALY c#1 (99-1512), DA7Y#1 (99-1503, 99-1520),
MA?Y °#1 (99-1521)
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Fig. 5a, b RFLP analysis of wheat-R. ciliaris addition lines. a
Dral-digested DNA probed with group 5S-specific clone
BCD1871: 1 Ik-R. ciliaris amphiploid, 2 CS, 3 1k, 4, 5 R. ciliaris,
6, 7 dDAL1S#H2+5Yc#1l (99-1514, 99-1515), 10 DAS5Yc<#1
(99-1512). b EcoRI-digested DNA probed with group 1L-specific
clone BCD371: 1 k- R. ciliaris amphiploid, 2 CS, 3 Ik, 4 R. cili-
aris, 6, 8: dDA1S#2+5Y c#1 (99-1514 and 99-1515). Arrowheads
Polymorphic bands

addition line. Lines 99-1514 and 99-1515 are identical
and were identified as double disomic addition lines
(Fig. 2). The spikes of all these lines are lax (Fig. 4),
which istypical for group-5 chromosome addition lines.

RFLP anaysis using group-5-specific clones reveded
that the R. ciliaris chromosomes common to lines
99-1512, 99-1514 and 99-1515 belong to group 5 (Fig. 5,
Table 1). The other pair of R. ciliaris chromosomes present
in lines 99-1514 and 99-1515 were group-1 chromosomes
according to RFLP analysis using group-1-specific clones
(Fig. 5, Table 1). Only one pair of R. ciliaris chromosomes
in lines 99-1514 and 99-1515 was labeled, and no FISH
sites were detected on any chromosome in line 99-1512.
The common chromosome added in these three lines is
5Y<#1, and the other pair of R. ciliaris chromosomes pres-
ent in the double disomic addition linesis 1S*#2.
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Disomic addition line DA7S%#1
and disomic addition line DA7Y c#1

GISH and C-banding identified lines 99-1507, 99-1503
and 99-1520 as disomic additions (2n = 44). The added
R. ciliaris chromosomes present in line 99-1507 have a
unique C-banding pattern, with a subtelomeric and a
telomeric band in the short arm The added R. ciliaris
chromosomes in lines 99-1503 and 99-1520 are sub-
metacentric and have interstitial C-bands in both arms
and alarge telomeric C-band in the long arm (Fig 2).

RFLP analysis using group-7 clones revealed that the
R. ciliaris chromosomes present in lines 99-1507,
99-1503 and 99-1520 belong to homoeol ogous group 7.
However, clones KSUD2, PSR311 and PSR690 mapped
only on the R. ciliaris chromosomes present in lines
99-1503 and 99-1520. The FISH signal of clone pCb-
Tag4.14 was detected only in line 99-1507. The R. cili-
aris chromosome pair in line 99-1507 is 7S°#1, and the
added chromosome pair in lines 99-1503 and 99-1520 is
7YH1. Clone WG669 was genetically mapped on the
short arm of wheat chromosome 4D but physically locat-
ed on wheat chromosome 7D (Nelson et al. 1995; Boyko
et al. 1999). In the present study, WG669 was |located on
the R. ciliaris chromosome 7Y ¢#1. Therefore, WG669 is
more likely a group-7-specific clone. The spikes of both
lines DA 7S#1 and DA 7Y°<#1 are awned, which is also
likely the result of outcrossing.

Monosomic addition (MA) line MA?Y c#1

The somatic chromosome number of line 99-1521 was
determined to be 2n=43. GISH and C-banding analysis
identified this line as a monosomic addition line. The R.
ciliaris chromosome added has a telomeric C-band in the
short arm (Fig. 2). No polymorphism was found with
any of the RFLP probes used in this study (Table 1). No
pChTag4.14 FISH signal was detected on this chromo-
some, indicating it belongs to the Yc¢-genome. Further
work is necessary to determine the homeology of the
added R. ciliaris chromosome in thisline.

Discussion

Combined C-banding, GISH, FISH and RFLP analyses
identified ten lines that represented eight R. ciliaris chro-
mosome additions designated as DA7Y<#1l, DA2S#1,
DA7S#1, DA2S#1L, DASY<#1, DAILS#2+5Y#],
DA3S#1 and MA?Y c#l.

Sharma and Gill (1983) initiated hybridization be-
tween R. ciliaris and wheat to investigate the polyploid
nature and genome evolution in the genus Elymus, to un-
derstand the genetic relationships of the S¢ and Y ¢ geno-
mes of Elymus with those of wheat and to introgress dis-
ease-resistance genes from Elymus into wheat. However,
because of the incompatibility between the cytoplasm of
R. ciliaris and the nucleus of wheat, plants without
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Table 2 RFLP markerslocated

on R. ciliaris chromosomes Line no.

Chromosome constitution

Mapped markers

(Accession numbers)

99-1506
99-1511
99-1518

99-1507

99-1512

99-1514 & 99-1515

99-1503 & 1520

DA2S#1 (NAUB01=TA7705)
Dt2S#1L (NAU802=TA7711)
DA3S#1 (NAU8B03=TA7706)

DA7S#1 (NAUSD4=TA7707)
DAS5Y<#1 (NAUS05=TA7708)
dDA1S#2+5Y c#1 (NAUB21=TA7710)

DA7Y<#1 (NAU8BO6=TA7709)

PSR109-2S, PSR388-2L
PSR388-2L

PSR598-3S, PSR480-3S,
PSR123-3S, PSR116-3L,
PSR156-3L, PSR903-3L

BCD349-7S, BCD385-7S

BCD1871-5S, PSR128-5L,
PSR115-5L

BCD1871-5S, PSR128-5L,
PSR115-5L, BCD371-1L

BCD349-7S, BCD385-7S,
CDO669-7S,KSUD2-7L,
PSR311-7L, PSR690-7L

1S#1 or 1Y#1 had reduced vigor or were sterile. Thus,
only chromosomes 1S*#1 or 1Y#1 with the Rf genes
were recovered as chromosome addition lines. In the
present study, we used the R. ciliaris-T. aestivum amphi-
ploid as the male parent in a backcross scheme, which
allows the recovery of not only 1S*#1 and 1Y<#1, but
also other R. ciliaris chromosomes without Rf genes in
an euplasmatic background.

Although an effort was made to produce a complete
set of euplasmic wheat-R. ciliaris addition lines, only
eight different introgression lines were obtained in the
present study. Low transmission frequency of some of
the alien chromosomes probably makes their recovery
difficult.

Morris and Gill (1987) attempted to differentiate the
Se- and Yc-genome chromosomes based on the N- and
C-banding patterns of R. ciliaris and diploid S- genome
species. Svitashev et al. (1998) reported several RAPD
primers that were S- or Y-genome specific. The Y-ge-
nome donor of Roegneria species is unknown. Differen-
tiation between the St- and Y ¢-genome chromosomes by
GISH is difficult because no competitor DNA is avail-
able.

A number of repetitive sequences are genome-specif-
ic and have been used to determine the genome affinity
of certain chromosomes (Rayburn and Gill 1985; Gill et
al. 1988; Tsujimoto and Gill 1991; Jiang et al. 1994,
Dvorak and Dubcovsky 1996; Tsujimoto et al. 1997;
Svitashev et al. 1998; Nagaki et al. 1998). In the present
study, the genome specificity of clone pCbTag4.14 was
confirmed by FISH analysis on the DA1S*#1 and
DA1Y#1 lines produced by Jiang et al. (1993). FISH
sites of clone pCbTAQ4.14 were detected only on chro-
mosome 1S#2, confirming that this probe is S*-genome-
specific. In the present study, three St-genome chromo-
somes and two Y ¢-genome chromosomes were identified
by FISH analysis of the wheat-R. ciliaris addition lines.
RFLP analysis using pCbTAQ4.14 as probe indicated
that signals were only detected in lines containing S¢-ge-
nome chromosomes. RFLP analysis with pPITAQ2.5 as
a probe detected hybridization signalsin lines DATY c#1,

DA7S#1, DASY#1 and dDA1S#2+5YC#1 but not in
line DA3S#1.

Eighteen molecular markers were located on specific
R. ciliaris chromosomes (Table 2). These markers can be
used in further research as molecular markers to screen
for useful gene(s) located on the corresponding chromo-
somes. Clones KSUG53-3L, PSR170-5S showed poly-
morphism between wheat and R. ciliaris, but DA3S#1,
DASY<#1, and dDA1S#1+5Y ¢#1 produced no polymor-
phic bands. Therefore, these latter clones should be
located on chromosomes 3Y¢#1 and 5S#1 of R. ciliar-
is, respectively. When we used clones PSR152-7S,
CDO595-7S and CDO686—7L as probes, wheat and R.
ciliaris showed polymorphism, but neither line DA7S#1
nor DATY c#1 showed the polymorphic bands. It is likely
that the homologous sequences of these clones are locat-
ed on other R. ciliaris chromosomes that were not recov-
ered in the present study. None of the clones used were
located on the R. ciliaris chromosome in line MA?Y ¢#1.
C-banding pattern of this chromosome was different from
that of 1Y<#1. More markers belonging to group 2, 3, 4
and 6 should be used in further research for determining
the homoeologous relationship of this chromosome.

In addition to characterizing the R. ciliaris chromo-
somes, our second objective was to transfer useful genes
of R. ciliarisinto wheat. R. ciliarisis a useful source for
genes for resistance to wheat scab. The 1S%#1 and 1Y ¢#1
alloplasmic addition lines were tested for 2 years in the
field for their resistance to scab. Both lines were found
to be susceptible, indicating that these two chromosomes
do not carry scab-resistance genes (Wang et a. unpub-
lished). We are currently screening the materials identi-
fied in the present study for their scab resistance.
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