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Abstract Whether the two tetraploid wheat species, the
well known Triticum turgidum L. (macaroni wheat,
AABB genomes) and the obscure T. timopheevii Zhuk.
(A'A'GG), have monophyletic or diphyletic origin from
the same or different diploid species presents an interest-
ing evolutionary problem. Moreover, T. timopheevii and
its wild form T. araraticum are an important genetic
resource for macaroni and bread-wheat improvement.
To study these objectives, the substitution and genetic
compensation abilities of individual T. timopheevii chro-
mosomes for missing chromosomes of T. aestivum
‘Chinese Spring’ (AABBDD) were analyzed. ‘Chinese
Spring’ aneuploids (nullisomic-tetrasomics) were cross-
ed with a T. timopheevii x Aegilops tauschii amphiploid
to isolate T timopheevii chromosomes in a monosomic
condition. The F, hybrids were backcrossed one to four
times to Chinese Spring aneuploids without selection for
the T. timopheevii chromosome of interest. While spon-
taneous substitutions involving all A~ and G-genome
chromosomes were identified, the targeted T. timopheevii
chromosome was not always recovered. Lines with
spontaneous substitutions from T, timopheevii were
chosen for further backcrossing. Six T. timopheevii chro-
mosome substitutions were isolated: 6A' (6A), 2G (2B),
3G (3B), 4G (4B), 5G (5B) and 6G (6B). The substitution
lines had normal morphology and fertility. The 6A" of T.
timopheevii was involved in a translocation with chro-

Communicated by G. Wengzel

G. L. Brown-Guedira! - E. D. Badaeva? « B. S. Gill(X)
Department of Plant Pathology, Throckmorton Hall, Kansas State
University, Manhattan, KS 66506, USA

T.S. Cox
USDA-ARS, Agronomy Dept., Throckmorton Hall, Kansas State
University, Manhattan, KS 66506, USA

Present addresses:

' USDA-ARS, Plant Physiology and Genetics Research Unit, Uni-
versity of Illinois, Urbana, IL 61801, USA

?Englehart Institute of Molecular Biology, Russian Academy of
Sciences, Moscow 11784, Russia

mosome 1@, resulting in the transfer of the group-1
gliadin locus to 6A". Chromosome 2G substituted for 2B
at a frequency higher than expected and may carry
putative homoeoalleles of gametocidal genes present on
group-2 chromosomes of several alien species. Our data
indicate a common origin for tetraploid wheat species,
but from separate hybridization events because of the
presence of a different spectrum of intergenomic translo-
cations.

Abstract Triticum timopheevii » Triticum aestivum
Chromosome substitution - C-banding

Introduction

Triticum timopheevii Zhuk. is a tetraploid wheat having
the A and G genomes, which are closely related to the A
and B genomes of emmer and durum wheat (T, turgidum
L) and common wheat (T. aestivum L.). T. timopheevii
was discovered in western Georgia by P.M. Zhukovskyi
and shown to be a separate species from tetraploid
emmer wheat. Although T. timopheevii is morpho-
logically similar to T. turgidum, it crosses poorly with it
and has a distinct karyotype (Badaeva et al. 1986; Gill
and Chen 1987; Jiang and Gill 1994). T. monococcum L.
ssp. urartu is generally accepted as the donor of the A'
and A genomes of T. timopheevii and T. turgidum, re-
spectively (Dvorak et al. 1993). The B and G genomes
are proposed to have originated from an S-genome
species, either Aegilops speltoides or a closely related
ancestral form (Sarkar and Stebbins 1956; Jaaska 1978;
Chen and Gill 1983; Ogihara and Tsunewaki 1988).
The phylogeny of T timopheevii has been a matter of
some debate. Two hypotheses about the origin of the
species in relation to wheat have been proposed. Ac-
cording to the monophyletic-origin hypothesis, T. tim-
opheeviiand T. turgidum originated from a single hybrid-
ization event, then diverged due to chromosomal rear-
rangements or introgressive hybridization with an un-
known diploid species (Gill and Chen 1987). The
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diphyletic-origin hypothesis suggests that T. timopheevii
and T turgidum resulted from separate hybridization
events. The diphyletic hypothesis is supported by the
presence of different species-specific chromosome trans-
locations in the two species (Jiang and Gill 1994). In
addition, a cytoplasm type has been identified in A.
speltoides that corresponds to the cytoplasm of T. tim-
opheevii. No cytoplasm identical to that of T. turgidum
has been identified in A. speltoides (Ogihara and
Tsunewaki 1988; Tsunewaki 1995).

The assignment of individual A'- and G-genome
chromosomes to homoeologous groups has been based
on the similarity of chromosome banding patterns
(Badaeva et al. 1986; Gill and Chen 1987), chromosome
pairing in interspecific hybrids with wheat (Gill and
Chen 1987), and compensating ability in spontaneous
substitution lines (Badaeva et al. 1991; Gill et al. 1988).

Gyarfus (1968) produced a Sr37 stem-rust-resistant
hexaploid derivative from a cross of T. aestivum/T. tim-
opheevii identified as a disomic 4G (4B) substitution by
Dvorak (1983). Lines with chromosome 6G of T. tim-
opheevii substituted for chromosomes 6A, 6B, and 6D of
Chinese Spring wheat were produced by E.R. Sears
(Shepherd and Islam 1988). Badaeva et al. (1991) de-
scribed the C-banding karyotypes of hexaploid BC,F,
lines derived from crosses between three different T
timopheevii accessions and three hexaploid wheat cul-
tivars. Chromosomes present as single disomic substitu-
tions were 1AY, 5G, 6G, and 7G. Lines with a substitu-
tion of chromosomes of the wild form of timopheevi
wheat, T. timopheevii var. araraticum(syn. T. araraticum),
in a winter wheat background were produced by Gill
et al. (1988) and Badaeva and Gill (1995). Chromosomes
2G and 6G were recovered as single disomic substitu-
tions. The array and frequency of substitutions in these
lines differed from that observed by Badaeva etal
(1991),indicating that parental genotypes may influence
the pattern of chromosome substitutions.

All of the above-mentioned substitution lines were
derived after one or two backcrosses to the wheat parent,
with perhaps the exception of those lines produced by
Sears. Development of a set of chromosome substitution
lines in an isogenic background, and their molecular
marker analysis, would be useful in the cytogenetic
identification of individual chromosomes of T. timopheevii.
Thus, the objectives of the present study were to isolate
T. timopheevii chromosome substitution lines in a
Chinese Spring background using two different ap-
proaches. The results of both approaches are pre-sented
along with descriptions of the substitution lines obtained.

Material and methods

Plant material

An amphiploid of T. timopheevii-A. tauschii [ genetically A'A'GGDD;
Kansas State University Wheat Genetics Resource Center (WGRC)
accession number TA 3432] was selected for crossing. The amphip-

loid was produced by E. R. Sears (University of Missouri) and seeds
were supplied to the WGRC by S.S. Maan (North Dakota State
University). Chinese Spring stocks used for crossing included nul-
lisomic-tetrasomic (NT), monosomic (M), and monotelosomic (MT)
lines (Sears 1954, 1966; Sears and Sears 1978).

Crossing scheme 1 used for the development of a 6A(6A) substitu-
tion line is illustrated in Fig. 1a. It was designed to ensure that there
was no recombination between the targeted T timopheevii chromo-
some and its wheat homoeologue. It was used in an attempt to
develop T timopheevii substitutions for wheat chromosomes 1A, 3A,
5A, 6A, 1B, 3B, 4B, and 7B. TA 3432 was initially crossed as a male
with the Chinese Spring nullisomic-tetrasomic lines: nullilA-tetral D
(N1ATID), N3AT3D, N5ATSD, N6AT6D, N1BT1D, N3BT3D,
N4BT4D (derived from M4BT4D) and N7BT7D. Each cross combi-
nation was then backcrossed to the appropriate Chinese Spring NT
from one to four times without selection. C-banding was done on F,
or F; plants of random BC,, BC,, BC;, or BC, families. N-banding
was done on the progeny of lines selected for further crossing, and
plants carrying T. timopheevii-chromosome substitutions were back-
crossed to the appropriate monotelosomic or monosomic as a male. If
plants were not male fertile, they were crossed as a female with a NT
line. Lines were backcrossed to the appropriate Chinese Spring stock
up to five additional times with selection for the targeted T. tim-
opheevii chromosome done by N-banding or C-banding analysis after
each backcross. Monosomic substitution lines were then selfed to
obtain disomic substitution lines.

Crossing scheme 2 for the isolation of the 4G(4B) substitution line
is shown in Fig. 1 b. This approach did not exclude the possibility of
recombination between the targeted T. timopheevii chromosome and
its wheat homoeologue. The BC; progeny of crosses between
NIATI1D and N1BT1D with TA 3432 were highly fertile, particularly
in the case of the cross combination NIATID *2/TA 3432. Lines
derived from these crosses that had 2G (2B), 4G(4B), modified 5G
(5B), and 6G (6B) substitutions were selected for backcrossing to the
appropriate Chinese Spring monosomic or monotelosomic lines, as
described above. A BC,-derived line from the cross between
N6AT6D and TA 3432 with 2G (2B) and 3G (3B) substitutions was
backcrossed to MT3BL to produce the 3G(3B) substitution line.

Cytogenetic and protein analysis

The N- and C-banding techniques described by Endo and Gill (1984)
and Gill et al. (1991) were used for chromosome identification. The
identification of T. timopheevii chromosomes was according to the
nomenclature of Badaeva et al. (1991). Gliadin electrophoresis pat-
terns of substitution lines were analyzed after the extraction of gliadin
proteins using the method described by Morris et al. (1990). Separ-
ation of proteins by electrophoresis was on vertical-slab polyacrylam-
ide gels, according to Lookhart et al. (1986). Proteins were visualized
by staining in a 6.25% trichloracetic acid — 0.3% Coomassie blue
solution.

Extraction of protein for acid phosphatase (ACPH) isozyme
analysis was done by grinding 0.1 g of leaf tissue in 0.5 m1 of extraction
buffer (Carlson 1972)in a chilled mortar. Crude extract was employed
for electrophoresis. Polyacrylamide gels were prepared according to
the method of Laemmli (1970) except that no SDS was used. Gels were
run in a 4°C-cooler for 30 min at 50 V then for 1.5 h at 100 V. Staining
for enzymatic activity was according to Hart and Langston (1977).

Results

The C-banded A'-and G-genome chromosomes in TA
3432, the T. timopheevii- A. tauschii amphiploid, are simi-
lar to the standard karyotype of T. timopheevii, indica-
ting that there have been no major modifications of
these genomes in the amphiploid (Badaeva et al. 1994).
The T. timopheevii and A. tauschii accessions used to
synthesize the amphiploid are not known.



a CROSSING SCHEME 1

Chinese Spring

Amphidiploid
NBA-T6D X

19" + 1" 6D (6A) Atalcepd
21"
F4 hybrid X Chinese Spring
19"+ 1' 6AL (6A) + 1" 6D . Nif,‘.fg%D oA
male sterile * (6A)

Backcross 1 - 4 times

N

Chinese Spring X BC, derivative

Monosomic 6A

20" +1'6A l

Continue backerossing to monosomic 6A
selecting 20" + 1' 6Al (6A) at each generation

self

v

Select 20" + 1" 6A! (6A)

male fertile

C-banding analysis was done on 88 F, and I,
progeny of BC,-, BC,-. BC;-, and BC,-derived lines
from crosses between TA 3432 and Chinese Spring NT
stocks. Substitutions involving all A'-genome and G-
genome chromosomes were identified. Most of these
lines had multiple substitutions. Three of the T. tim-
opheevii chromosomes identified had been modified. A
modified chromosome 1G was found to substitute for
chromosome 1B in crosses between N1BT1D rand TA
3432. A deletion of part of the terminal euchromatic
region of the short arm of chromosome 1G was noted in
six plants from this cross. One plant derived from the
cross N6AT6D*2/TA 3432 had one normal chromo-
some 7A and a recombinant chromosome 7A'S:-7AL.
Two rearranged 7A chromosomes were detected in the
progeny of a plant heterozygous for chromosomes 7A
and 7A". In a single plant, a recombinant chromosome
7A having a proximal N-band in the short arm, transfer-
red from chromosome 7A'S, as well as a recombinant
7AS-7A'L were identified (Fig. 2). The 5G chromosome
identified in plants from the cross N1IAT1D*2/TA 3432
had lost the terminal C-band in the long arm (Fig. 2).
One BC,-derived line from the same lineage had a 5B
chromosome with a telomeric C-band in the long arm
(Fig. 2) indicating that the terminal C-band of SGL was
transferred to 5BL.

The number of different types of substitutions in each
cross combination decreased as the number of backcrosses
to wheat increased. In general, A'-genome chromosomes
substituted for their A-genome counterparts, while G-
genome chromosomes substituted for their B-genome ho-
moeologues. Exceptions to this were 3G (3A) and 1A' (1D)

T. timopheevii-T. tauschii

19" + 1' 6At (6A) + 1" 6D
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b CROSSING SCHEME 2
Chinese Spring Amphidiploid
N1A-TiD X T. timopheevii-T. tauschii
19" + 1" 1D (1A} Atalaepd
21"
F4 hybrid X Chinese Spring
N1A-T1D
AABGDD "y qm
male sterile 19"+ 11D (1A)
Male fertile BC4
A(AAt1~7}B(BG1-7)DD
self
Chinese Spring X Selection of plants with 4G (
Monotelosomic 4BS substitution by C-banding an¢
20" +1'4BS l

Continue backcrossing to monotelosomic 4BS
selecting 20" + 1' 4G (4B) at each generation

seif

Fig. 1a,b Crossing schemes used for producing lines with T. tim-
opheevii chromosome substitutions in ‘Chinese Spring’. a Crossing
scheme 1, with the method for the isolation of a disomic 6A" (6A)
substitution line shown as an example. b Crossing scheme 2, with the
method used for the isolation of a disomic 4G(4B) substitution line
shown as an example

Fig.2a,b C- and N-banding karyotypes of T. timopheevii chromo-
somes, wheat chromosomes, and recombinant T timopheevii-wheat
chromosomes. a N-banded chromosomes: I 7A; 2 7AY; 3 modified
TAL without a telomeric band; 4 recombinant 7AS with proximal
N-band of 7A'S. b C-banded chromosomes: I 5B; 2 5G; 3 modified
SGL without telomeric C-band; 4 recombinant 5BL with the
telomeric C-band of SGL
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substitutions. Substitutions of G-genome chromosomes
for the respective B-genome homoeologue were detected
more frequently than A' (A) substitutions.

The frequency of substitution differed for different
chromosomes. By far the most frequently detected substi-
tution was 2G (2B), which was found in 60 of 88 plants
derived from all cross combinations. Other chromosomes
frequently substituted were 1A (23 plants), 3A (22 plants),
7B (20 plantsyand 5B (17 plants). Chromosomes that were
rarely substituted were 3B (5 plants) and 7A (2 plants).

Although substitutions involving all T. timopheevii
chromosomes were identified in backcross-derived lines,
the targeted T. timopheevii chromosomes were not main-
tained in several cross combinations. For example, in
backcrosses of TA 3432 to N3BT3D, chromosome 3G
was the targeted chromosome of T. timopheevii. How-
ever, chromosome 3G was not identified in lines that had
been backcrossed three times to N3BT3D. Substitutions
involving the targeted T. timopheevii chromosomes were
1A'(1A), 5AY(5A), 6A'(6A), and a modified 1G(1B). Chro-
mosomes that were not maintained during backcrossing
to the appropriate NT included 3A", 7A", 3G, 4G and 7G.

Lines with chromosomes 6A", 2G, 3G, 4G, 5G and
6G were selected from crosses of TA 3432 with NT
stocks for further backcrossing. A 6AY(6A) substitution
line was developed via crossing scheme 1, whereas sub-
stitutions of G-genome chromosomes for their B-
genome counterparts were developed using crossing
scheme 2. Only those lines that have been backcrossed to
Chinese Spring at least five times, and/or have only one or
two T. timopheevii chromosomes, are described further.

6A'(6A) substitution line

Chromosome 6A' is involved in a species-specific cyclic
translocation with chromosomes 1G and 4G (Jiang and
Gill 1994). As a result of this translocation, part of the
short arm of chromosome 1G, including the heterochro-
matic nucleolus-organizer region and the satellite, was
transferred to chromosome 6A' (Fig. 3). Though chro-
mosome 6A" has been significantly modified, it compen-
sated for chromosome 6A in substitution lines. Mono-
somic 6A'(6A) substitution lines were fertile and used as
males for backcrossing. Male transmission of 6A" in
monosomic substitution lines was 33%. After five back-
crosses to wheat, 6A(6A) substitutions were recovered
only in conjunction with T. timopheevii chromosome 3G.
The 6A'(6A) substitution lines were vigorous, though
shorter than normal Chinese Spring. A 6A'S telosomic
chromosome substituting for chromosome 6A was
identified among the selfed progeny of the monosomic
6A'(6A) substitution line (Fig. 3).

Chromosome 6A of wheat has a locus on the short
arm, Gli-A2, that encodes a gliadin protein sub-units
that were absent in the 6A'(6A) substitution line (Fig 4).
Additional gliadin bands were present in the substitu-
tion line that migrated in the region of gliadins encoded
by the locus Gli-BI of wheat, which maps distal to the
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Fig. 3 C-banded karyotype of the A'- and G-genome chromosomes
and telosomes of T. timopheevii substitutions and additions. The
arrow indicates the loss of a telomeric C-band in the long arm of
chromosome 5G
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Fig. 4a,b Storage proteins and isozymes of T. timopheevii chromo-
some substitutions. a Gliadin electrophoresis patterns of Chinese
Spring (lanes 1 and 5), disomic substitution 6A' (6A) heterozygous
3G(3B)(lane 2), T. timopheevii-A. tauschii amphiploid (lane 3), disomic
substitution 6G(6B) heterozygous 2G(2B) (lane 4). Arrowheads indi-
cate proteins from the amphiploid: open arrowheads, chromosome
6AY; arrowhead, chromosome 6G. Full arrows indicate proteins in
Chinese Spring that are absent in disomic substitution 6A{6A). b Acid
phosphatase zymogram phenotypes of T. timopheevii accession TA
103 (lane 1), Chinese Spring wheat (lane 2) disomic 4G (4B) substitu-
tion (lane 3), T timopheevii-A. tauschii amphiploid (lane 4). The open
arrowhead indicates the protein from T. timopheevii

NOR region of chromosome 1B. Itis likely that a gliadin
locus originally located on chromosome 1G of T tim-
opheevii is present on chromosome 6A". Gill and Chen
(1987) determined the genetic composition of the species-
specific 6A'-1G translocation based on chromosome
pairing. The presence of a locus encoding y gliadins on
chromosome 6A' confirms their observations.



2G(2B) substitution line

The disomic 2G(2B) substitution line was derived from
the cross of TA 3432 and N1BTI1D. One BC.F, plant
was identified that was disomic for 2G(2B) and nul-
lisomic for chromosome 1B, trisomic 1A and mono-
somic 1A' This substitution line was backcrossed to
wheat five times and is normal in morphology, vigor and
fertility.

3G(3B) substitution line and 3GS ditelosomic
addition line

The 3G (3B) substitution line was derived from a cross
between the amphiploid and N6AT6D. This line was
backcrossed to Chinese Spring MT3BL four times, with
selection for chromosome 3G at each generation. After a
total of five backcrosses to Chinese Spring, chromosome
2G was present in the 3G(3B) substitution line. The 3GS
disomic telo-addition line had a normal complement of
wheat chromosomes with the addition of two copies of
chromosome 3GS.

4G(4B) substitution line

The disomic 4G(4B) substitution line was derived from a
cross between N1ATID and TA 3432 and has been
backcrossed five times to wheat. It had normal mor-
phology, fertility and vigor, indicating that chromosome
4G compensated for wheat chromosome 4B. Genes
located on the distal portion of the short arm of ho-
moeologous group-4 chromosomes are important for
male fertility, resulting in the inability to maintain
group-4 nullisomic stocks. When monosomic 4G(4B)
substitutions were used as the pollen parent in back-
crosses to MT4BS, 91% of the I, plants had chromo-
some 4G, indicating that pollen having chromosome 4G
was motre competitive than nullisomic-4G pollen.

An acid phosphatase zymogram of the 4G(4B) substi-
tution line, along with Chinese Spring and TA 3432, is
shown in Fig. 4. A band present in TA 3432 was also
present in the substitution line but not in Chinese
Spring. The corresponding Chinese Spring band was
absent in the substitution line. The acid phosphatase
genes are located on the long arms of wheat ho-
moeologous group-4 chromosomes (Hart 1987). Gill
etal. (1988) determined that a gene controlling acid
phosphatase was present on chromosome 4G of T
araraticum. The presence of an acid phosphatase gene in
the 4G(4B) substitution line further confirms that this
chromosome belongs to wheat homoeologous group 4.

5G*(5B) substitution line

This line contains the normal complement of wheat
chromosomes, except for a modified chromosome 5G
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(designated 5G*) that substitutes for wheat chromo-
some 5B. The terminal C-band in the long arm of
normal chromosome 5G is absent in the substitu-
tion line (Fig. 3). The substitution line was derived by
backcrossing a BC,F, plant from the cross
NI1ATID*2/TA 3432 five times to MT5SBL. Chromo-
somes 5G and 5B were both present in the F; and BC,
F, plants and had an opportunity to recombine (Fig. 2).

6G(6B) substitution line

A disomic substitution of chromosome 6G for chromo-
some 6B is present in this line. Though the line has been
backcrossed to wheat six times, it is heterozygous for
chromosomes 2G and 2B. The spikes of the substitution
line have short awns, whereas Chinese Spring is awnless.
The 6G(6B) substitution line differs from Chinese Spring
in its gliadin protein profile. A § gliadin band present in
the 6G(6B) substitution line was absent in Chinese
Spring (Fig. 4).

Discussion

The production of “pure” substitution lines of A'- and
G- genome chromosomes for their wheat homoeologues
in a hexaploid background was complicated by the fact
that the A' and G genomes are partially homologous
with the A and B genomes. Thus, chromosomes of the
A'and G genomes pair with A- and B-genome chromo-
somes in the presence of the Ph gene which suppresses
homoeologous pairing (Feldman 1966; Dvorak 1983;
Gill and Chen 1987). To avoid recombination of sub-
stituted chromosomes, procedures used to isolate
homologous substitution lines normally involve crosses
to wheat monosomics using the donor line as the pollen
parent. However, when trying to isolate T. timopheevii
substitutions, this was not initially possible because of
male sterility in the F; hybrid and the first few backcross
generations. The T. timopheevii— A. tauschii amphiploid
was used in this study to overcome this problem; but
male sterility was still observed in early generations.
Thus, nullisomic-tetrasomic stocks were utilized in
crossing schemes because they could be used as a pollen
parent. BC, plants from the cross between TA 3432 and
N1ATI1D, and BC, plants from the cross between TA
3432 and N1BT1D, were more fertile than early back-
cross generation plants from other cross combinations.
Four of the substitution lines were derived from the
progeny of these crosses.

Both crossing schemes used for substitution-line de-
velopment had advantages and drawbacks. Crossing
scheme 1 was designed to ensure that the targeted T.
timopheevii chromosome had no oportunity pair with its
wheat homoeologue. This scheme did not, however,
exclude the possibility of translocated chromosomes of
T. timopheevii, such as those involved in the 6A%-1G-4G
cyclic translocation and a 3A*-4A" translocation (Gill
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and Chen 1987), from pairing with wheat chromosomes
having homoeologous regions.

An additional problem with crossing scheme 1 was
that the nullisomic-tetrasomic stocks used already had a
chromosome compensating for the absent A- or B-
genome chromosome; therefore, the A'- or G-genome
homoeologue had to compete with this chromosome.
Translocations present in 1. timopheevii may reduce the
compensating ability of the T. timopheevii chromosome.
The targeted T timopheevii chromosomes were not al-
ways recovered after backcrossing to the Chinese Spring
NT lines in the absence of banding analysis and selec-
tion.

By utilizing crossing scheme 2, we were able to select
fertile lines having a targeted chromosome substituted
for its wheat homoeologue for further backcrossing.
Crossing scheme 2 was used to develop substitutions
involving G-genome chromosomes. This approach,
which did not exclude recombination between the T.
timopheevii chromosome of interest and its wheat ho-
moeologue, was not used to obtain AY(A) substitutions
carried out because studies of pairing in T. aestivum/T.
timopheevii and T. turgidum/T. timopheevii hybrids have
shown that A- and A'-genome homoeologues generally
have a high pairing affinity (Feldman 1966; Gill and
Chen 1987). Chromosomes of the B and G genomes are
highly banded, making B-G recombinants easier to
detect than A-A' recombinants.

A gene for leaf rust resistance, Lr18, transferred from
T. timopheevii to wheat, maps to chromosome 5B of
wheat and is linked to a terminal C-band transferred to
that chromosome (Yamamori 1994). Although TA 3432
is resistant to leaf rust, neither the 5G*(5B) substitution
line nor the related line with the modified 5B chromo-
some were leaf rust-resistant (data not shown). Appar-
ently TA 3432 has a leaf rust resistance gene different
from Lr18. Whether the gene(s) was donated from the T.
timopheevii or the A. tauschii parent of the amphiploid is
not known. The other substitution lines were all suscep-
tible when screened for reaction to leaf rust.

Although only one of the six lines described was
produced using the crossing scheme that minimized the
possibility of recombination between the substituted 7.
timopheevii chromosome and its wheat homoeologue,
all of the lines are useful for studying the relationship of
T. timopheevii and T. aestivum. Disomic substitutions
involving chromosomes 6A' and 3G have not been
previously described. With the exception of the 5G*(5B)
substitution line, the chromosomes in the substitution
lines appear to be unmodified, although conserved mol-
ecular markers should be used to confirm this.

The 4G(4B) and 5G*(5B) substitution lines both had
a single T. timopheevii chromosome substituting for its
wheat homoeologue. Chromosome 2G was present in
lines with 3G(3B) and 6G{6B) substitutions, though
these lines have been backcrossed to wheat five and six
times, respectively. Chromosome 2G was found to spon-
taneously substitute for 2B at a high frequency in crosses
between TA 3432 and all Chinese Spring NT lines. After

one to four backcrosses to wheat, chromosome 2G was
detected in 68% of the lines analyzed. This may be due
to some selective advantage of gametes having chromo-
some 2@, either by itself or in conjunction with other T.
timopheevii chromosomes. Indirect evidence that chro-
mosome 2G has ‘meiotic drive’ is available from a
number of studies. Nyquist (1962) found that in some
hexaploid backgrounds the transmission of an alien
chromosome segment derived from T timopheevii,
which carried the stem-rust resistance gene Sr36, was
favored. It was determined that a gene(s) causing differ-
ential fertilization was the same as, or ¢lse completely
linked to, the T. timopheevii-derived gene, which maps to
the long arm of chromosome 2B. Friebe ct al. (1994)
reported a 2G (2B) substitution in the wheat line TAM
104 that was derived from a male-sterile line of the wheat
cultivar Sturdy in a T, timopheevii cytoplasm. The 2G
(2B) substitution was maintained after additional back-
crossing of the line to wheat (B. Friebe, personal com-
munication). Brown-Guedira (1995) noted that chromo-
some 2G was recovered at a higher than expected
frequency in the progeny of a hexaploid derivative of a
cross between wheat and T. araraticum that was hetero-
zygous for chromosomes 2G and 2B. Additionally,
Badaeva et al. (1991) found 2G (2B) to be the most
frequent disomic substitution in the progeny of T. aes-
tivum/T. timopheevii hybrids.

Group-2 chromosomes with gametocidal genes have
been isolated from several species that may show prefer-
ential transmission and cause breaks in wheat chromo-
somes (Tsujimoto 1995; Endo and Gill 1996). It is not
known if these genes, including the one on 2G, constitute
a homoeoalellic series.

Gliadin electrophoresis determined that no o gliadins
corresponding to the gliadin proteins encoded by a gene
on wheat chromosome 6A were present in the 6A(6A)
substitution line. Because the short arm of chromosome
6A' is known to be involved in a cyclic translocation
with chromosomes 1G and 4G (Jiang and Gill 1994), the
gliadin locus (Gli-A2) present on the original chromo-
some 6A' may have been transferred to either chromo-
somes 1G or 4G. Gliadin electrophoresis of the 4G(4B)
substitution line did not detect additional « gliadins
(data not shown). No substitution lines having chromo-
some 1G were available for testing. Another possibility
is that either the gliadin locus was transferred to some
other chromosome of T. timopheevii that was not tested
or it was inactivated.

Most of the y and w gliadin genes in wheat are located
on the short arms of chromosomes 1A, 1B, and 1 D
(Beitz 1987). However, y gliadin bands present in
TA3432 were also present in the 6AY(6A) substitution
line. The location of a gene orthologous to Gli-BI on
chromosome 6A" and the absence of a gene orthologous
to Gli-A2 confirms that a portion of the short arm of 6A"
was replaced by part of the short arm of chromo-
some 1G.

Substitution lines with two of the chromosomes in-
volved in the cyclic translocation of chromosomes 6A",



1G, and 4G, which is species-specific to 1. timopheevii,
were isolated. DNA markers that map to chromosomes
6A and 4B of wheat are currently being used to deter-
mine the translocation breakpoints of chromosomes 6A"
and 4G. The species-specific cyclic translocation 4A-5A-
7B present in T. turgidum and T. aestivum also involves a
group-4 chromosome (Naranjo etal. 1987; Naranjo
1990; Liu et al. 1992). A comparison of the translocation
breakpoints of 4A and 4G should be useful in determin-
ing the significance of rearrangements involving ho-
moeologous group-4 chromosomes in the genome evol-
ution of polyploid wheats.

Full compensation for the fertility factors located on
wheat chromosomes 4B and 6B (Sears 1966), together
with compensation for Phl of 5B (Gill et al. 1988) by
G-genome homoeologues, demonstrates that the G-
genome of T timopheevii was derived from the same
source as the B-genome of T. turgidum and T. aestivum,
Given the high homology of the A and A" genomes, the
two tetraploid wheat species probably had the same
diploid donors but arose from separate hybridization
events, as indicated by the different spectrum of species-
specific translocations.

Acknowledgements The authors thank B. Friebe and E. N. Jellen for
their discussion and suggestions and W. J. Raupp and D. L. Wilson
for technical assistance. Research supported by a special grant to the
Wheat Genetics Resource Center. KAES contribution no. 97-153-J
Kansas State University, Manhattas, Ks 66506

References

Badaeva ED, Gill BS (1995) Spontaneous chromosome substitutions
in hybrids of Triticum aestivum with T. araraticum detected by
C-banding technique. Wheat Inf Service 80:26-31

Badaeva ED, Shkutina FM, Bogdevich IN, Badaev NS (1986) Com-
parative study of Triticum aestivum and T. timopheevi genomes
using C-banding techniques. P1 Syst Evol 154:183-194

Badaeva ED, Budashkina EB, Badaev NS, Kalinina NP, Shkutina
FM (1991) General features of chromosome substitutoins in
Triticum aestivum x T, timopheevii hybrids. Theor Appl Genet
82:227-232

Badaeva ED, Filatenko AA, Badaev NS (1994) Cytogenetic investiga-
tion of Triticum timopheevii (Zhuk.) Zhuk. and related species
using the C-banding technique. Theor Appl Genet 89:622-628

Beitz JA (1987) Genetics and biochemical studies of nonenzymatic
endosperm proteins. In: Heyne EG (ed) Wheat and wheat im-
provement. 2nd edn. Am Soc Agron Madison Wisconsin, pp
215-241

Brown-Guedira GL (1995) Breeding value and cytogenetic structure
of Triticum timopheevii var. araraticum. PhD thesis. Kansas State
University, Manhattan, Kansas

Carlson PS (1972) Locating genetic loci with aneuploids. Mol Gen
Genet 114:272

Chen PD, Gill BS (1983) The origin of chromosome 4A, and Genomes
B and G of tetraploid wheats. In: Sakamoto S (ed) Proc 6th Int
Wheat Genet Symp. Plant Germ-plasm Institute, Kyoto, Japan
pp 39-48

Dvorak J (1983) The origin of wheat chromosomes 4A and 4B and
their genome reallocation. Can J Genet Cytol 25:210-214

Dvorak J, di Terlizzi P, Zhang H-B, Resta P (1993) The evolution of
polyploid wheat: identification of the A genome donor species.
Genome 36:21-31

Endo TR, Gill BS (1984) Somatic karyotype heterochromatin
distribution and the nature of chromosome differentiation in

1297

common wheat Triticum aestivum L. em Thell. Chromosoma
89:361-369

Endo TR, Gill BS (1996) The deletion stocks of common wheat. J.
Hered 87:295-307

Feldman M (1966) Identification of unpaired chromosomes in F,;
hybrids involving T aestivum and T timopheevi. Can J Genet
Cytol 8:144~151

Friebe B, Heun M, Tuleen N, Zeller FJ, Gill BS (1994) Cytogeneti-
cally monitored transfer of powdery mildew resistance from rye
into wheat. Crop Sci 34:621-625

Gill BS, Chen PD (1987) Role of cytoplasm-specific introgression in
the evolution of polyploid wheats. Proc Natl Acad Sci USA
84:6800-6804

Gill K8, Gill BS, Snyder EB (1988) Triticum araraticum chromosome
substitutions in common wheat Triticum aestivum cv Wichita. In:
Miller TE, Koebner RMD (eds) Proc 7th Int Wheat Genet Symp.
Inst Plant Sci Res, Cambridge, England, pp §7-92

Gill BS, Friebe B, Endo TR (1991) Standard karyotype and nomen-
clature system for description of chromosome bands and struc-
tural aberrations in wheat (Triticum aestivum L.). Genome
34:830-839

Gyarfus J (1968) Transfer of disease resistance from Triticum tim-
opheevii to Triticum aestivum. MSc thesis, University of Sydney
NSW, Australia

Hart GE (1987) Genetic and biochemical studies of enzymes. In:
Heyne EG (ed) Wheat and wheat improvement. 2nd edn. Am Soc
Agron, Madison, Wisconsin, pp 199-214

Hart GE, Langston PJ (1977) Chromosomal location and evolution
of isozyme structural genes in hexaploid wheat. Heredity
39:263-277

Jaaska V (1978) NADP-dependent aromatic alcohol dehydrogenase
in polyploid wheats and their diploid relatives. On the origin and
phylogeny of polyploid wheat. Theor Apppl Genet 53:209-217

Jiang J, Gill BS (1994) Different species-specific chromosome translo-
cations in Triticum timopheevii and T. turgidum support the
diphyletic origin of polyploid wheats. Chrom Research 2: 5964

Laemmli UK (1970) Cleavage of structural proteins during the
assembly of the head of bacteriophage T,. Nature 227:680-685

Lookhart GL, Albers LD, Beitz JA (1986) Comparison of poly-
acrylamide-gel electrophoresis and high-performance liquid
chromatography analyses of gliadin polymorphism in the wheat
cultivar Newton. Cereal Chem 63:497-500

Lui CJ, Atkinson LD, Chinoy CN, Devos KM, Gale MD (1992}
Nonhomoeologous translocations between group 4, 5 and 7
chromosomes within wheat and rye. Theor Appl Genet 83:305-312

Morris KLD, Raupp WIJ, Gill BS (1990) Isolation of H'-genome
chromosome additions from polyploid Elymus trachycaulus
(S'S'H'HY) into common wheat (Triticum aestivum). Genome
33:16-22

Narajno T (1990) Chromosome structure of durum wheat. Theor
Appl Genet 79:397-400

Naranjo T, Roca A, Giocoecha PG, Giraldz R (1987) Arm homoeol-
ogy of wheat and rye chromosomes. Genome 29:873-882

Nyquist NE (1962) Differential fertilization in the inheritance of stem
rust resistance in hybrids involving a common whear strain
derived from Triticum timopheevi. Genetics 47:1109-1124

Ogihara Y, Tsunewaki K (1988) Diversity and evolution of chloro-
plast DNA in Triticum and Aegilops as revealed by restriction
fragment analysis. Theor Appl Genet 76:321-332

Sarkar P, Stebbins GL (1956) Morphological evidence concerning the
origin of the B genome in wheat. Am J Bot 43:297-304

Sears ER (1954) The aneuploids of common wheat. Research Bull 572,
Univ of Missouri Agric Exp Station

Sears ER (1966) Nullisomic-tetrasomic combinations in hexaploid
wheat. In: Riley R, Lewis KR(eds) Chromosome manipulations
and plant genetics. Oliver and Boyd, Edinburgh, Heredity (Suppl)
20:29-45

Sears ER, Sears LM (1987) The telocentric chromosomes of common
wheat. In: Ramanujam S (ed) Proc Sth Int Wheat Genet Symp.
Indian Agricultural Institute, New Delhi, India, pp 389-407

Shepherd KW, Islam AKMR (1988) Fourth compendium of wheat-
alien chromosome lines. In: Miller TE, Koebner RMD (eds) Proc
7th Int Wheat Genet Symp. Bath. Press, Bath, UK, pp 1373-1395



1298

Takumi S, Nasuda S, Liu YG, Tsunewaki K (1993) Wheat phylogeny
determined by RFLP analysis of nuclear DNA. 1. Einkorn wheat.
Jpn J Genet 68:73-79

Tsujimoto H (1995) Gametocidal genes in wheat and its relatives. I'V.

Functional relationships between six gametocidal genes. Genome
38:283-389

Tsunewaki K (1995) Plasmon differentiation in Triticum and Aegilops
revealed by the cytoplasmic effects on wheat genome manifesta-
tion. In: Raupp WI, Gill BS (eds) Classical and molecular
cytogenetic analysis. Proc U S-Japan Symp. Kansan Agric Exp
Sta Rep 95:352-D, pp 38-48

Yamamori M (1994) An N-band marker for gene LrI8 for resistance
to leaf rust in wheat. Theor Appl Genet 89:643-646



