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Abstract Homoeologous pairing at metaphase-I was an-
alyzed in wild-type, ph2b, and phlb hybrids of wheat and
a low-pairing type of T. longissimum in order to study the
effect of ph mutations on the pairing of T. longissimum
chromosomes with wheat chromosomes. Chromosomes of
both species, and their arms, were identified by C-band-
ing. The three types of hybrids, with low-, intermediate-,
and high-pairing levels, respectively, exhibited a very sim-
ilar pairing pattern which was characterized by the exis-
tence of two types, A-D and B-S', of preferential pairing.
These results confirm that the S' genome of T. longissi-
mum is closely related to the B genome of wheat. The pos-
sible use of phlb and ph2b mutations in the transfer to
wheat of genes from related species is discussed.
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Introduction

Suppression of homoeologous pairing in wheat is largely
under the control of a major gene (Riley and Chapman
1958; Sears and Okamoto 1958) located on the long arm
of chromosome 5B. Another gene with an intermediate
suppressor effect was located on 3DS (Upadhya and Swa-
minathan 1967; Mello-Sampayo 1971). These two genes
were named Phl and Ph2, respectively.

Mutants phlb and ph2a conditioning a high- and an
intermediate-pairing level, repectively, were recovered by
Sears (1977, 1982, 1984). Mutant 10/13, obtained by Wall
et al. (1971a), was formerly designated phia since it was
believed to involve the PRI locus (Wall et al. 1971b). Sears
(1984) demonstrated that this mutation, which induces an
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intermediate-pairing level, involves the PA2 locus and was
re-designated ph2b.

Homoeologous pairing induced by phlb has been used
to transfer genes from different related species to wheat
(Islam and Shepherd 1991, 1992; Rogowsky et al. 1991).
It was also employed to establish the arm homoeology of
wheat chromosomes and of rye chromosomes to wheat
(Naranjo et al. 1988a, b; Naranjo and Fernandez-Rueda
1991; Naranjo 1992). A double translocation among the
arms SAL/4AL/7BS occurred in the evolution of wheat and
several translocations in rye, relative to wheat, were de-
tected.

Sears (1982) suggested that ph2 mutants could be used
for inducing the transfer to wheat of genes from alien chro-
mosomes that are fairly closely related to one of the three
genomes of wheat. In this way, the number of chromosome
rearrangements resulting from homoeologous pairing be-
tween wheat chromosomes would be reduced with respect
to that induced by phlb.

Another possible use of ph2 mutants suggested by Sears
(1982) concerns the assessment of the degree of related-
ness between certain alien chromosomes and their wheat
homoeologues. Differences in the ability to pair for differ-
ent homoeologous chromosome combinations might be
more casily detected at the intermediate-pairing level than
at the extreme low and high levels conditioned by the
PhiPh2 and phlb genotypes, respectively.

Species of the Sitopsis section of genus Triticum (T. bi-
corne, T. longissimum, T. searsii, T. sharonense, and T.
speltoides) are considered to be closely related to the B ge-
nome of wheat and have been implicated as putative do-
nors of this genome (reviewed by Kerby and Kuspira
1987).

T. longissimum chromosomes and wheat chromosomes
were identified by C-banding in hybrids between both spe-
cies (Naranjo 1995). The study of homoeologous pairing
at metaphase-1 in wild-type and palb hybrids sup%)orted
the existence of a translocation between the arms 4S 'L and
7S'L of T. longissimum relative to wheat and normal ho-
moeologous relationships for the remaining chromosomes
previously established (Friebe et al. 1993, and references
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therein). However, the degree of affinity between the st
genome of 7. longissimum and the A, B, and D genomes
of wheat was not analyzed.

The aim of the present study was to determine the de-
gree of pairing between 7. [ongissimum chromosomes and
their homoeologues of the A, B and D genomes of wheat
in wild-type, ph2b, and phlb hybrids in order to study the
relationship between the S' genome and the wheat genomes
as well as for assessing the effect of phib, and ph2b on the
pairing of different homoeologous combinations.

Material and methods

Plants of Triticum aestivum (AABBDD, 2n=6X=42) of the wild-type,
ph2b, and phib lines of cv Chinese Spring were crossed with T. lon-
gissimum (S'S', 2n=14) accession TLO1, which is a low-pairing gen-
otype (Ceoloni et al. 1986). Three wild-type hybrids, six ph2b hy-
brids, and three ph1b hybrids were used for this study. Wild-type and
phlb hybrids were grown in a controlled environment chamber at
16-18°C after vernalization for 8 weeks at 6-8°C. Hybrids with the
ph2b mutation were grown in a greenhouse.

Metaphase-I anthers of the hybrids were fixed in acetic acid-al-
cohol (1:3) and stored at 0-4°C for a minimum of 2 months. The
fixed material was squashed and stained according to the C-banding
technique of Girdldez et al. (1979). Chromosomes of wheat and 7.
longissimum were identified according to Naranjo (1995). On aver-
age, 100 pollen mother cells (PMCs) per plant in the wild-type and
phlb hybrids, and 50 PMCs per plant in ph2b hybrids, were scored.

Results

All chromosome arms of T. longissimum associated with
wheat chromosomes were identified at metaphase-I
(Fig. 1) in all PMCs scored in the three types of hybrids.
Chromosomes 2A and 2D, and their arms, could not be dis-
tinguished from one another. The fact that 2AS, 2BS, and
2DS are homoeologous, as are 2AL, 2BL, and 2DL (Na-
ranjo 1994), and the fact that 2S'S paired with 2BS and
2SIL paired with 2BL, suggested that associations of 2SS
and 2S'L with chromosomes 2A and 2D involved the short
and long arms of these chromosomes, respectively.

The frequencies of pairing for the different combina-
tions of wheat homoeologous arms are shown in Table 1.
In group 2, associations 2AS-2BS and 2BS-2DS, as well
as associations 2AL-2BL and 2BL-2DL, that could not be
distinguished from one another, were pooled. When chro-
mosomes 2A and 2D formed a ring bivalent, both arms
were associated, but if they formed an open bivalent, the
arm, S or L, being bound could not be determined. In mul-
tivalents formed by group 2 chromosomes, whether a given
A-D association involved the short or the long arm was de-
duced from the arm of chromosome 2B or 2S! that was
bound to chromosome 2A or 2D. For instance, in chain tri-
valents 2BS-2A-2D or 2BS-2D-2A, 2AL and 2DL had to
be bound since 2BS was associated with 2AS or 2DS, re-
spectively. The frequencies of 2AS-2DS and 2AL-2DL as-
sociations given in Table 1 were calculated as the sum of
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Fig. 1 C-banded metaphase-I cell from a ph2b wheat X T. longissi-
mum hybrid. All chromosomes and the arms associated are identi-
fied with the exceptions of chromosomes 2A and 2D (2) and the arm
being bound in the open bivalent 7A-7D

half the frequency of PMCs with an open 2A-2D bivalent,
plus the frequency of PMCs with the ring 2A-2D bivalent,
plus the frequency of PMCs with multivalents carrying
such associations, respectively. In group 7, the frequencies
of 7AS-7DS and 7AL-7DL associations were calculated as
in group 2.

All associations between the remaining chromosome
arms of wheat were identified. Because of the double trans-
location SAL/4AL/7BS of wheat (Naranjo et al. 1987,
1988a, b), the frequencies of pairing for the long arms of
group-4 and -5 chromosomes and for the short arms of
group-7 chromosomes of Table 1 were obtained as follows:
a terminal segment of SAL translocated from 4AL pairs
with 4BL and/or 4DL. In group 4, the long arm, triple as-
sociation ABD corresponds to the association SAL-4BL-
4DL, and combinations AD, AB, and BD correspond to the
associations SAL-4DL, SAL-4BL., and 4BL-4DL, respec-
tively.

The arms 5BL and SDL form intercalary bonds with
5AL and very distal bonds with 7BS, which carries a seg-
ment translocated from SAL. Associations SAL-5BL-5DL
and 7BS-5BL-5DL, 5AL-5DL and 7BS-5DL, and 5AL-
5BL and 7BS-5BL, were pooled in pairing combinations
ABD, AD, and AB of group 5, long arm, respectively.

A terminal segment of 4AL translocated from 7BS pairs
with 7AS and/or 7DS. Pairing combinations ABD, AD,
AB, and BD of group 7, short arm, correspond to associa-
tions 7AS-4AL-7DS, 7AS-7DS, 7AS-4AL, and 4AL-7DS,
respectively.

Association of the A-D type was the most frequent one
in all groups except group 4, short arm, and group 5, long
arm. In group 4, the 4AS arm seldom pairs owing to the
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Table 1 Frequency (%) of as-

sociation at metaphase-I be- Group Genotype Short arm Long arm
tween chromosome arms of
wheat in wild-type, ph2b, and ABD AD  AB  BD ABD AD  AB  BD
ol i
ﬁ%fi(‘fgheatx ORISR Wild-type 00 50 03 00 00 110 07 03
ph2b 0.0 167 1.0 0.0 03 540 3.7 4.7
phib 07 297 17 11.7 1.7 577 9.3 11.3
28 Wild-type 0.0 7.0 2.7° 0.0 6.0 6.7°
ph2b 0.0 33.7 4.3° 03 250 28.3°
phlb 4.0 44.2 27.0° 73 358 453
3 Wild-type 0.0 43 00 0.3 00 53 07 0.3
ph2b 0.0 60 1.0 1.0 0.0 263 53 10.0
phlb 1.0 587 3.7 7.7 23 630 93 11.3
4 Wild-type 0.0 00 0.0 0.3 0.0 07 10 2.0
ph2b 0.0 0.0 0.0 1.3 00 153 3.7 113
phib 0.0 03 1.0 297 27 403 120 300
5° Wild-type 0.0 27 07 0.7 00 00 00 1.7
ph2b 0.0 7.7 1.0 0.3 0.0 07 27 207
phib 03 433 83 7.7 03 60 37 213
6 Wild-type 0.0 6.7 0.0 0.3 00 123 03 0.3
ph2b 0.0 347 17 0.3 00 430 00 1.3
phlb 1.7 700 3.7 6.0 1.7 873 23 3.0
7 Wild-type 0.0 9.0 0.0 0.3 00 83 07 0.0
ph2b 0.0 192 0.0 1.7 00 135 07 0.3
phib 13 723 23 4.0 1.7 710 8.0 3.7
4 See text
® AB+BD

structural modification of chromosome 4A by a pericen-
tric inversion, which occurred in the primitive tetraploid
wheat (Naranjo 1990). The behaviour of the long arm of
group-5 chromosomes is explained by the structural mod-
ification of 5AL, and the small size of the segment of SAL
translocated to 7BS (Naranjo et al. 1987, 1988a, b).

The frequency of association between the arms of 7.
longissimum chromosomes and wheat chromosomes in the
three types of hybrids analyzed is given in Table 2. Asso-
ciations 2AS-28'S and 2DS-2S'S and associations 2AL-
2S'L and 2DL-2S'L, which could not be distinguished
from one another, were pooled. All the remaining associ-
ations between the chromosome arms of T. longissimum
and wheat were identified. In the long arm of group-5 chro-
mosomes, pairing combination AS! includes both an inter-
calary association SAL-5S'L and a distal association 7BL-
5S'L. In the short arm of group-7 chromosomes, combi-
nation BS' corresponds to association 4AL-7S'S, since
4AL carries a translocated segment from 7BS.

The arms 4S'L and 7S'L are involved in a translocation
that arose in the evolution of T. longissimum (Friebe et al
1993; Naranjo 1995) in which segments of unequal length,
a relatively long segment from 7S'L and a very short seg-
ment from 4S'L, were probably interchanged (Naranjo
1995). Pairing combinations DS' and BS! were only ob-
served between the long arm of group-4 chromosomes (Ta-
ble 2); they correspond to intercalary bonds of 4S'L with
4DL or 4BL, respectively. In the long arm of group 7, the

majority of associations involved the segment of 4S'L
translocated from 7S'L and the arms 7AL, 7BL or 7DL.
The frequency of these associations and that of JAL-7S'L,
7BL-7S'L, and 7DL-7S'L, which ranged from 0 to 2%,
were pooled in each combination, AS', BS! and DS, of
Table 2, respectively.

Chromosomes 1, 2, 3, 4, 6, and 7 of T. longissimum
paired with their homoeologues of the B genome more fre-
quently than with those of the A or D genomes. In group
5, the two association types B-S' and D-S' showed very
similar frequencies in both the short and the long arms.

The rare associations, 28'L-4S'L and 6S'L-4BS, that
were observed in only one PMC of the pAlb hybrids are
not included in Table 2.

The mean numbers of univalents, bivalents and multi-
valents per cell and the proportion of A-D and B-S' pair-
ing with regard to the total number of chromosome asso-
ciations are shown in Table 3. The A-D and B-S' pairing
ratios reached similar values in the three genotypes.

Discussion

Homoeologous pairing revealed the existence of A-D and
B-S! preferential pairing types among the genomes that are
in competition in wheatX7. longissimum hybrids. How-
ever, A-D pairing occurred with a higher frequency than
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Table 2 Frequency (%) of as-

sociation at metaphase-I be- Group Genotype Short arm Long arm
tween chromosome arms of 7. 1 1 ] 1 ] 1 1 ]
longissimum and wheat in wild- WWS™ AS DS BS WWS™ AS DS BS
type, ph2b, and phlb hybrid -
YPe, pheb, and phio hybnas Wild-type 00 00 03 23 00 03 30 137
ph2b 0.0 2.0 1.0 5.0 0.3 3.7 6.7 483
phib 1.0 8.7 6.0 57 6.7 127 120 547
2 Wild-type 0.0 1.0 1.0 0.3 4.7% 4.0
ph2b 0.0 7.3% 8.7 0.3 13.7% 21.3
phlb 4.3 34.0% 23.0 4.0 35.3% 28.3
3 Wild-type 0.0 0.7 0.0 2.0 00 . 07 0.3 53
ph2b 0.0 0.3 1.7 163 0.0 8.0 73 187
phlb 1.0 4.7 57 417 4.3 12.0 9.0 447
4P Wild-type 0.0 0.0 0.0 0.3 0.0 0.0 0.0 0.0
ph2b 0.0 0.0 0.0 8.3 0.0 0.0 0.0 0.0
phlb 0.3 03 53 187 0.0 0.0 0.7 1.3
5° Wild-type 0.0 0.0 0.7 0.7 0.0 0.0 83 120
ph2b 0.0 0.3 1.0 0.0 1.3 00 210 190
phlb 0.0 4.3 127 137 9.3 43 373 260
6 Wild-type 0.0 0.0 0.3 1.7 0.0 0.0 03 3.0
ph2b 0.0 1.7 1.0 16.0 0.0 0.7 1.3 36.7
phlb 1.7 4.0 6.3  32.0 03 2.0 1.0 713
7° Wild-type 0.0 03 0.0 6.3 0.0 1.7 0.0 3.0
ph2b 0.0 0.3 0.0 260 0.0 9.3 37 233
phlb 3.7 5.3 100 563 2.0 57 107 487

W=A, B or D genomes
2 AS'+DS!
® see the text

Table 3 Mean values per cell of metaphase-I configurations and ra-
tios of the A-D and B-S! pairing types in wild-type, ph2b, and phib
wheat xT. longissimum hybrids

Configuration Type of hybrids

Wild-type ph2b phlb
I 24.55+0.18 14.93+0.21 3.48+0.13
1I (open) 1.59+0.07 5.08+0.10 4.04+0.11
II (ring) 0.06+0.01 0.58+0.04 2.99+0.09
I 0.05£0.01 0.46+0.04 1.19+0.06
v 0.003+0.003  0.08+0.02 1.49+0.06
V+VI+VII+VII 0.007+0.005  0.18+0.02
Bonds/cell 1.81£0.08 7.44+0.14 18.28+0.29
Pairing ratio
A-D/Total bonds 0.45 0.41 0.37
B-S!/Total bonds 0.31 0.34 0.25

did B-S’ pairing in most cases (Tables 1 and 2). In the short
arm of group 3, and in the short and long arms of group-
7, chromosomes, A-D pairing was less frequent than B-S'
pairing but only in the ph2b hybrids. The ratio of A-D and
B-S! pairing was similar in the three genotypes (Table 3),
which indicates that the pattern of pairing was unaffected
by the overall level of pairing.

Mathematical models simulating chromosome pairing,
used by Kimber and Alonso (1981), indicated that the pair-
ing pattern of wheatxT. longissimum hybrids tends to be

in two clusters of two. Later, they marked wheat homoeol-
ogous chromosomes of group 3 with telocentrics in the hy-
brids and concluded that these clusters are A-D and B-S?,
and that the relative affinity of the A genome for the D ge-
nome is about the same as that of the B genome for the S'
genome (Alonso and Kimber 1983; Kimber 1983).
Ferndndez-Calvin and Orellana (1994), by means of C-
banding, identified A-D and B-S! pairing in PhiPh2
ABDS' hybrids; the four remaining pairing combinations
could not be distinguished from one other and were pooled.
They also found A-D and B-S! preferential pairing, the A-
D type being more frequent than the B-S* type.

All of these results contradict those reported by Feld-
man (1978) on hybrids between ditelocentric lines of Chi-
nese Spring and an intermediate pairing type of T. longis-
simum. Feldman concluded that most of the pairing oc-
curred between chromosomes of the B and S' genomes
while chromosomes of the A and D genomes paired rela-
tively little. Although he could determine the pairing fre-
quencies of the A-, B-, and D-genome telosomes, he could
not ascertain with which genome they paired. Conse-
quently, he grossly overestimated the B-S! pairing.

Preferential pairing between chromosomes of the A and
D genomes was also detected using N- or C-banding tech-
niques in haploids of wheat (Jaujar et al. 1991), wheat-rye
hybrids (Hutchinson etal. 1983; Naranjo etal. 1987, 1988a,
b), and hybrids between wheat and different Triticum
(Aegilops) species (Ferndndez-Calvin and Orellana 1991,
1992, 1993, 1994).



Because of the very close relationship between the A
and D genomes the question arises whether the pairing
between B and S' is because A pairs with D and B remains
unpaired, and is therefore, available for pairing with St or
there is a greater affinity between B to S! than between A
or Dto S

Structural modification of chromosome arm 4AS
strongly reduced its pairing frequency with 4DS or 4BS.
In the absence of preferential A-D pairing, 4S*S paired
with 4BS more often than with 4DS. Furthermore, the level
of D-S’ pairing was lower in the short arm of group-4 chro-
mosomes than in most of the remaining sets of homoeol-
ogous arms. This resultindicates that the level of B-S! pair-
ing versus A-S' or D-S! is a reflection of the degree of af-
finity between genomes. The conclusion can be drawn that
the S! genome is closer to the B genome than A is to D.

Behaviour of 5S' was in some respect different from
that of the remaining T longissimum chromosomes. In the
long arm of group-5 chromosomes, A-D associations were
less frequent than B-D associations because SAL carries a
translocated segment from 4AL. Pairing of 5S'L with 5BL
and 5DL showed comparable frequencies. In the short arm
of group 5, the frequencies of B-S! and D-S! associations
were similar, while preferential A-D pairing occurred. This
suggests that the degree of relatedness between 5B and 5D
to 5S! is about the same.

The frequencies of pairing listed in Table 2 may be used
as estimates of recombination between T. longissimum
chromosomes and wheat chromosomes, which may be of
importance for breeders interested in transferring useful
agronomic characters from T. longissimum to wheat. Pair-
ing between 4S'L and 4BL or 4DL, and between 7S'L and
TAL, 7BL or 7DL, is scarce because of the translocation
4S'L/7S'L.

Wheat-S' pairing reached the highest level in the phlb
hybrids. These hybrids showed the lowest frequency of
univalents and, therefore, they are expected to produce
14:14 balanced chromosome segregation at anaphase-I,
and ultimately viable gametes, with a higher frequency
than ph2b or wild-type hybrids. Consequently, from the
backcross of the hybrid with wheat, interspecific recombi-
nants may be recovered more easily using phlb than ph2b.
On the basis of the level of pairing conditioned by phlb
and ph2b, the last conclusion may extend to other deriva-
tives, such as amphiploids, addition and substitution lines,
and lines with interspecific translocations.
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