
Abstract Chiasmate pairing between homoeologous
chromosomes at metaphase I (MI) of meiosis in wheat is
prevented by the activity of the Ph1 locus on chromo-
some 5B. Several hypotheses have been proposed shar-
ing the assumption that Ph1 regulates MI chromosome
pairing by regulating centromere-mediated chromosome
alignment before the onset of meiosis. To test the rele-
vance of the putative predetermination of chromosome
pairing at MI by the centromere-mediated chromosome
association prior to meiosis, a 2BL.2RL homoeoisochro-
mosome was constructed and its MI pairing was assessed
in the presence and absence of the Ph1 locus. Although
the 2BL and 2RL arms of the homoeoisochromosome
paired with each other at MI in the absence of Ph1, they
never paired with each other at MI in the presence of
Ph1. Since the two arms were permanently associated in
the homoeoisochromosome via a common centromere, it
is unlikely that Ph1 predetermines MI pairing between
homoeologous chromosomes solely by controlling pre-
meiotic association of centromeres. These findings are
consistent with the idea that Ph1 determines the chromo-
some pairing pattern at MI by scrutinizing homology
across the entire chromosome.

Introduction

Chromosomes are paired only homogenetically, i.e., ho-
mologs are paired but homoeologs are not, at meiotic
metaphase I (MI) in allotetraploid Triticum turgidum L.
(2n=4x=28; genomes AABB) and allohexaploid Triticum
aestivum L. (2n=6x=42; genomes AABBDD). Metaphase
I pairing between homoeologous chromosomes is low or

virtually absent in wheat haploids and most interspecific
hybrids (Riley 1960; McGuire and Dvorak 1982) although
extensive synaptic associations in meiotic prophase may
be observed (Gillies 1987; Wang 1988). The lack of MI
pairing between homoeologous chromosomes is primarily
due to the activity of the Ph1 locus on chromosome 5B
(Okamoto 1957; Sears and Okamoto 1959; Riley and
Chapman 1958) but, as pointed out by Gillies (1987), the
locus may not preclude synapsis between homoeologous
chromosomes.

Since the function of the Ph1 locus is to prevent het-
erogenetic pairing at MI, its effect is unequivocally ap-
parent at MI. The pattern of chiasmate chromosome pair-
ing at MI has therefore been used to assess the activity of
Ph1 and other genes regulating heterogenetic chromo-
some pairing in tetraploid and hexaploid wheats, wheat
haploids and hybrids. Chiasmate pairing between chro-
mosomes at MI is the final effect of processes preceding
it: homolog recognition, synapsis, crossing over, and chi-
asma formation. To minimize confusion of causes and
effects, the term MI pairing will be used throughout this
paper for the chiasmate associations between chromo-
somes at MI, with cognizance of the fact that a modifica-
tion of MI pairing is an effect of modification of one or
more processes occurring earlier.

Several hypotheses have been advanced to explain
the mechanism by which Ph1 precludes MI pairing be-
tween homoeologous chromosomes. Feldman and asso-
ciates (Feldman et al. 1966; Feldman 1968, 1993; Avivi
and Feldman 1973) have argued that MI chromosome
pairing is predetermined by somatic association between
chromosomes and that Ph1 exerts its control by sup-
pressing somatic association between homoeologs via
modification of interactions between mitotic spindle mi-
crotubules and the centromeres. These assumptions
agree with the observation that premeiotic application of
colchicine phenocopies the effects of increased doses of
Ph1 (Driscoll et al. 1967; Dover and Riley 1973). Since
the colchicine-sensitive period at which meiotic pairing
is blocked appeared to be either during the last premei-
otic mitosis or in the transition between the last mitosis
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and G1, Dover and Riley (1977) modified the somatic
association hypothesis by suggesting that the elimina-
tion of heterogenetic pairing at MI is brought about by
association of homologous chromosomes in the last pre-
meiotic anaphase or telophase.

The idea that the decision whether or not homoeologs
may be paired at MI is made prior to meiosis and that
centromere behavior plays a key role in making that de-
cision recently received new attention (Aragón-Alcaide
et al. 1997a, b). It was observed that in the absence of
Ph1, such as in the background of the ph1b mutation
(Sears 1977), centromeres have a diffuse appearance rel-
ative to those in the Ph1 background (Aragón-Alcaide et
al. 1997b) leading to the suggestion that timing of the
pairing of centromeric sequences predetermines chromo-
some pairing (Aragón-Alcaide et al. 1997b; Moore
1998). It should be noted that the ph1b mutation is in
fact a large deletion (Gill et al. 1993) leaving the possi-
bility that more than a single gene affecting chromosome
pairing is absent (Roberts et al. 1999).

If the decision whether or not homoeologs may be
paired at MI is imposed on chromosomes by the centro-
mere-mediated timing of chromosome association, per-
manent association of homoeologous arms in an isochro-
mosome composed of homoeologous arms ought to
override the Ph1 regulation and the arms should pair at
MI regardless of the status of Ph1. However, if the pres-
ence or absence of pairing between homoeologous chro-
mosomes at MI is not governed by centromere behavior
prior to meiosis, homoeologous arms should not be
paired at MI regardless of whether they are attached to
each other at the centromere or not. To test this hypothe-
sis, an homoeoisochromosome composed of wheat chro-
mosome arm 2BL and rye chromosome arm 2RL (hence-
forth referred to as the 2BL.2RL homoeoisochromo-
some) was constructed and its chiasmate pairing at MI
was investigated.

Materials and methods

All manipulations and observations were performed in T. aes-
tivum cv. Pavon 76. Homoeoisochromosome 2BL.2RL was re-
covered during the reconstruction of complete chromosomes 2B
and 2R from centric translocations 2RS.2BL and 2BS.2RL (Bru-
nell et al. 1999). Briefly, the two translocation lines of Pavon
were crossed and the F1 plants self-pollinated. The progeny were
screened by C-banding (Lukaszewski and Xu 1995) and plants
with various misdivision products were recovered, among them
2B monosomics and a 2BL.2RL monohomoeoisosomic (Fig. 1).
These two stocks were crossed and plants with 20′′+2BL.2RL′,
20′′+2BL.2RL′+iso2BL′ and 20′′+2B′+2RL.2BL′ (where ′ and ′′
indicate monosome and disome, respectively) were selected
among their progeny. The iso2BL must have been a product of
misdivision of the 2B monosome. To remove Ph1, plants with
20′′+2BL.2RL′ were crossed with the Pavon ph1b-mono 2B line
and the F1 was backcrossed to the latter line. Plants with chromo-
some constitution 19′′+5Bph1b′′+2BL.2RL′ were selected. Pavon
ph1b-mono 2B was created by backcrossing of the monosomic
2B line as a female to the Pavon ph1b line.

Anthers with a majority of the pollen mother cells (PMCs) at
metaphase I from plants with the desired chromosome constitu-
tions were collected and fixed in a 3:1 mixture of absolute alcohol

and glacial acetic acid (v/v) and refrigerated in that solution for
several weeks. Meiotic C-banding was performed according to 
Giraldez et al. (1979). All PMCs available for analysis were
scored for pairing of the chromosomes of interest.

Recombination of rye chromosome arm 2RL with wheat chro-
mosome arm 2BL was analyzed in a sample of 430 progeny ob-
tained by self-pollination of plants of Pavon 76 with chromosome
constitution 19′′+2BS.2RL′+2B′+5B ph1b′′ . Recombinant wheat-
rye chromosomes were identified by C-banding according to 
Lukaszewski and Xu (1995).

Results

The recombination frequency of rye chromosome arm 2RL
with wheat chromosome arm 2BL in the ph1b background
was assessed by C-banding in the F2 progeny of plants with
chromosome constitution 19′′+2B′+2BS.2RL′+5Bph1b′′ .
Among 860 progeny chromosomes observed, 70 (8.1%)
were wheat-rye recombined chromosomes (Fig. 2). The ob-
served recombination frequency of 2RL with 2BL was
close to that expected on the basis of their MI pairing fre-
quency in the absence of Ph1 (Naranjo and Fernendez-
Rueda 1996). This finding clearly established that the 2BL
and 2RL arms crossover in the absence of Ph1. On the oth-
er hand, no indication of recombination of 2RL with 2BL in
the Ph1 background has ever been obtained. For example, a
total of 136 progeny of the 2BS.2RL translocation hetero-
zygotes were screened by C-banding during the develop-
ment of the translocation line 2BS.2RL in Pavon, involving
a total of 11 backcrosses and selection of the 2BS.2RL
translocation homozygotes at the conclusion of the back-
cross process. No recombination of 2RL with any of its
wheat homoeologs was observed.

Pairing at MI of the arms of the 2BL.2RL homoeoiso-
chromosome in the Ph1 background was investigated in a
total of 295 PMCs from plants with the following chromo-

Fig. 1 Development of the homoeoisochromosome 2BL.2RL
(right) from two centric translocations: 2BS.2RL (left) and
2RS.2BL (middle)

Fig. 2 Recombination of a wheat chromosome arm 2BL with rye
chromosome arm 2RL in the absence of the Ph1 locus in wheat.
From left to right: wheat chromosome 2B, centric translocation
2BS.2RL, recombinant chromosome 2B with a terminal segment
of 2RL on 2BL, recombinant chromosome 2BS.2RL with a termi-
nal segment of 2BL on 2RL
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some constitutions: 20′′+2BL.2RL′, 20′′+2BL.2RL′+2B′
and 20′′+2BL.2RL′+iso2BL′ (Table 1). In none of the cells
scored were the homoeologous arms 2BL and 2RL paired
with each other. Arm 2RL always remained unpaired
(Fig. 3); the 2BL arm of the 2BL.2RL homoeoisochromo-
some was paired with a high frequency whenever a homol-
ogous arm was available. In plants with chromosome con-
stitution 20′′+2B′+2BL.2RL′, arm 2BL of the 2RL.2BL ho-
moeoisochromosome was paired with the 2BL arm of chro-
mosome 2B in 90.1% of the cells. In plants with chromo-
some constitution 20′′+2BL.2RL′+iso2BL′, the 2BL arms
of the two isochromosomes were paired with each other in

28.9% of MI PMCs analyzed (Fig. 3); in 62% of the cells,
two arms of iso2BL were paired and the 2BL arm of the
2BL.2RL homoeoisochromosome was not paired (Table 1,
Fig. 3). 

The ph1b lines of Pavon have poor vigor and tend to
be sterile. The MI pairing of the arms of the 2BL.2RL
homoeoisochromosome could be assessed in only 23
PMCs. In three of these cells, the arms of the 2BL.2RL
homoeoisochromosome were paired with each other
(Fig. 1), suggesting an MI pairing frequency of about
13%.

Fig. 3a–d Behavior of the homoeoisochromosome 2BL.2RL 
in metaphase I of meiosis. a, b Pairing between the arms of 
isochromosome 2BL (designated i2BL) in a Ph1 plant with
20′′ +iso2BL′+2BL.2RL′. The homoeologous arms of the
2BL.2RL homoeoisochromosome are not pairing with each oth-
er. Compare the appearance of the homoeoisochromosome with

Table 1 The numbers of metaphase I pollen mother cells in which the arms of 2BL.2RL or 2BL.2BL homoeoisochromosomes were
paired with each other or with another homologous arm, if present, in the Ph1 and ph1b genetic backgrounds

Chromosome constitutiona Ph1 status Cells Pairing within Pairing between chromosomes
isochromosome 2BL.2BL

20′′+2BL.2RL′ + 179 0 N/A N/Ab

20′′+2BL.2RL′+2B′ + 71 0 N/A 64 (2BL-2BL.2RL)c

20′′+2BL.2RL′ +iso2BL.2BL′ + 45 0 28 13 (2BL.2BL-2BL.2RL)
20′′+2BL.2RL′ – 23 3 N/A N/A

a ′′ indicates disomes and ′ indicates monosomes
b N/A (not applicable) indicates that the specific pairing could not
have occurred because of chromosome absence

c The dash indicates arms of two chromosomes involved in pair-
ing, e.g., 2B-2BL.2RL indicates that the pairing between chromo-
some 2B and 2BL.2RL isochromosome involved the 2BL arm

that of iso2BL in which the arms pair with each other. c Pairing
between the 2BL arm of isochromosome 2BL (designated i2BL)
and the 2BL arm of the 2BL.2RL homoeoisochromosome in a
Ph1 plant with 20′′ +iso2BL′+2BL.2RL′. d Pairing of homoeo-
logous arms of homoeoisochromosome 2BL.2RL in the ph1b
background



Discussion

The homoeologous arms 2BL and 2RL of normal chromo-
somes 2B and 2R do not pair at MI in the presence of the
Ph1 locus but they frequently do so in its absence 
(Naranjo and Fernendez-Rueda 1996). Attachment of the
2RL arm to a wheat chromosome arm, such as 2BS, at the
centromere had no negative impact on the ability of 2RL
to crossover with the homoeologous 2BL arm in the ab-
sence of Ph1. In the 2RL.2BL homoeoisochromosome, no
MI pairing between 2RL and 2BL was observed among
295 cells scored in the Ph1 background. In the ph1b back-
ground, only 23 cells could be scored but they provided
clear evidence that MI pairing between 2RL and 2BL was
taking place. Therefore, permanent association of the ho-
moeologous arms at the centromere in the homoeoiso-
chromosome did not alter their MI pairing response to the
activity of the Ph1 locus; whether they were independent
or permanently associated, they were not paired at MI in
the Ph1 background. In the absence of the Ph1 locus, the
two arms paired at MI with comparable frequencies when
they were permanently associated in the homoeoisochro-
mosome or present in separate chromosomes. These ob-
servations are inconsistent with the assumption that modi-
fication of centromere behavior by Ph1 prior to meiosis is
sufficient to prevent crossing over and MI pairing between
homoeologous chromosomes in wheat.

Holm (1986) observed multivalent associations dur-
ing early phases of synapsis in Ph1 hexaploid wheat and
assumed that they involved homoeologous chromo-
somes. He therefore argued that if homoeologs associate
into multivalents in early meiosis, the decision on the ab-
sence of pairing between homoeologs at MI could not
possibly be made before meiosis. It needs to be pointed
out, however, that it has never been determined which
chromosomes engaged in multivalent synaptic associa-
tions in Ph1 wheat. They may or may not be homoeolog-
ous. Extensive synapsis was observed in Ph1 interspecif-
ic hybrids of wheat and in wheat haploids although little
pairing occurred at MI (Gillies 1987; Wang 1988). Since
synapsis in these plants did not reflect the great differ-
ences in pairing between homoeologous chromosomes at
MI in the Ph1 and ph1 backgounds, Gillies (1987) and
Holm and Wang (1988), like Holm (1986) previously, ar-
gued against the predetermination of synapsis and MI
pairing by positioning of chromosomes prior to meiosis.
A large body of evidence exists showing that nonhomol-
ogous synapsis may occur in the absence of homologs.
Therefore, arguments against the predetermination of MI
pairing by premeiotic chromosome positioning based on
synaptic configurations should be treated with caution.
The need for caution is exemplified by considerable dif-
ferences in the fraction of the wheat chromosome com-
plement synapsed in Ph1 haploids derived from different
T. aestivum cultivars with similar low levels of homoeo-
logous pairing at MI (Wang 1988).

Nevertheless, the contentions of Holm (1986), Gillies
(1987) and Holm and Wang (1988) were upheld by stud-
ies utilizing another approach: recombination of chromo-

somes composed of homologous and homoeologous seg-
ments in Ph1 T. aestivum. In the presence of Ph1, recom-
bination was consistently absent from homoeologous
segments but normal levels of recombination took place
in juxtaposed homologous segments. This pattern was
observed irrespective of the length of the homoeologous
segment, its location on the centromere-telomere axis
and homology of both the telomeric and centromeric re-
gions (Dubcovsky et al. 1995; Luo et al. 1996). In anoth-
er experiment, MI pairing frequencies were assessed for
a large number of 4B/4D recombinant chromosomes,
each having a terminal 4D segment of variable length
and a 4B proximal segment with 4B centromere, with
chromosome 4D in Ph1 T. turgidum (Dvorak et al.
1995). The MI pairing frequencies ranged from 26%
PMCs to 98% PMCs, reflecting the lengths of the 4D ho-
mologous segments. Since the centromeric region was
invariably homoeologous, none of the 4B/4D chromo-
somes should have paired at MI with 4D if MI pairing
between homoeologs is predetermined by centromere-
mediated premeiotic alignment. Likewise, wheat midget
chromosomes were paired at MI with the wheat chromo-
some from which they were derived in spite of having
homoeologous centromeres or centromeres from unrelat-
ed chromosomes (Lukaszewski 1997). The results of
these experiments, like those reported in this paper, are
inconsistent with the idea that MI pairing between ho-
moeologous chromosomes is prevented by the Ph1 locus
via centromere-mediated alignment of chromosomes pri-
or to meiosis. They are consistent with the idea that Ph1
determines the chromosome pairing pattern at MI by
scrutinizing homology across the entire chromosome in
one or more stages prior to MI (Luo et al. 1996).

In trying to reconcile observations on the behavior of
premeiotic chromosomes and what is seen at MI in the
Ph1 and ph1 states, it should be noted that no evidence
has so far been obtained for causality between premeiot-
ic chromosome behavior and MI chromosome pairing in
wheat; hypotheses postulating premeiotic predetermina-
tion of MI homoeologous pairing have relied on various
correlated observations. However, it cannot be excluded
that altered premeiotic chromosome behavior observed
in the Ph1 genetic background compared with the ph1
genetic background is not pleiotropy of the Ph1 activity.
In the genetic background of hexaploid wheat, strong
dominant genes, exemplified by Ph1, tend to be regula-
tory. If Ph1 is a regulatory rather than a structural locus,
correlated effects that are not causally related are likely
and could account for the conflicting inferences on the
nature of the action of Ph1.
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