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Abstract A novel approach was used to compare male
and female recombination rates in wheat. Doubled haploid
lines were developed from an F; using two distinct ap-
proaches: the anther-culture technique and the Hordeum
bulbosum system, from which sets of lines were developed
from “male” and “female” meioses, respectively. The gen-
otype of the lines was established at RFLP and isozyme
markers polymorphic on chromosomes of homoeologous
groups 6 and 7, and “male” and “female” linkage maps
were calculated using this information. The markers in one
segment of chromosome 6B exhibited disturbed segrega-
tion frequencies in the anther-culture population. The
“male” and “female” maps differed significantly in recom-
bination frequency between some markers on two chromo-
somes, and these were consistent in direction within chro-
mosomes and inconsistent in direction between chromo-
somes. In two of the four chromosomes studied the “male”
map was much longer than the “female” map. These re-
sults suggest that significant differences may exist in male
and female recombination frequencies in bread wheat
which are specific to certain chromosomal segments but
are inconsistent in direction between chromosomes. Other
factors, such as environmental influences, may also be im-
portant in creating differences.
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Introduction

Genetic advance in a breeding programme depends on the
generation and selection of new recombinant products
from intervarietal or interspecific crosses. In this respect
the amount of genetic variation released in the segregating
generations. of a particular cross depends on the random
reassortment of chromosomes and the amount of recombi-
nation within chromosomes. The latter can vary in crop
species and can be influenced by both environment and
genotype. Environmental effects include temperature and
stress conditions, and these have been used, for example,
to increase chiasma frequency with the objective of in-
creasing recombination frequency. Genetic variation can
be demonstrated for factors affecting recombination, such
as chiasma frequency, and, in some species, e.g. Primula
sinensis (de Winton and Haldane 1935), Arabidopsis
(Vizir and Korol 1990), Brassica oleracea (M. J. Kearsey,
personal communication) and Brassica nigra (Lagercrantz
and Lydiate 1995), differences exist between male and
female gametes in the amount of recombination. In
crops such as wheat, sex differences in recombination
could have important consequences for genetical studies
and breeding strategies but no published information on
any comparison is yet available. With the advent of RFLP-
based maps of wheat (Chao et al. 1989; Devos and Gale
1993) it is now possible to carry out such studies with rel-
ative ease.

A novel approach to evaluating the relative rates of male
and female recombination frequency in wheat is to use dou-
bled haploid populations, rather than the usual reciprocal
backcross generations. Male gametes can be fixed in the
homozygous state using anther-culture techniques and fe-
male gametes can be fixed by developing lines from inter-
specific crosses where chromosome elimination takes
place, such as with Hordeum bulbosum (Barclay 1975) or
Zea mays (Laurie and Bennett 1986). In the present work
comparative maps for the chromosomes of homoeologous
groups 6 and 7 were produced using RFLP and isozyme
markers on separate populations of doubled haploid lines



derived from the same cross and developed using these al-
ternative systems.

Materials and methods

Development of mapping populations

Genotypes derived from the European spring wheat varieties High-
bury and Sicco were employed for the investigation. As a first step,
both varieties had been subject to cytogenetic manipulation to intro-
duce chromosome 5B from the variety Chinese Spring (CS), and to
create the single chromosome substitution lines Highbury (CS 5B)
and Sicco (CS 5B). CS 5B carries the gene kr/ which confers inter-
specific compatibility and therefore renders both substitution lines
cross-compatible with H. bulbosum.

The substitution lines were intercrossed to form the Fy hybrid.
The F; was then used to derive two populations of DH lines, the first
using the H. bulbosum system (Snape et al. 1979), which produced
a female gamete population of which 45 lines were used here (HB
population), and the second using anther cuiture to produce a popu-
lation from the male gametes, of which 69 were used (AC popula-
tion) (Snape et al. 1986).

Mapping procedures
RFLP and isozyme markers

Chromosomes of homoeologous groups 6 and 7 were chosen as the
target chromosomes for this investigation as they had served as the
basis of carlier studies (Chao et al. 1989; Kleinhofs et al. 1988). In-
itially, the parents were assessed for polymorphism for the available
probes using nine restriction enzymes. From the result of this screen
chromosomes 6B, 7A, 7B and 7D were chosen for detailed analysis
of the recombinant doubled haploid populations.

The maps were developed using the informative probe/enzyme
combinations which consisted of both known-function clones, 2437
[locus Xpsr8(Cxp3)1, 501 [locus Xpsr2(a-amy-1)], PSR470 [locus
Xpsr470(Wx)], bNRplO [locus Xak466(Nra2)], and pewx27 [locus
Xhhu2(Ppcl)], (origins described in Kleinhofs et al. 1988; Chao et
al. 1989); as well as the anonymous cDNA probes, PSR103, PSR117,
PSR119, PSR141, PSR150, PSR167, PSR160, and PSR687. In ad-
dition, two isozyme markers, Peroxidase-4 (Liu et al. 1990) and Ami-
nopeptidase-3 (Koebner and Martin 1989), were used.

Isolation of genomic DNA, Southern hybridization
and isozyme analysis

The techniques employed for DNA extraction, enzyme digestion,
electrophoresis, Southern hybridization, probe labelling and hybrid-
ization were essentially as described by Sharp et al. (1988).

Linkage analysis

In each population the lines were expected to segregate 1:1 for the
alternative alleles at each marker locus and the observed ratio was
tested for significance by chi-square analysis. MAPMAKER, Ver-
sion 2.0, (Lander et al. 1987) was used with each set of data to es-
tablish linkage groups and the Kosambi mapping function was se-
lected to convert recombination frequency to centimorgans (cM). For
two-point analysis a LOD score of 2.0 and a recombination frequen-
cy of 0.45 were the thresholds for linkage, and for three-point anal-
ysis a LOD score of 3.0 was applied. Where map orders differed, the
male and female maps were ordered according to established maps
(Devos and Gale 1993; Gale and Devos, unpublished) and map dis-
tances re-computed.
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To compare ‘male’ and ‘female’ recombination frequencies, for
each pair of adjacent marker loci in a linkage group, the observed
proportions of parental and recombinant lines in each of the two pop-
ulations were compared by 2X2 contingency chi-square tests.

Results
Construction of “male” and “female” maps

In the HB population, one of the 16 loci exhibited aberrant
segregation patterns, significant at the 5% level. This was
Xhhu2(Ppcl) on chromosome 7A, for which the lines were
segregating in an approximate allelic ratio of 2 Highbury:1
Sicco. An excess of Sicco alleles was present in the AC
lines at three adjacent loci in the centromeric region of
chromosome 6B causing a significantly disturbed segrega-
tion frequency on this segment. These were Xpsr8(Cxp3),
Xpsrl41 and Xpsr2(a-Amy-1). This distortion remained
when these 69 lines were combined with the 45 HB lines,
whilst that for Xhhu2(Ppcl) disappeared. This provides ev-
idence that, in the development of the AC population, dif-
ferential segregation or gametic selection exists for the
centromeric region flanked by the 6B markers.

In each analysis the 16 loci formed four linkage groups
(Fig. 1). The most likely gene orders in the two popula-
tions were not identical, but, on the basis of the standard
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Table 1 Total map lengths (¢cM) for the four chromosomes as ob-
tained from female and male meiosis

Ratio Chromosome
6B 7A 7B 7D
? ) ? ) ? <) ? 3
125 107 99 74 39 73 65 124
75 1.17 1.338 0.543 0.524

errors of the estimates of their recombination fraction, they
were indistinguishable from each other and from estab-
lished maps (Devos and Gale 1993). The four loci on chro-
mosome 6B mapped to a single linkage group which strad-
dles the centromere, Xpsri67:Xpsr8(Cxp3) located on
the short arm and Xpsri41:Xpsr2(a-Amy-I) on the long
arm. Chromosome 7A comprised the marker group
Xpsrl19:Per-4:Xpsr835(Wx):Xak466(Nra2):Amp-3 on the
short arm linked to Xhhu2(Ppcl) on the long arm via Amp-3.
The four loci, Xpsri60, Xpsrl19, Xpsrl03 and Xpsri50,
all on the short arm of 7D, fell into two groups of closely-
linked loci, Xpsri60:Xpsrl19 and Xpsr103:Xpsr150, the
latter being proximal to the centromere.

Comparison of male and female recombination
frequencies

To compare male and female recombination frequencies,
12 contingency chi-square tests were performed, of which
three were significant, more than would be expected by
chance. The intervals were Xpsrl19:Per-4:Xpsr835(Wx)
on 7A, and Xpsrl19:Xpsri03 on 7D. Xpsr119:Xpsri03 in
the “male” map and Xpsrll9:Per-4 in the “female” map
were segregating independently. On 7D the “male” recom-
bination frequency was larger than that of the “female”
while on 7A the reverse was true. Map distances (cM) for
each chromosome are given in Table 1 together with the
female/male ratio of lengths, excluding the section
Xpsrl19:Per-4 of chromosome 7A.

Discussion

These results indicate that significant differences in recom-
bination frequency may exist between male and female
gametes of wheat. These differences are specific to certain
chromosomal segments, are consistent in direction within
chromosomes, and are inconsistent in direction between
chromosomes. In two of the four chromosomes the maps
derived from female gametes were shorter by approxi-
mately one half.

Early reports of a sex difference in recombination were
made more than 50 years ago for Primula sinensis (de Win-
ton and Haldane 1935) and more recently for Arabidopsis
(Vizir and Korol 1990). Recent investigations into crop
plants have revealed the same phenomenon. In Brassica
oleracea (M. J. Kearsey personal communication) the “fe-

male” maps were larger overall than the “male” maps, be-
ing consistent in direction and distributed over the whole
genome, while in Brassica nigra (Lagercrantz and Lydiate
1995) the recombination frequencies were consistently
larger. Genome-wide differences have also been revealed
in Lycopersicon (De Vincente and Tanksley 1991).

These results, although not covering the whole genome,
offer evidence in favour of the existence of sex differences
in recombination in wheat. However, the source of the dif-
ferences is not clear. Environmental or genotype Xenviron-
mental factors must also be considered. The methods of
producing the DH lines were inherently different but they
were also developed in different places and at different
times: the H. bulbosum population in Cambridge in 1980
and the anther-culture populdtion in France in 1984. How-
ever, given the small population sizes used and the conse-
quent low power of the test, it can be concluded that sex
differences in recombination frequency may well exist in
bread wheat.
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