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Abstract Breeders can force sexual hybridisation
between wheat and related grass species to produce inter-
specific hybrids containing a dihaploid set of wheat and
related chromosomes. This facilitates the introgression of
desirable genes into wheat from the secondary gene pool.
However, most elite European wheat varieties carry genes
that suppress crossability, making the transfer of novel
traits from exotic germplasm into elite wheat varieties diffi-
cult or impossible. Previous studies have identified at least
five crossability loci in wheat. Here, the crossability locus
with the largest effect, Kr/ on chromosome arm 5BL, was
fine-mapped by developing a series of recombinant substi-
tution lines in which the genome of the normally non-cross-
able wheat variety ‘Hobbit sib’ carries a recombinant SBL
chromosome arm containing segments from the crossable
variety ‘Chinese Spring’. These recombinant lines were
scored for their ability to cross with rye over four seasons.
Analysis revealed at least two regions on 5BL affecting
crossability, including the KrI locus. However, the ability
to set seed is highly dependent on prevailing environmental
conditions. Typically, even crossable wheat lines exhibit
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little or no seed set when crossed with rye in winter, but
show up to 90% seed set from similar crosses made in sum-
mer. By recombining different combinations of the two
regions affecting crossability, wheat lines that consistently
exhibit up to 50% seed set, whether crossed in the UK win-
ter or summer conditions, were generated, thus creating a
very important tool for increasing the efficiency of alien
wheat transfer programmes.

Introduction

The genetic diversity available within bread wheat (7riti-
cum aestivum L.) is very limited compared to that of its cul-
tivated relatives such as rye (Secale cereale L.), barley
(Hordeum vulgare) and diploid Triticum, and within the
gene pools of wild (uncultivated) grass species such as
Aegilops, Triticum and Thinopyrum. It is important for
wheat breeders to be able to access the genetic diversity in
the secondary gene pools of wild and cultivated relatives of
wheat, to develop new varieties that yield well under a wide
range of adverse conditions, and that have new loci for pest
and disease resistance. Many wild species, in particular,
possess very good resistance to diseases and tolerance to
climatic stresses such as drought and extremes of tempera-
ture. However, successful exploitation of exotic germplasm
in wheat breeding programmes is hindered by a number of
barriers that need to be overcome to facilitate the breeding
process. The first barrier is the ability to generate interspe-
cific hybrids between wheat and related species; the second
is the ability to retain the chromosomes of related species in
the interspecific hybrid zygote during embryo develop-
ment; and the final barrier is the ability to induce genetic
exchange between the chromosomes of the two species
even though these chromosomes are often divergent or
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even non-collinear. All these processes need to be enhanced
if alien introgression is to be routinely deployed or
exploited within wheat breeding programmes.

A number of studies are already underway to improve
genetic exchange between wheat and related chromosomes.
The Phl (pairing homoeologous 1) locus is responsible for
the diploid control of chromosome pairing behaviour in
bread wheat (Riley and Chapman 1958), but also sup-
presses recombination between chromosomes of wild
wheat species and their wheat homoeologues in synthetic
amphiploids (Riley et al. 1959). The molecular character-
isation of the Phl locus (Griffiths et al. 2006; Al-Kaff et al.
2008) has led to the postulation that this locus might be reg-
ulated with drug treatment. This may provide a solution to
enhance the ability to induce genetic exchange between
related, but collinear, chromosomes. However, the barriers
to generating stable interspecific hybrids in the first place
still need to be overcome.

Most adapted wheat varieties, including all European
varieties tested, contain a number of major genes and quan-
titative trait loci (QTLs) for interspecific incompatibility
(Snape et al. 1979). This affects the ability to make crosses
of wheat with most related species, for example with rye
and Hordeum bulbosum, and thus restricts the introduction
of new genes and alleles from exotic germplasm that can be
used directly for alien introgression into wheat, meaning
that ‘bridge varieties’, such as ‘Chinese Spring’, have to be
used. These exotic wheat varieties bridge the gap between
the wild species and highly improved modern varieties
(Mujeeb-Kazi and Hettel 1995), but they are poorly agro-
nomically adapted, and successful interspecific crosses
made in this way are difficult to use in breeding.

The dominant alleles of the Kr genes prevent interspe-
cific crossing by inhibiting pollen tube growth, which stops
the pollen from fertilising the ovary (Sitch and Snape
1987). The Krl gene, which has the largest effect on cross-
ability (Lein 1943), has been mapped to the long arm of
chromosome 5B (Lange and Riley 1973), and Kr2 has been
mapped to SAL (Sitch etal. 1985). Two additional Kr
genes have been postulated: Kr3 on 5D (Krowlow 1970)
and Kr4 on 1A (Zheng et al. 1992). Another major cross-
ability QTL, Skr, has been mapped on the short arm of 5B
(Tixier et al. 1998; Lamoureux et al. 2002).

The development of detailed genetic maps and the con-
struction of bacterial artificial chromosome (BAC) libraries
from wheat genomes have led to the isolation of the first
genes from hexaploid wheat including VRNI (Yan et al.
2003), the disease resistance genes Lr2/ (Huang et al.
2003), Lr10 (Feuillet et al. 2003) and Pm3b (Yahiaoui et al.
2004), Phl (Griffiths et al. 2006; Al-Kaff et al. 2008) and
Ppdl (Beales et al. 2007) through map-based cloning. The
initial aim of our crossability study, therefore, was to use
positional cloning to identify a candidate gene for Kr/ and
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to assess whether this information could be exploited to
enhance the crossability process. An important outcome of
this crossability study was the development of wheat lines
that are consistently crossable whatever the environmental
conditions, thus increasing the efficiency of alien wheat
gene transfer programmes. In 1995, Snape et al. suggested
that Krl was probably located distal to the end of the region
deleted in the Phl mutant line, phlb, which has a 70-Mb
deletion on chromosome 5B (Sears 1977). In 1998, Zhang
et al. used QTL mapping to estimate the location of Kr/,
and it was found to be closely linked to the genes for hybrid
necrosis (Nel), winter variegation (Vg) and, most interest-
ingly, Phl.

In this study, single-chromosome recombinant lines are
described for chromosome 5B. These were developed
between the UK winter wheat variety ‘Hobbit sib’, which
had the dominant (non-crossable) allele (Kr/), and a ‘Hobbit
sib’ single-chromosome substitution line where chromo-
some 5BL had been substituted with chromosome 5BL
from ‘Chinese Spring’, which possessed the recessive
(crossable) allele (krl). These recombinant lines were used
to map markers on 5BL, including markers flanking the
Krl1 locus. Although the only crossability locus expected on
this chromosome arm was Krl, the mapping identified not
one, but two regions on 5BL that had effects on crossability
and/or fertility. More importantly, the development of the
5BL recombinants led to the identification of wheat lines
that were consistently crossable under UK winter (artificial)
as well as summer (natural) glasshouse conditions. This is
particularly relevant for plant breeding in climates such as
that of the UK because, although ‘Chinese Spring’ is nor-
mally regarded as being ‘crossable’, under the UK condi-
tions, it often fails to set seed under winter crossing
conditions in lit and heated glasshouses and exhibits highly
variable seed set under equally variable UK summer condi-
tions.

Materials and methods
Recombinant populations for fine-mapping

Recombinant substitution lines were developed from a
series of crosses initially involving the crossable wheat
variety ‘Chinese Spring’ and the non-crossable wheat variety
‘Hobbit sib’. ‘Chinese Spring’ has the standard chromo-
some 5B and 7B karyotype (5BS-5BL and 7BS-7BL),
whereas in ‘Hobbit sib’ these chromosomes have recipro-
cally translocated arms, resulting in SBL-7BL and 5BS-
7BS chromosomes. Single-chromosome recombinant lines
were developed for these wheat chromosomes as described
by Miura et al. (1992). These were derived from crosses
between ‘Hobbit sib’ and an inter-varietal chromosome
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substitution line ‘Hobbit sib (Chinese Spring 5BL, 7BL)’.
The substitution line has the standard 5SBS-5BL and 7BS-
7BL karyotype restored in the ‘Hobbit sib’ genetic back-
ground, but the 5B and 7B chromosomes have a short arm
from ‘Hobbit sib’ and a long arm from ‘Chinese Spring’. In
total, 71 homozygous disomic recombinant substitution
lines were generated that had recombination between the
‘Hobbit sib’ and ‘Chinese Spring” 5BL arm. These were
allowed to self-pollinate, and each of the resulting lines was
assessed for crossability. All crosses were carried out under
glasshouse conditions. High-pressure 400 W sodium lights
were used as supplementary lighting for 16 h/day during
the winter months.

Scoring for crossability

Crossability is defined here by the ability of a wheat line to
set seed when crossed with rye (Secale cereale L. cv. Petkus
Spring). It is a quantitative trait, subject to seasonal (envi-
ronmental) variation, and is defined as the percentage of
florets pollinated that set seed. Two random spikes from
each recombinant plant were used to assess the crossability
in each season. These were emasculated 1-3 days prior to
anthesis and covered with glassine bags to prevent uncon-
trolled pollinations. Florets were pollinated with fresh rye
pollen once the stigmas had become receptive, and the
spikes were again covered with glassine bags. Two spikes
from each recombinant plant were pollinated on two differ-
ent dates to reduce environmental influences on crossability,
such as insufficient light. As many as 20-30 florets were
pollinated per spike. The percentage of pollinated florets to
have set seed was scored 10—14 days after pollination. If the
percentage of pollinated florets to have set seed was above
10-15%, the plant line was usually considered to be cross-
able, though seasonal variation in seed set made it important
to score with reference to all other lines and parental con-
trols. Crossability of the 71 recombinant substitution lines
was first assessed in 1985. From this population, three lines
scored as crossable (8-3, 17-2 and 72-1) and seven lines
scored as non-crossable (1-1, 11-4, 14-3, 28-2, 83-5, 94-2
and 107-3) were selected as parents to produce F, heterozy-
gotes with segmental recombination on SBL. Crossability of
these parental and F, recombinant lines was subsequently
assessed for four consecutive growing seasons: winter 2006/
07 (December/January), summer 2007 (May/June), winter
2007/08 (December/January) and summer 2008 (May/June)
to assess the environmental effects on crossability. All
wheat lines are available on request.

Marker development and screening of recombinant lines

Initial genotyping of the 71 recombinant lines was carried
out by screening with 16 publicly available 5B-specific

restriction fragment length polymorphism (RFLP) and sin-
gle sequence repeat (SSR) markers distributed along the
length of chromosome 5BL. Markers were derived from the
published maps of Zhang etal. (1998) and Toth etal.
(2003). Gwm primer sets were from IPK Gatersleben and
wmc primer sets were from the Wheat Microsatellite Con-
sortium (see GrainGenes website http://wheat.pw.usda.gov/
GG2/index.shtml). This screening determined the genotype
of each recombinant 5B chromosome as carrying the ‘Chi-
nese Spring’ (A) or ‘Hobbit sib’ allele (B). Initially, the K7/
locus was defined to a 13-cM region between the microsat-
ellite markers Xgwm2I3 and Xgwm371. These markers
were used to screen the Phl mutant line, phlb, which
revealed that Kr/ maps within the phlb deletion region.
Three wheat BACs (1625E21, 1275L15 and 1217B2) and
the cdc2-2 gene, located within the Phl deletion region (as
defined by Griffiths et al. 2006), were used to develop addi-
tional markers for mapping.

In an earlier study, wheat deletion mutants were used to
fine-map the Phl region, using the presence/absence of
markers to delimit the locus (Roberts et al. 1999). Synteny
was maintained between wheat genes within this delimited
Phl deletion region and genes on rice chromosome 9
(Foote et al. 1997). Knowledge of wheat-rice synteny in
this region was therefore used to develop more markers to
fine-map Krl.

Annotated rice chromosome 9 genes in the region equiv-
alent to the Krl region (as defined by Xgwm213 and
Xgwm371) were used in a BLAST search of publicly avail-
able wheat and barley expressed sequence tags (ESTs). The
rice coding sequence (CDS) was used to BLAST search the
equivalent region in the genome of the model species Brac-
hypodium distachyon using the 4x preliminary sequence
assembly in the ‘BrachyBase’ database (http://www.brac-
hypodium.org/). The equivalent region was found to be
located on Brachypodium chromosome four (Bd4). The
EMBOSS ‘est2genome’ software tool was used to aid the
prediction of introns by sequence homology. This pro-
gramme allowed the alignment of ESTs from the spliced
nucleotide sequences with rice unspliced genomic DNA
sequence. ESTs showing good homology with rice single-
copy sequences were selected for marker development.
Markers were then designed for displaying polymorphisms
using single-strand conformational polymorphism SSCP-
SNP (Bertin et al. 2005). The grass genome sequences were
used to design 281 PCR primer pairs, each pair spanning an
intron to take advantage of the higher variability of non-
coding DNA sequences. SSCP gels were used to detect
polymorphism between ‘Chinese Spring’ and ‘Hobbit sib’.

Further markers were designed for SBL outside the Kr/
region because the results of the initial crossability screen
suggested that there could be additional Kr-like loci in
different locations along the SBL chromosome arm. Synteny
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Fig. 1 Graphical genotypes of recombinant parental lines mapped us-
ing chromosome 5B markers. Eleven selected lines are shown out of a
total of 71 mapped parental lines. Crossability scores of the same lines
as mean percentage seed set in summer 1985. The first ten lines were
those used to make further crosses. Those marked with an asterisk gave
progeny that were recombinant within the region of interest on chro-
mosome 5B. The letter ‘A’ (in boxes shaded yellow) represents the
‘Chinese Spring’ (crossable) allele (krl); ‘B’ (in boxes shaded green)
represents the ‘Hobbit sib’ (non-crossable) allele (Kr/). A dash in an
unshaded box means that no score is available

between Brachypodium and wheat breaks down in the
distal part of SBL (Foote etal. 1997), so in this region
microsatellite markers were used instead of SSCP markers
for mapping. Wheat nullisomic—tetrasomic lines (NSATSD,
N5SBTSA and NSDT5B) were used to assign the markers to
a specific genome.

Results
Marker development
For genotype mapping, 174 primer pairs designed from

ESTs were tested. Eight primer pairs yielded PCR products
derived from ‘Chinese Spring’ and ‘Hobbit sib’ that were
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Fig. 2 Graphical genotypes and crossability scores for five parental
lines and 29 homozygous segmental recombinant lines from three
different crosses, mapped using chromosome 5B markers. Xgwm,
Xwmc and Xbarc denote genomic loci (barc markers are from Belts-
ville Agricultural Research Station). The EST-SSR loci are named
with the internationally assigned accession number. The letter ‘A’ (in
boxes shaded yellow) represents the ‘Chinese Spring’ (crossable) al-
lele (krl); ‘B’ (in boxes shaded green) represents the ‘Hobbit sib’ (non-
crossable) allele (Krl); ‘H’ (in boxes shaded orange) represents a het-
erozygote; ‘D’ represents ‘A’ or ‘H’ alleles (indicating a possible weak
band for ‘B’); a dash in an unshaded box means that no score is avail-
able and an empty box indicates that the marker was not used in the
original scoring of the parental lines. Crossability for each parental and
recombinant line with rye is shown for two to four growing seasons,
scored as mean percentage seed set. The ‘Hobbit sib’ segment contain-
ing Krl is coloured dark green and the region containing the Kr/ locus
is indicated by a green bar. The reciprocal ‘Chinese Spring’ segment
containing krl is coloured bright yellow. Names and crossability
scores in blue indicate lines that are crossable despite possessing the
Krl non-crossable allele. The dark blue boxes define a region within
which there is a complex interaction between the ‘Chinese Spring’ and
Hobbit sib’ alleles that causes the non-crossable lines to become par-
tially crossable even in the presence of Kr/. Names and crossability
scores in red indicate lines that are consistently crossable even when
environmental conditions are sub-optimal. The ‘Hobbit sib’ region
defined by the red box may contain alleles that interact with ‘Chinese
Spring’ alleles on 5BL resulting in a consistently crossable phenotype.
The light blue bar labelled “Crossability region 2" represents the ‘Hob-
bit sib’ segment in line 149-4-183 that makes this line non-crossable.
The location of the Phl locus is indicated by a light pink bar

polymorphic on 5B when run on SSCP gels. In Brachypo-
dium distachyon, the region equivalent to, and distal to, the
Ph1 locus in wheat was found to be located on chromosome
Bd4. A total of 107 primer pairs were designed from this
Brachypodium region. Seven of these were polymorphic on
5B. Markers used for genotyping, including wheat ESTs
and Brachypodium markers, are shown in Supplementary
Table 1.

Initial genotyping and screening for crossability

Mapping and crossability scoring of the 71 recombinant
(parental) lines indicated that Kr/ was located between the
wheat microsatellite markers, Xgwm213 and Xgwm371.
From these 71 recombinant lines, three crossable (in these
experiments) lines (8-3, 17-2 and 72-1) were further
crossed with three sets of non-crossable lines (14-3, 94-2
and 107-3; 11-4, 28-2 and 107-3; 83-5, 1-1 and 107-3). The
graphical genotypes and crossability scores for these
selected parental lines are shown in Fig. 1. Crosses using
17-2, 11-4, 28-2 and 1-1 did not give recombination in the
region of interest, but from four crosses, 137 F, segmental
recombinant heterozygotes were identified out of 652
plant lines tested. These four crosses were from parental
lines: 8-3-1 x 94-2-2, which gave rise to lines prefixed
132; 8-3-3 x 14-3-1, which gave rise to lines prefixed 133;
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8-3-3 x 14-3-7, which gave rise to lines prefixed 137; and
72-1-5 x 107-3-3, which gave rise to lines prefixed 149
(Fig. 2). These were self-fertilised to generate F, plants,
which were then genotyped using Xgwm213 and Xgwm371,
plus seven additional, more closely linked, molecular mark-
ers to identify recombinants in the target region (data not
shown). A total of 35 F, plants were selected on the basis
that they only recombined in the region between the mark-
ers Xgwm213 and Xgwm371, thus enabling finer mapping.

From each of the 35 selected plants, 10 selfed seeds were
sown and the resulting F; plants were genotyped using up
to 31 markers (Fig.2). Lines having no recombination
between markers Xgwm?213 and Xgwm371 were discarded.
The remaining 30 lines were homozygous. Some lines that
were heterozygous towards the distal end of the region
were included in the study. Up to 29 homozygous lines
were used in crosses with rye over four consecutive seasons
from winter 2006/07 to summer 2008 (Fig. 2).
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Mapping of crossability loci in parental lines

In the summer of 1985, parental lines 8-3 and 72-1 (used to
generate the recombinant heterozygote population) were
crossable (Fig. 1). This was consistent with the genotyping
results, which indicated that the SBL arms of these lines
were derived from ‘Chinese Spring’. A further 8 of the 71
recombinant lines also had a ‘Chinese Spring” 5BL arm,
but unlike lines 8-3 and 72-1, 3 of these, including line 4-1
(Fig. 1), did not set seed in 1985. Parental line 72-1
remained crossable in winter 2007/08 and summer 2008
(Fig. 2), but line 8-3 set no seed in these seasons, despite
having been crossable in 1985.

Mapping of crossability loci in homozygous recombinant
lines

Figure 3a, b shows the graphical genotypes for the five
parental lines (8-3, 72-1, 94-2, 14-3 and 107-3) used in the
successful crosses, and 29 homozygous segmental recombi-
nant (progeny) lines mapped using up to 31 chromosome
5B markers. The crossability of each line with rye is shown
as mean percentage seed set over two to five growing sea-
sons. For most of the 29 homozygous recombinant lines
tested that were crossable, crossability did not remain con-
sistent over the different growing seasons, but seed set
dropped to below 10% when the temperature and/or light
intensity was low. These lines could therefore be termed
“partially crossable’.

Parental line 107-3, which had a SBL arm derived from
‘Hobbit sib’, was non-crossable, the seed set being very
low. Conversely, parental line 72-1, which had a 5BL arm
derived from ‘Chinese Spring’, had a relatively high per-
centage of seed set in all three seasons that it was scored
and was therefore crossable. Thus, in the homozygous
recombinant population, a SBL arm derived entirely from
‘Chinese Spring’ would be expected to give at least a par-
tially crossable phenotype. However, when a segment of
‘Hobbit sib’ defined by markers, Xw5145 and DR740708,
was added to the ‘Chinese Spring’ arm, this resulted in
most lines becoming non-crossable (Fig. 3a). Some of the
recombinant lines have a larger ‘Hobbit sib’ segment
encompassing markers Xw51745 and DR740708, but the first
four recombinant lines (149-1-12, 149-3-64, 133-2-38 and
133-2-57) contain the smallest segment that gives the non-
crossable phenotype. So, within this ‘Hobbit sib’ segment
defined by Xw5145 and DR740708, there is a locus that has
an inhibitory effect on crossability. It is likely that this seg-
ment contains the previously described Kr!I locus.

All of the recombinant lines shown in Fig. 3a carry the
‘Hobbit sib’ segment containing KrI, and most of them are
non-crossable. However, by recombining additional seg-
ments of ‘Hobbit sib’ from the region defined by
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Fig. 3 Graphical genotypes and crossability scores for five parental
lines and 29 homozygous segmental recombinant lines illustrating the
effects of adding different segments of ‘Chinese Spring’ or ‘Hobbit
sib’. Xgwm, Xwmc and Xbarc denote genomic loci (barc markers are
from Beltsville Agricultural Research Station). The EST-SSR loci are
named with the internationally assigned accession number. The letter
‘A’ (in boxes shaded yellow) represents the ‘Chinese Spring’ (cross-
able) allele (krl); ‘B’ (in boxes shaded green) represents the ‘Hobbit
sib’ (non-crossable) allele (Krl); ‘H’ (in boxes shaded orange) repre-
sents a heterozygote; ‘D’ represents ‘A’ or ‘H’ alleles (indicating a pos-
sible weak band for ‘B’); a dash in an unshaded box means that no
score is available and an empty box indicates that the marker was not
used in the original scoring of the parental lines. a All the recombinant
lines carrying the ‘Hobbit sib’ segment containing Kr/. This segment
is coloured dark green. The region containing the Kr/ locus is indi-
cated by a green bar. b All the recombinant lines carrying the recipro-
cal ‘Chinese Spring’ segment containing kr/. This segment is coloured
bright yellow. Recombinant lines in (a) are non-crossable, except those
where the names and crossability scores are in blue. The dark blue box
defines a region within which there is a complex interaction between
the ‘Chinese Spring’ and Hobbit sib’ alleles that cause the non-cross-
able lines to become crossable even in the presence of Kr/. Recombi-
nant lines in (b) are mainly non-crossable, or only crossable in good
environmental conditions. Names and crossability scores in red indi-
cate lines that are consistently crossable even when environmental con-
ditions are sub-optimal. The ‘Hobbit sib’ region defined by the red box
may contain alleles that interact with ‘Chinese Spring’ alleles on SBL
resulting in a consistently crossable phenotype. The light blue bar
labelled “crossability region 2” represents the ‘Hobbit sib’ segment in
line 149-4-183 that makes this line non-crossable. The location of the
Ph1 locus is indicated by a light pink bar

1275L15_cg3 and Xwmc160 (defined in Fig. 3a by a dark
blue box), with the ‘Chinese Spring’ chromosome arm, we
can produce a level of crossability even in the presence of
Krl. For example, the recombinant lines 133-1-19 BIS,
149-3-53 and 133-4-83 become crossable in some (though
not all four) seasons. This suggests that interspecific cross-
ability is not controlled by a single locus. There may be a
complex interaction between ‘Chinese Spring’ and ‘Hobbit
sib’ alleles in this region leading to partial crossability.

Generation of consistently crossable wheat genotypes

Figure 3b illustrates the effect of reciprocal recombination
events on SBL. A 5BL arm derived entirely from ‘Hobbit
sib’ would be expected to give a non-crossable phenotype.
If a segment of ‘Chinese Spring’ defined by the same mark-
ers, Xw5145 and DR740708, is added, the lines would be
expected to become crossable due to the presence of the kr/
rather than the Kr/ allele. Line 149-3-103, for example, has
this ‘Chinese Spring’ krl segment in a ‘Hobbit sib’ back-
ground and was highly crossable in summer 2008, with a
seed set of 79%. However, seed set was below 10% for the
two winter seasons studied, and so this crossability is
inconsistent.

All the recombinant lines shown in Fig. 3b have the
‘Chinese Spring’ segment between markers Xw5/45 and
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DR740708. If krl was the only crossability locus on this
chromosome arm, we would expect all these lines to be
crossable. However, some of the lines are non-crossable,
which supports the hypothesis that on 5SBL, there is more
than one locus affecting crossability. The recombinant line
149-4-183 carries a segment of ‘Hobbit sib” defined by the
markers OsHypI and Os09g36440. Although this line does
not possess the Krl locus, it is non-crossable, which sug-
gests that a second Kr locus could lie within the region defi-

ned by this marker pair. This line is important because it
has a very small ‘Hobbit sib’ segment (termed ‘crossability
region 2’) compared with that of the other lines shown in
Fig. 3b. So, if a second Kr locus was present, this line
would define the locus to the smallest region. However,
because this specific combination of ‘Chinese Spring’ and
‘Hobbit sib’ alleles is only possessed by line 149-4-183,
further mapping is necessary to confirm the presence of a
second crossability locus within this region.
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More interestingly, although they possess ‘crossability
region 2’, lines 137-1-67 and 137-2-143 were crossable
over all four seasons in which they were studied. In these
consistently crossable lines, seed set was always above
10% irrespective of low temperature and low light levels of
the winter. This consistent crossability was not observed
when the whole 5BL arm was composed of ‘Chinese
Spring’. Line 149-4-250 gave similarly high crossability
results for three seasons, though it was not crossable in
summer 2007. This line was crossable in both winters and
so has a similar phenotype to that of the consistently cross-
able lines. Indeed, it has a similar combination of ‘Chinese
Spring’ and ‘Hobbit sib’ alleles as the highly crossable
lines 137-1-67 and 137-2-143. Interestingly, line 149-4-250
came from a different cross to the other consistently cross-
able lines (Fig. 2). The fact that a similar crossability phe-
notype was obtained via two different crosses strengthens
the case for the suggestion that this particular combination
of ‘Chinese Spring’ and ‘Hobbit sib’ alleles on chromo-
some 5B results in wheat lines that are crossable in most
winters and summers in the UK. It seems likely that there
are genes on 5BL, in addition to the Kr/ locus and cross-
ability region 2, which affect interspecific crossability and/
or fertility.

Environmental conditions during crossing seasons

Mean seasonal temperatures and mean hours of sunshine
for the UK East Anglian region during the four growing
seasons in this study were derived from weather statistics
provided by the UK Met Office website at http://www.met-
office.gov.uk/ (Supplementary Table 2). There was very lit-
tle difference in mean seasonal temperature or hours of
sunshine between the two winter seasons. There was no
difference in mean seasonal temperature between the sum-
mer seasons in 2007 and 2008, although the summer of
1985 was slightly colder. However, there were 215 h of
sunshine in summer 2008 compared with 150 h in summer
2007 and only 137 h in 1985. This may account for the gen-
erally higher seed set in the summer of 2008 (Figs. 2, 3, 4).

Figure 4 summarises the effects of the prevailing envi-
ronmental conditions on the crossability of 6 of the 29
homozygous recombinant lines over four consecutive
growing seasons. Recombinant line 149-3-64, carrying the
smallest ‘Hobbit sib’ segment containing Kr/, and 149-4-
183, carrying the ‘Hobbit sib’ segment termed crossability
region 2, are non-crossable. Performing the reciprocal sub-
stitution with the corresponding ‘Chinese Spring’ chromo-
some segment into a ‘Hobbit sib’ SBL chromosome can
make these non-crossable wheat lines crossable. For exam-
ple, line 149-3-103 carrying the krl segment and 149-3-53
carrying a ‘Chinese Spring’ segment corresponding to the
crossability region 2 segment were both crossable in sum-

@ Springer

mer 2008, with up to 79% seed set. However, 149-3-53 was
not crossable in summer 2007, which had fewer hours of
sunshine than 2008, and neither 149-3-53 nor 149-3-103
was crossable in UK winter conditions (no data were avail-
able for crossability of 149-3-103 in summer 2007). Lines
137-2-143 and 137-1-67 carry the same crossability region
2 ‘Hobbit sib’ segment as the non-crossable line 149-4-183,
but in lines 137-2-143 and 137-1-67 this region is extended
both proximally and distally. So, some factor or factors
within these extended regions may have interacted with the
surrounding ‘Chinese Spring’ alleles to make these lines
consistently crossable.

Discussion

Detailed mapping of markers on wheat chromosome 5B has
enabled Krl to be located within a segment on the SBL
chromosome arm defined by the markers Xw5745 and
DR740708 (Fig. 3a). A genetic map indicating the position
of Krl on 5BL is shown in Fig. 5. Our results suggest that
crossability is not controlled by a single locus on 5SBL, but
that there is a second region on SBL (crossability region 2)
that has an effect on crossability and/or fertility, which maps
just distal to the Phl locus. Both this region and the Kr!
region need further dissection to pinpoint the genes control-
ling crossability within them. The graphical genotypes
shown in Figs. 1, 2, 3 and 4 do not necessarily reflect resolu-
tion at the molecular level and segments indicated as equiva-
lent in these figures may have different allele combinations
on the edges of the ‘identical’ segments. There may also be
undetected double crossovers, which are not revealed with
the markers available. Significant environmental effect on
phenotype variability makes genetic analysis difficult, but a
higher molecular resolution may help to resolve some of the
issues. Nevertheless, it is clear that there is an interaction
between the ‘Chinese Spring’ and ‘Hobbit sib’ alleles on
this chromosome arm that affects crossability.

The segment defined by Xw5145 and DR740708, con-
taining Kr/, appears to be a region of low recombination.
To further define the Kr/ region, existing markers will be
screened against a pooled wheat BAC library (derived from
the ‘Chinese Spring” BAC library of Allouis et al. 2003),
which is under construction at the John Innes Centre, UK.
Markers will be derived from the wheat BACs to build a
contig map of the region, which will then be sequenced to
identify candidate genes for crossability. Crossability
region 2 is more amenable to further fine-mapping having a
higher level of recombination and being syntenic with a
region in Brachypodium of 2.5 Mb in size on Brachypo-
dium chromosome four (Bd4).

Environmental conditions can have a profound effect on
crossability. Typically, when ‘Chinese Spring’ is crossed
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Fig. 4 Graphical genotypes and crossability scores for six selected
homozygous segmental recombinant lines, and graphical representa-
tion of the same lines scored as mean percentage seed set over four
consecutive growing seasons. a Graphical genotypes and crossability
scores. The letter ‘A’ (in boxes shaded yellow) represents the ‘Chinese
Spring’ (crossable) allele (krl); ‘B’ (in boxes shaded green) represents
the ‘Hobbit sib’ (non-crossable) allele (Krl); ‘H’ (in boxes shaded or-
ange) represents a heterozygote; ‘D’ represents ‘A’ or ‘H’ alleles (indi-
cating a possible weak band for ‘B’); a dash in an unshaded box means
that no score is available. Crossability for each recombinant line with
rye is shown as mean percentage seed set over four consecutive grow-
ing seasons. Recombinant line 149-3-53 is highlighted in blue to indi-

cate that it is crossable despite possessing the Kr/ non-crossable allele.
Names and crossability scores in red indicate lines that are consis-
tently crossable even when environmental conditions are sub-optimal.
The ‘Hobbit sib’ region defined by the red box may contain alleles that
interact with ‘Chinese Spring’ alleles on 5BL resulting in a consis-
tently crossable phenotype. The light blue bar labelled “Crossability
region 2” represents the ‘Hobbit sib’ segment in line 149-4-183 that
makes this line non-crossable. The location of the Phl locus is indi-
cated by a light pink bar. b Graphical representation of summer versus
winter crossability scores for the same recombinant lines. Crossability
for each recombinant line with rye is shown as mean percentage seed
set over four consecutive growing seasons
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Fig. 5 Genetic map of wheat chromosome arm 5BL indicating the
location of the crossability locus, Krl. Xgwm and Xwmc denote
genomic loci. The EST-SSR loci are named with the internationally
assigned accession number. Numbers on the left-hand side of each
map show the distances in centiMorgans between markers

with rye or Hordeum bulbosum, if this is carried out in a
warm summer under high light levels, and the pollen is
good, the seed set is high (up to around 80%). If weather
conditions are bad, such as in winter in the UK, the nor-
mally crossable ‘Chinese Spring’ can become apparently
uncrossable, with seed set possibly as low as 3%. Three
parental lines with ‘Chinese Spring’ 5BL chromosome
arms (e.g. line 4-1) did not set seed in 1985, probably due
to the comparatively low temperatures and low levels of
sunshine in that season (Supplementary Table 2). Parental
line 8-3 was crossable in 1985, but set no seed in winter
2007/08 or in summer 2008 (Fig. 2), suggesting that the
possession of a ‘Chinese Spring” SBL chromosome arm
may confer a crossable phenotype on the line, but that this
crossability is inconsistent, being highly dependant on
prevailing environmental conditions. However, the intro-
duction into a Chinese Spring SBL arm of a segment of
‘Hobbit sib’, defined by the markers 1275L15_cg3 and
0s09g38060, has generated wheat lines that are consis-
tently crossable both in summer and winter seasons. These
lines could have potential in breeding programmes in coun-
tries with similarly variable environmental conditions to
that of the UK. Dissection of the genes conferring the con-
sistently crossable phenotype may shed light on the regula-

@ Springer

tion of fertility in wheat. The identification of wheat lines
that are consistently crossable under winter or summer con-
ditions is an important achievement in developing a robust
system for exploiting alien introgression in wheat breeding
programmes.
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