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Abstract This paper describes the first extensive genet-
ic map of Hordeum bulbosum, the closest wild relative
of cultivated barley. H. bulbosum is valuable for haploid
production in barley breeding, and because of desirable
agronomic characteristics, it also has potential for trait
introgression into barley. A H. bulbosum map will assist
introgression and provide a basis for the identification of
QTLs for crossability with barley and other potentially
useful genes. The present study used a population of 111
individuals from a PB1xPB11 cross to develop a genetic
linkage map of diploid H. bulbosum (2n=2x=14) based
on barley, wheat and other “anchor” cerea RFLP
markers previously mapped in other species. Because of
the cross-pollinating and highly polymorphic nature of
H. bulbosum, up to four alleles showed segregation at
any one locus, and five different segregation types were
found. This enabled maps to be developed for the PB1
and PB11 parents, as well as a combined map. In total,
136 RFLP loci were mapped with a marker coverage of
621 cM. The markers were generally colinear with bar-
ley but H. bulbosum had less recombination in the cen-
tromeric regions and similar or more in the distal re-
gions. Cytological studies on pollen mother cells at
metaphase-1 showed marked distal localization of chias-
mata and a frequency consistent with the genetic map
length. This study showed that H. bulbosum was highly
polymorphic, making it suitable for trait analysis and
supplementing maps of barley.
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Introduction

A number of wild speciesin the genus Hordeum L. (tribe
Triticeae, family Poaceae, Gramineae) are of potential
importance for barley breeding. The species/taxa of
Hordeum L. have the basic chromosome number of x=7,
and with respect to cultivated barley the genus can be
divided into a primary gene pool (Hordeum vulgare su-
bsp. vulgare and Hordeum vulgare subsp. spontaneum
(C. Koch Thell)), a secondary gene pool (Hordeum
bulbosum) and a tertiary pool (al other Hordeum spe-
cies). H. bulbosum L. occurs in diploid and tetraploid
cytotypes, both of which show strong self-incompatibili-
ty. The diploid cytotype is found from Greece and Egypt
westward (Brown 1992; von Bothmer et al. 1995).

H. bulbosum L. is the only obligatory cross-pollinat-
ing Hordeum species and has two major uses in barley
breeding. The first is for doubled-haploid production by
chromosome elimination (Simpson and Snape 1981).
The second is as a source of novel genes for barley im-
provement by introgression. Traits of interest include
winter hardiness and drought tolerance, anther extrusion
and self-incompatibility; and resistance to pests and dis-
ease including powdery mildew, rusts, scab, barley yel-
low mosaic virus, net blotch, scald and Russian wheat
aphid (Xu and Snape 1989; Kindler and Springer 1991,
Xu et al. 1991; Xu and Kasha 1992; Walther et a. 2000).
A number of recombinant H. vulgare-H. bulbosum lines
have now been produced and stable gene introgression
has been achieved, primarily with a view to introducing
disease resistance (Pickering et al. 1994, 1997, 2000;
Walther et a. 2000). Generally, however, the primary in-
trogression is only the first step toward the utilization of
these novel genes in agriculture. Normally, the trans-
ferred segment carrying the gene of interest also carries
undesirable residual genes (linkage drag), which is a ma-
jor limitation in introgression programs (Tanksley and
Nelson 1996). Linkage drag can be reduced by selecting
new reduced recombinants and this process is greatly
hel ped by knowledge of the genetic map of the wild spe-
cies. Thus, a H. bulbosum map will be useful for assist-
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ing introgression and also as a basis for the identification
of QTLs for crossability with barley for haploid produc-
tion. The map is also useful in studying the homoeolog-
ous relationship of H. bulbosum with other Triticeae
species. The aim of the present study was to develop a
genetic linkage map of H. bulbosum and to carry out
comparative genetic analysis within the Triticeae.

Materials and methods
Plant material and mapping population

A skeletal map of H. bulbosum was developed at the John Innes
Centre, using a mapping population of 45 individuals derived
from the cross of clones PB1xPB11 (Jaffé et al. 2000). These dip-
loid cytotypes are very different in important characteristics. For
example, PB1 is highly crossable with barley and produces a high
frequency of haploid embryos for barley breeding. In contrast,
PB11 has much lower crossability and produces a high frequency
of hybrid embryos, making this clone suitable for alien gene intro-
gression (Xu and Snape 1987, 1988). For detailed mapping work it
is necessary to have alarger population than that originally devel-
oped, and the initial population was increased to 111 F,; full-sib
families by re-crossing the PB1 and PB11 parents. Basically, one
spike from each parent was placed together in a crossing bag prior
to anthesis, and once the seeds were well-developed they were
collected separately from each of the parental spikes, noting the
identification of the male and female parents.

Mapping procedures

Genomic DNA from the parents and from each F; recombinant
clone was isolated from young leaves and digested with five re-
striction enzymes, BamHI, Dral, EcoRI, EcoRV and HindlIl. En-
zyme digestion, electrophoresis, Southern hybridization, probe
labeling and the development of films was carried out using stan-
dard procedures, basically as described by Sharp et al. (1988).

A range of cDNA and genomic DNA clones from barley,
wheat and oats, available in the Cereals Research Department,
John Innes Centre, and including Cornell “anchor” probes (Van
Deynze et a. 1998), were used (Table 1). Most probes had previ-
ously been mapped in barley (Langridge et al. 1995; Laurie et al.
1995; Qi et a. 1996) and/or other cereals. Because H. bulbosumis
an obligate outbreeder up to four alleles can be segregating at each
locus. This gave five segregation types that are listed, together
with their relative frequencies, in Table 2. No clustering of segre-
gation types was observed on any chromosome, showing that
polymorphism levels were similar in al regions of the PB1 and
PB11 genomes.

Segregation and linkage analysis

Pair-wise analysis, grouping of markers, and mapping, were per-
formed with JoinMap Version 2 (Stam and van Ooijen 1995). This
software can handle a wide variety of mapping population types,
including outbreeding progenies involving markers with different
segregation types, as with the cross here. Before linkage analysis,
single-locus analysis (JMSLA module) was applied. Some loci
with aberrant segregation ratios were discarded. The markers were
assigned to linkage groups based on LOD scores of pairs of
markers. Only in specific cases, and in particular genomic regions,
was the combined map constructed by forcing the order using the
expected fitted order of loci from the individual parental map. For
the construction of the PB1 and PB11 maps, markers from the in-
dividual parents were separated using only the aleles from that
particular parent to calculate recombination frequencies. In the
case of abxab segregation types the linkage phase was unknown
(Maliepaard et a. 1998) and such markers were only mapped on
the combined map.

For the individual parental maps, each data set was analysed
using the DH population type. For grouping, markers were as-
signed to linkage groups with LOD values of 3. However, when
starting, LOD values from 1 to 8.5, at 0.5 increments, were used
with the aim of detecting the stability of grouping. This also indi-
cated which sets of markers formed tight linkage groups, which
were doubtful, and which were definitely ‘floating.” Markers with-
in the groups were analyzed for pairwise linkages using IMREC

Table1 Sourcesof RFLP

Anonymous unknown-function clones

probes
Prefix Source Origin Clone type
PSB John Innes Centre Barley Pstl genomic fragments
PSR John Innes Centre Wheat Anonymous cDNAs or
Pstl genomic fragments
MWG Graner et a. (1991) Barley Pstl genomic fragments
CMWG Graner et al. (1991) Barley cDNAs
BCD Heun et al. (1991) Barley cDNAs
Van Deynze et al. (1998)
ABC Kleinhofs et al. (1993) Barley cDNA
CDO Heun et al. (1991) Oat cDNAs
Van Deynze et al. (1998)
WG Heun et al. (1991) Wheat Pstl Genomic fragments
Zen Zeneca Seed Ltd. Barley Pstl Genomic fragments
RGR Harushimaet al. (1998) Rice Root cDNA
HvCO S. Griffiths, John Innes Barley Genomic fragment
Centre (pers comm)
Known-function cDNA clones
Clone Name Function
PSR8 Cxp3 Carboxypeptidase
PSR466 Nar-1 Nitrate reductase
PSR121 Glb3 1-3, 1-4-beta-glucanase
PSR13 Gli-1 Gliadin seed storage protein




(REC and LOD thresholds of 0.499 and 0.01, respectively). The
linkage groups were ordered with the IMMAP module using the
following parameters: IMMAP LOD threshold 0.01, REC thresh-
old 0.49, jump threshold 5, tripled threshold 7, ripple value 3 and
Kosambi’s mapping function.

Meiotic studies

Meiotic studies were carried out on PB1 and PB11 plants, using
anthers in which pollen mother cells (PMCs) were at metaphase-|.
These were fixed in 3:1 100% ethanol and glacial acetic acid. Asa
deviation from conventional procedures, DAPI (4 ,6-diamidino-
2-phenylindole, Sigma) was used to visualize pairing configura-
tion at metaphase-I. Chromosome preparation and mounting was
based on Schwarzacher and Heslop-Harrison (2000). The slides
were examined for pairing configurations with an epifluorescence
Nikon Microphot-SA microscope with a Microflex UFX-DX
attachment and Nikon camera.

Results
Polymorphism levels and segregation patterns

A total of 160 probes were hybridised to genomic DNA
on parental screening filters. Of these, 128 (80%) were
polymorphic. After hybridization to the population fil-
ters, 103 gave clear hybridization patterns and a total of
131 loci were scored. Twenty nine probes from the
Cornell anchor sets (Van Deynze et a. 1998) were used,
of which 24 were successfully cross-hybridized, giving a
total of 28 loci. Twenty one (16%) probes detected dupli-
cated loci, five (4%) triplicated loci and one quadrupli-
cated locus (0.8%). This gave a total of twenty seven
with sequences presenting more than one copy in the
H. bulbosum genome (see Fig. 2). This figure is similar
to studies in other diploid cereals. The different segrega-
tion types are illustrated in Fig. 1 and their relative fre-
guencies are given in Table 2.

Map construction and comparison with barley
and Triticeae consensus maps

Separate RFLP maps were developed for PB1 and
PB11. Because these plants were highly polymorphic, it
was possible to combine the maps using common loci.
As expected, the maps formed seven linkage groups
(Fig. 2). The total map lengths were 365 cM, 615 cM
and 616 cM for the PB1, PB11 and combined maps, re-
spectively. The PB1 map had 75 loci while the PB11
had 84. On the combined map, certain loci such as
Xpsr167 6HP are given as contiguous duplicated loci in
situations where they were mapped separately in PB1
and PB11 using different polymorphic alleles and had
dlightly different map locations. This is probably an
artifact of the mapping software, rather than true gene
duplication.
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Fig. 1A-E RFLP banding patterns for different segregation types
(inverted contrast). Total genomic DNA of 1 Barley variety Triumph,
2 PB1 parent, 3 PB11 parent. The arrowhead letters a, b, c and d
indicate the aleles per locus. A aaxab (two aléeles), PB1 mono-
morphic. Dral-digest hybridized with PSR108. B abxaa (two
alleles), PB11 monomorphic. EcoRI-digest hybridized with BCD450.
C abxab (two aleles), both parents polymorphic. In this segregation
type the linkage phase is unknown. EcoRI-digest hybridized with
BCD135. D abxac (three aleles), both parents polymorphic. EcoRV-
digest hybridized with PSB44. E abxcd (four aleles, fully informa
tive), both parents polymorphic. Hindll1-digest hybridized with PSR8
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Chromosome 1HP

For this chromosome the PB1 map contained nine loci
and covered 54 cM. Two barley anchor marker cDNA
loci, Xbed1072 and Xbcd98, were mapped in the proxi-
mal part of the short arm, similar to their positions
in barley and the Triticeae consensus group-1 maps
(Langridge et a. 1995; Van Deynze et a. 1995a). An
oat anchor marker (Xcdo105) mapped on the long arm
of this chromosome, in a similar position to barley
(Kleinhofs et a. 1993; Qi et al. 1996), rice (Van Deynze
et al. 1995a) and oat (Van Deynze et al. 1995b). The
gliadin locus (Gli-1) was mapped on the short arm using
the probe PSR13 (Wang et al. 1991, 1992). The PSR13
probe identified three loci, two of which were mapped in
PB1 and the other in PB11. The Xpsrl3a and b loci in
PB1 are likely to be equivalents of the Hor2 and Horl
loci of barley, respectively, while the single locus in
PB11 probably correspond to Horl, which was mapped
close to Xpsh67 in barley (Laurie et a. 1995).

The PB11 map contained 14 loci and covered 84 cM.
The anchor loci Xbcd1261 and Xcdo393 were mapped on
the distal region of the long arm, consistent with their
position in barley (Heun et a. 1991) and the group-1
Triticeae consensus maps (Van Deynze et a. 1995a; Gill
et al. 1996). In comparison to the latter, the two loci are

separated by similar distances. Also, on the long arm, the
barley cDNA locus Xbcd304 and the wheat cDNA locus
Xcmwg733 seem to have an inverted position in the
wheat and barley genomes. In H. bulbosum, MWG733
identified two loci, each one colinear to the respective
loci in wheat and barley, which perhaps explains the in-
verted position in the homoeologous relationship be-
tween wheat and barley.

The combined map contained 21 loci, and had a total
map coverage of 102 cM. It shows a clear maintained or-
der from the PB1 and PB11 maps. The 1HP maps were
colinear with those maps of barley 1H and the consensus
group-1 maps of the Triticeae. However the distance be-
tween common markers differed greatly, being shorter in
all proximal regions and similar in the distal regions of
the H. bulbosum maps.

Chromosome 2HP

The PB1 map contained ten loci giving a marker cover-
age of 64 cM. Two oat anchor markers (Xcdo405 and
Xcdo36a) were mapped in this chromosome. Xcdo405
has not been mapped in barley, but has been mapped on
the Triticeae consensus group-2 map (Van Deynze et al.
1995a, b). Compared to its position in wheat it could be
inverted with respect to Xnwg858 but this apparent dis-
crepancy could also be due to the reduced distance be-
tween genetic markers in H. bulbosum. Therefore, this
was not considered to be convincing evidence of chro-
mosome rearrangement. Two inter-chromosomally dupli-
cated loci were identified. The rice probe RGR411 iden-
tified two loci, one mapping to 2HP and one to 4HP, con-
sistent with its behaviour in barley (Laurie, unpublished
data). The other inter-chromosomally duplicated locus
was Xwg644b. WG644 was previously shown to detect a
locus closely linked to vernalization loci on the long arm
of the group-5 chromosomes (Laurie et a. 1995; Dub-
covsky et al. 1998). In H. bulbosum, the 5Hb locus
(Xwg644a, Fig. 2) was conserved and the 2Hb locus must
be an additional copy of the sequence.

The PB11 map was constructed using 12 loci, with
marker coverage of 113 cM. Markers on 2Hb were colin-
ear with barley and other Triticeae maps (Nelson et al.
1995b), but genetic distances in the centromere region
were reduced. For example, the Xpsr571-Xmwg865 in-
terval was approximately 25 cM in barley (Laurie et al.
1995) but only 1 cM in H. bulbosum. The combined map
with 18 loci mapped was well-anchored in the presumed
centromeric region. The barley anchor cDNA locus
Xbcd135, mapped to wheat chromosome 2BL (Nelson
et a. 1995b; Van Deynze et al. 1998), was only mapped
in the combined map.

Chromosome 3HP

The PB1 map had seven markers and covered 40 cM.
The anchor loci Xbcd134 and Xpsr903 were mapped in



875

Table 2 Segregation types, total number of loci and genetic lengths of H. bulbosum PB1, PB11 and combined PB1xPB11 maps

Chromosome  Map aaxab ab x aa abxab abxac abxcd Total Total map
loci (cM)
1Hb PB1 0 6 0 2 1 9 54
PB11 11 0 0 2 1 14 84
PB1xPB11 11 6 1 2 1 21 103
2HP PB1 0 5 0 5 0 10 63
PB11 7 0 0 5 0 12 113
PB1xPB11 7 5 1 5 0 18 117
3HP PB1 0 6 0 1 0 8 40
PB11 8 0 0 1 0 10 52
PB1xPB11 8 6 3 1 0 18 54
4HP PB1 0 5 0 4 1 10 16
PB11 9 0 0 4 1 14 98
PB1xPB11 9 5 0 4 1 19 99
5HP PB1 0 8 0 4 2 14 39
PB11 4 0 0 4 2 10 67
PB1xPB11 4 8 0 4 2 18 60
6HP PB1 0 5 0 4 2 11 82
PB11 4 0 0 4 2 10 105
PB1xPB11 4 5 0 4 2 15 95
THP PB1 0 8 0 2 3 13 71
PB11 9 0 0 2 3 14 96
PB1xPB11 9 8 0 2 3 22 88
Total PB1 0 43 0 22 9 75 365
PB11 52 0 0 22 9 84 615
PB1xPB11 52 43 5 22 9 131 616
(40%) (33%) (4%) (27%) (7%)

the proximal region of this chromosome, consistent with
their positions on the barley consensus maps (Langridge
et a. 1995) and the Triticeae consensus group-3 maps
(Nelson et al. 1995c¢). On the H. bulbosum map, both loci
were mapped very close to the centromere. On the long
arm, the PSR170 probe identified two closely linked
loci, which is similar to the result reported on rye
3R (Devos et a. 1992). In H. bulbosum, one locus
(Xpsr170a) was mapped on the PB1 map. The second
locus (Xpsr170b) could only be placed on the combined
map because it had a abxab segregation type. Xpsr170a,
Xpsh32 and Xpsb177 were colinear to loci mapped by
Laurie et al. (1995).

The PB11 map contained nine loci and covered
52 cM. All the markers except the most-distal on the
long and short arms showed distorted segregation. It is
possible that this segregation distortion is due to the
presence of crossability genes, because the deviation
from the expected Mendelian segregation ratio was
present only in the PB11 map. In homoeologous chro-
mosomes of wheat and barley, QTLs for crossability
have been mapped in common genomic regions (Fedak
and Jui 1982; Taketa et al. 1998; Tixier et al. 1998).
The distortion is unlikely to be due the S or Z self-
incompatibility loci of H. bulbosum (Lundqvist 1962)
because these loci have been mapped on chromosomes
1R and 2R of rye, respectively (Borner and Korzun
1998), and would therefore be predicted to be on 1HP
and 2Hb.

The probe ABC171 identified four loci in H. bulbo-
sum of which only two were polymorphic and mapped
on this chromosome. The distal locus (Xabcl71b) had a
similar position to a locus on the barley consensus map
(Langridge et al. 1995) and the barley map of Graner et
al. (1994). Xcdo395, mapped on the short arm of this
chromosome, had a different position on the barley con-
sensus maps (Langridge et al. 1995). It was at a similar
position in al other Triticeae consensus maps (Nelson
et a. 1995¢c). In H. bulbosum, this probe identified two
loci; one of them was monomorphic. Thus, the different
locus mapped by Langridge et a. (1995), could be an
intra-chromosomal duplication.

The combined map had 18 loci and covered 54 cM. In
H. bulbosum, the Xbcd134 and Xabcl7lb loci were
mapped on the proximal and distal regions in the short
arm, respectively, consistent with their positions on the
consensus maps, Langridge et al. (1995). On the long
arm, three loci were mapped only in the combined map.
Two of them were intra-chromosome duplicated anchor
loci (Xbcd147b and Xbcdl47c), which share positions
with those mapped by Li et a. (1996).

For this chromosome, H. bulbosum shared marker
order with the homoeologous group-3 chromosomes of
wheat and barley, with similar map lengths to barley
consensus maps on the short arm, but drastically reduced
distances in the predicted centromere region and in the
mapped regions of the long arm. Considering that the
most-distal barley markers on the short and long arms
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are Xbcd171b and Xpsh177, the H. bulbosum maps only
covered about one-third of the chromosome relative to
3H and the Triticeae consensus group-3 maps (Nelson
et a. 1995c¢).

Chromosome 4HP

The PB1 map had ten loci but with a marker coverage of
only 16 cM. The rice probe RGR411 identified the end
locus on this map (Xrgr411b) which probably corresponds
to a locus mapped near to the centromere on barley 4H
(Laurie, unpublished). This indicates that this PB1 map
covers mainly the long arm of chromosome 4Hb. All the
loci that formed a cluster on this map have been mapped in
the centromeric region of wheat, barley or oat (Kleinhofs
et a. 1993; Gale et a. 1995; Langridge et al. 1995; Laurie
et a. 1995; Dubcovsky et d. 1996; Qi et a. 1996). This
clustering of markers is an indication of the low recombi-
nation frequency in H. bulbosum in this genomic region.

The PB11 map contained 14 loci and covered 98 cM.
Xpsh56b was the most-distal locus on the short arm. An-
other copy of this probe was mapped on 7HP, and both
locations differed from that found in barley 6HL (Laurie
et al. 1995). The locus on 4HPS was linked to Xwg622,
which has provided the most-distal marker on barley
chromosome 4HS on the maps of Heun et al. (1991),
Kleinhofs et al. (1993) and Laurie et al. (1995), on bread
wheat and Triticum tauschii 4DS (Boyko et al. 1999) and
Triticum monococcum 4A™MS (Dubcovsky et al. 1996).
Because Xpsh56b was 23 cM distal to Xwg622, this sug-
gests that the H. bulbosum map is relatively longer in the
distal region of the short arm than in barley and wheat.
The oat cDNA probe CDO669 identified three loci in the
H. bulbosum genome, two of which mapped on this
chromosome. In barley maps, only one locus has been
mapped on this chromosome (Kleinhofs et al. 1993;
Langridge et al. 1995; Qi et a. 1996). The combined
map had 19 loci and covered 99 cM. Because H. bulbo-
sum is completely colinear with barley for this chromo-
some, H. bulbosum clearly does not have the reciprocal
4AL/5AL and 4A™5AM translocations of wheat (Gale et
al. 1995; Dubcovsky et al. 1996, 1998).

Chromosome 5Hb

The PB1 map had 14 loci, covering 39 cM. Xnmwg63a,
the most distal locus on the short arm, corresponds to the
Xmwg63 locus in barley 5HS (Graner et al. 1991; Bezant
et a. 1997). The loci Xpsr945, Xpsr118 and Xpsr940,
homoeologous with wheat, and the loci Xpsb134 and
Xpsh44, homoeol ogous with barley, were mapped on the
proximal region of this chromosome. All have been
mapped in a similar genomic region on barley chromo-
some 5HS and wheat group 5. However, Xpsr118 wasin
a different position in H. bulbosum, and Xpsb134 and
Xpsh44 are inverted with respect to barley (Gale et al.
1995; Laurie et al. 1995; Nelson et a. 1995a). The long

arm of this chromosome was colinear with barley and
wheat, confirming that H. bulbosum does not have the
5A/4AL reciprocal translocation of wheat (Gale et al.
1995; Laurie et al. 1995). Two anchor markers, Xbcd926
and Xbcd450, were colinear with those reported on
wheat 5AL (Nelson et a. 1995a) and 5BL (Gill et al.
1996). Xbcd450 was completely linked to Xwg644a
in the H. bulbosum genome, as has been found with
T. monococcum 5A™ (Dubcovsky et a. 1998). Both
probes were closely linked to the Sgh2/\Wwn-Al locus
determining vernalization response (Galiba et al. 1995;
Laurie et al. 1995; Dubcovsky et al. 1998) and therefore
provide useful markers for investigating the genetic basis
of vernalization response in H. bulbosum.

The PB11 map contained ten loci covering 67 cM. All
the loci surrounding the predicted centromere region
showed segregation distortion. As in chromosome 3HP,
distortion was only found in PB11, the parent with low
crossability with barley. The PB11 map, in common with
the PB1 map, showed that Xpsb134 and Xpsb44 were in-
verted with respect to barley. The most distal locus
mapped on the long arm was one of the inter-chromo-
somally duplicated loci, Xcdo465d. The cDNA oat probe
CDO465 has previously been mapped on 5AML, close to
Xwg644 (Dubcovsky et a. 1996).

The combined map of this chromosome had 18 loci,
with a marker coverage of 60 cM. Although there were
six fully informative loci (Xpsr945, Xpsr940, Xpsbhl134,
Xpshb44, Xbcd926 and Xwg644a) the combined map was
difficult to construct, probably because of the segrega-
tion distortion in the PB11 map. Therefore, the combined
map was fixed to the fitted order of the PB1 map. The
long arm was colinear in all maps and there was no need
to fix the order for this part of the map.

Chromosome 6HP

The PB1 map had 11 loci, covering 82 cM. The probe
PSR167 identified the most-distal locus, Xpsr167a, which
was mapped in a similar location in barley and wheat
(Laurie et al. 1995; Marino et a. 1996). The known func-
tion genes Xpsr466 (Narl, nitrate reductase) and Xpsr8
(Cxp3, carboxypeptidase) were also mapped in this distal
region. Both have been reported in the barley and wheat
maps (Kleinhofs et al. 1993; Langridge et al. 1995; Marino
et a. 1996). In the proximal region of this map, loci were
colinear with barley (Laurie et a. 1995), but the distance
between them was drastically reduced in H. bulbosum, be-
ing only a sixth of that in barley. In the long arm of this
chromosome, the wheat genomic probe MWG897 identi-
fied a fully informative locus which mapped on the three
maps. This locus is one of the most distal on barley maps
(Langridge et a. 1995; Qi et a. 1996).

The PB11 map had ten loci and covered 105 cM. The
distal locus mapped on the short arm was Xpsr167b. Two
Xpsr167 loci were mapped in barley (Laurie et a. 1995)
but one was much closer to the centromere. Thus,
although two Xpsr167 loci appear on the H. bulbosum
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Table 3 Pairing configuration

and mean chiasma frequency Pairing No of Ring bivalent Rod bivalent Total
per nucleusin 50 metaphase-|  configuration  nuclei onechiasmata  chiasmata
pollen mother cells of three chiasmata two chiasmata
H. bulb PB1 and PB11
Soreeponiaty o 71 35 0 7 0 490
al 7 1 6 0 105
rall 6 0 6 1 78
al 2 1 5 1 28
Totals 50 701
Mean chiasma frequency per nucleus 14

combined map these probably represent the same locus.
All the other loci mapped on the short arm were fully
informative and served to align the PB1 and PB11 maps.
Two anchor loci (Xbcd348 and Xcdo497) were mapped
in the proximal region of this chromosome. Both loci
have been reported in a similar position and order by
Teulat et a. (1998). The combined map had 15 loci and a
map length of 95 cM.

Chromosome 7HP

The PB1 map had13 loci and covered 71 cM. The barley
probe BCD129 gave a locus Xbcd129b that was the most
distal on the short arm, and a locus Xbcd129a that was
mapped 15-cM proximal to the terminal locus. In barley
maps, the probe BCD129 has identified only one locus,
which was in a similar position to Xbcd129a (Kleinhofs
et a. 1993; Qi et al. 1996). Two anchor loci (Xcdo545
and Xcdo475) were mapped on the short arm of this chro-
mosome and were colinear with a barley consensus map
(Langridge et a. 1995). PSR466 (nitrate reductase) de-
tected two fully informative loci in H. bulbosum (6HPS
and 7HbS). Duplication of this gene has not been reported
in other Triticeae maps, but a 7AS/7DS/4AL copy has
been identified in wheat using aneuploid lines. Other ful-
ly informative loci were Xmwg89, which mapped very
close to Xcdo475, asin barley and wheat (Hohmann et .
1995; Langridge et al. 1995; Qi et al. 1996), and XHvCO-
5. Xpsr129, Xwg420a and Xwg380 on the long arm were
colinear with barley and consistent with wheat physical
maps (Kleinhofs et al. 1993; Hohmann et al. 1995;
Langridge et al. 1995; Laurie et a. 1995). The most distal
locus that mapped on the long arm of this chromosome
was Xpsrl2la (GlIb3), a locus highly conserved within
the Triticeae (Gale et al. 1995; Laurie et al. 1995).

The PB11 map had 14 loci and covered 96 cM. The
barley genomic probe PSB56 identified the most-distal
locus on the short arm. This genomic probe was previous-
ly mapped on 6H in barley (Laurie et al. 1995) but, as it
detected multiple loci in H. bulbosum, Xpshb56a is likely
to be due to sequence duplication rather than to transloca
tion. In the proximal region, two anchor loci were mapped
(Xbcd147a and Xbcd880b). The former was mapped to the
centromeric region in a saturated and high-resolution map
of barley containing malting quality QTLs (Han et al.
1997). Xpsr148 was the most-distal on the long arm and
was linked to Xpsr121. In H. bulbosum these loci were co-

Fig. 3 Metaphase-| of meiosis in DAPI-stained PMCs of diploid
H. bulbosum, clones PB1 and PB11, showing seven bivalents:
(a) seven ring bivalents with two chiasmata per ring; (b) six ring
bivalents with two or three chiasmata per ring and one rod biva-
lent with one chiasma; (c) six ring bivalents with two chiasmata
per ring and one rod bivalent with one chiasma; (d) seven ring
bivalents with two or three (arrowheads) chiasmata per ring

linear with barley and, therefore, inverted relative to
wheat (Gale et al. 1995; Laurie et al. 1995). The combined
map had 22 loci and was well-anchored by fully informa-
tive loci. Compared to barley and Triticeae consensus
maps, this chromosome seems to be longer in the distal re-
gions, similar in the whole short arm, and drastically re-
duced in the proximal regions and the long arm.

Chiasma frequency and distribution
in H. bulbosum chromosomes

Cytological observations on chiasma frequency in H.
bulbosum can give an approximation of its expected total
map length. PMCs at metaphase-1 from PB1 and PB11
plants were analyzed for pairing configurations. As both
parents gave the same mean pairing configurations, a
pooled result is presented. The chiasma counts from 50
nuclei with clear meiotic pairing configurations gave a
mean of 14 chiasmata per nucleus (Table 3). All cells had
seven bivalents (711) and the means for ring (Fig. 3a) and
rod bivalents (Fig. 3b and c) were 6.8 and 0.2 per nucle-
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us, respectively. In only 18% of the nuclel was there a
chromosome with a chiasma in a proxima region
(Fig. 3b and d). Distal chiasma formation was very fre-
quent and, assuming that the frequency of chiasma for-
mation is similar in male and female meiosis, this gives
an estimated total map length of about 700 cM. The ob-
served map length of 616 cM therefore represents about
90% genome coverage, consistent with the observation
that distal markers on the H. bulbosum maps generally
corresponded well to distal markers on equivalent wheat
and barley maps. The maps of some chromosome arms,
such as 3HbPL and 5HbL, will probably be extended if
polymorphism for additional distal markers can be found.

Discussion

This paper provides the first extensive genetic map of
the H. bulbosum genome. The PB1xPB11 cross proved
highly polymorphic, with linkage maps that are colinear
with barley except for the predicted centromere regions
in chromosomes 1HP, 5Hb and 7HP, where some markers
seem to be inverted. However, these regions also had a
clustering of markers and/or segregation distortion,
which may have affected the accuracy of mapping. No
translocations were found that distinguished H. bulbo-
sum from barley, which is consistent with previous phy-
logenetic studies showing that barley and H. bulbosum
are closely related (Doebley et al. 1992). The high levels
of polymorphism in H. bulbosum, and the high colineari-
ty with barley, means that this map complements and
adds to the genetic maps of cultivated barley in specific
genomic regions not well-mapped because of low levels
of polymorphism.

The H. bulbosum map represents between 53 and
56% of the length of the barley maps reported by
Langridge et al. (1995) and Laurie et a. (1995), respec-
tively. However, these differences were not evenly dis-
tributed over the maps. Map lengths in the distal regions
of H. bulbosum chromosomes 2HP, 4HP, 6HP and 7HP
were greater than those seen in barley, while distancesin
the putative centromere regions in H. bulbosum were
greatly reduced. This indicates a more-extreme localiza-
tion of chiasmata in H. bulbosum, consistent with the re-
sults of the cytological studies. This situation is clearly
illustrated by comparison of H. bulbosum and barley
group-2 maps (Figs. 4 and 5). These show that the re-
combination frequency in barley is higher in the centro-
meric region, while in the distal regions the recombina-
tion frequency in H. bulbosum is higher than barley. This
situation is similar to that reported in the comparison of
barley with T. monoccocum (Dubcovsky et al. 1996).

Comparisons of genetic linkage maps based on
C-banding with those based on physical distance indicate
that recombination is drastically reduced in centromere
regions in cereals (Curtis and Lukaszewsky 1991; Kota
et a. 1993; Gill et a. 1996; Kiinzel et al. 2000). How-
ever, in H. bulbosum this phenomenon may be even
more extreme. H. bulbosum has heterochromatin only at
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Fig. 4 Comparison of barley chromosome 2H (Laurie et al. 1995)
with chromosome 2HP of H. bulbosum (this paper)

the centromeres but, in comparison to barley, the hetero-
chromatic blocks are not conspicuously larger (Linde-
Laursen et al. 1992). Therefore, heterochromatin distri-
bution and amount is unlikely to be the cause of the ob-
served recombination differences. Strong distal localiza-
tion of chiasmatais therefore more likely to be genetical-
ly controlled. This may have implications for introgres-
sion from H. bulbosum into barley if hybrids show simi-
larly strong localization. To analyse this in more detail it
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Fig. 5 Comparison of recombination frequency along chromo-
some 2HP of H. bulbosum and 2H of barley

will be useful to identify additional probes for the most-
distal chromosomal regions of H. bulbosum.

Recently, stable introgression from H. bulbosum into
barley has been achieved (Pickering et a. 2000). How-
ever, it has not so far been possible to identify the
H. bulbosum regions involved. The map shown in this
paper provides markers to analyse introgression, thereby
allowing detailed analysis of recombinants and translo-
cation break points. Additionally, it is now possible to
map loci controlling potentially agronomically valuable
traits in H. bulbosum. Examples include the self-incom-
patibility genes and genes regulating haploid and hybrid
formation in crosses with barley.
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