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Abstract Several gene linkage maps have been pro- 
duced for cultivated barley. We have produced a new 
linkage map for barley, based on a cross between Hor- 
deum vulgate subsp, spontaneum and Hordeum vulgare 
subsp, vulgate (Hvs x Hvv), having a higher level of 
polymorphism than most of the previous barley crosses 
used for RFLP  mapping. Of 133 markers mapped in the 
Hvs x Hvv F 2 population, 69 were previously mapped 
on other barley maps, and 26 were mapped in rice, 
maize, or wheat. Two known gene clones were mapped 
as well as two morphological markers. The distributions 
of previously mapped markers were compared with 
their respective barley maps to align the different maps 
into one consensus map. The distributions of common 
markers among barley, wheat, rice and maize were also 
compared, indicating colinear linkage groups among 
these species. 

Key words R F L P  �9 Barley �9 Hordeum vulgare 
ssp. spontaneum" Gramineae �9 Comparative 
mapping 

Introduction 

Cultivated barley (Hordeum vulgare L.) is an important 
cereal crop, ranking fifth in world crop production 
(Nevo 1992). Due to its agronomic importance and its 
suitability as a model for grass species, barley has been 
the subject of many genetic studies. In the last 4 years, 
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several restriction fragment length polymorphism 
(RFLP) maps for the barley genome have been pub- 
lished. In 1990, Shin et al. produced a preliminary map 
with 17 RFLP  markers. A map containing 155 RFLP  
and two morphological markers was published by Heun 
et al. in 1991. In the same year, Graner et al. (1991) 
constructed RFLP  maps made from two different cross- 
es: one between barley cultivars 'lgri' and 'Franka' (114 
markers) and another between barley cultivar 'Vada' 
and the wild barley species Hordeum spontaneum C. 
Koch (160 markers). In that study, 27 out of 226 loci 
were common between the two maps and allowed their 
alignment. In 1993, the North American Barley Genome 
Mapping Project (NABGMP) published two maps with 
295 markers (Kleinhofs et al. 1993a) in the first, followed 
by an updated map with 127 additional markers (Klein- 
hofs et al. 1993b). Presently, there are more than 600 
markers among all the maps. Alignment of the various 
maps would provide researchers with a greater number 
of markers for specific chromosome regions. 

Mapping a common set of markers in a single popu- 
lation is needed in order to align the different barley 
maps. A mapping population produced from a cross 
between genetically divergent, but sexually compatible, 
species or accessions would be expected to have higher 
levels of polymorphism than a population derived from 
a cross between cultivars. At the present time, the widest 
cross in barley used for mapping is between H. vulgare 
and H. spontaneum (Graner et al. 1991). This population 
was found to have a higher level of polymorphism than a 
cross between two barley cultivars. In addition to in- 
creased polymorphism, a H. spontaneum x H. vulgare 
mapping population is of particular interest since H. 
spontaneum provides a wide range of genetic diversity 
for the improvement of agronomic traits such as disease 
and pest resistance (Nevo 1986). 

Most investigators accept that H. spontaneum is the 
progenitor of H. vulgare (Nero 1986). There is evidence 
to suggest that H. spontaneum and H. vulgare are more 
closely related than initially thought. For example, H. 
spontaneum and H. vulgare are cross compatible. The 
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hybrids produced from such a cross are fertile with 
complete chromosome synapsis (Harlan and Zohary 
1966). Therefore, H. spontaneum will be designated in 
our study with the systematically correct epithet: H. 
vulgare subsp, spontaneum (Zohary and Hopf 1988). 

An objective of the present study was to construct a 
barley RFLP map that incorporates markers from pre- 
viously published barley maps to enable alignment of 
the different maps. In this paper, we report the construc- 
tion of an RFLP map in barley made from a cross 
between H. vulgare subsp, spontaneum (Hvs) and H. 
vulgate subsp, vuIgare (Hvv). This map contains 133 
markers. Sixty-nine of these markers were previously 
mapped on other barley maps. Map locations of a 
heat-shock-protein gene, a hordein gene, and loci for 
two morphological traits, pericarp color and growth 
habit, are also reported. Thirty-four RFLP markers that 
have not been previously mapped are also included. 
Twenty-six markers in this map were previously map- 
ped in rice, allowing a preliminary comparison between 
the maps of barley and rice, as well as other Gramineae 
species. 

Materials and methods 

Plant materials 

The RFLP mapping population consisted of 58 individual F 2 plants 
derived from a cross between H. vulgare subsp, spontaneum (var. 
transcapsicum) and H. vulgate 'Shin Ebisu 16' (SE16). The parental 
seed stocks which had been maintained for the development of 
cytogenetic lines were obtained from Dr. T. Tsuchiya (deceased, Fort 
Collins, Colo.). 

For determining chromosomal assignments of linkage groups 
certain RFLP markers were hybridized to either of two sets of 
wheat-barley addition lines. Wheat-barley chromosome or 
ditelosomic addition lines contain the complete chromosome com- 
plement of wheat (2n = 6x = 42) plus an additional pair of barley 
chromosomes or ditelosomes, respectively. Wheat-barley chromo- 
some addition lines 1,2,3,4,6 and 7, wheat-barley ditelosomic addition 
lines (1S, 1L, 2S, 2L, 3S, 3L, 4S, 4L, 6S, 6L, 7S and 7L) (Islam et al. 
1981), the hexaploid wheat parent 'Chinese Spring', and the barley 
parent 'Betzes', were all obtained from the Wheat Genetics Resources 
Center (Manhattan, Kan.). The addition line for barley chromosome 
5 was not available at the time we began our study. 

DNA extraction, restriction enzyme digestion, Southern 
blotting and hybridization 

,= 
Fig. 1 The H. vulgare subsp, spontaneum x H. vulgare subsp, vulgare 
map that includes 133 markers. Each linkage group has the clone 
name to the right and the distance between markers to the left. The 
previously mapped markers are indicated by a capital letter after the 
clone name. Each letter indicates the population in which the marker 
had been previously mapped: S x 'Steptoe'/'Morex'; N x 'Nu- 
dinka'/'Proctor'; I x 'lgri'/ 'Franka'; V x 'Vada'/H. spontaneum; R x 
rice (see text for references). The superscripts indicate the previously 
mapped markers that were not colinear: 1_ indicates non-colinear 
markers that are on the same chromosomes as those previously 
mapped but are not in the same order; 2_ indicates non-colinear 
markers that are on different chromosomes than those previously 
mapped; I I -  indicates that the orientation of markers is not definitive; 
* - indicates that the marker was positively assigned to a chromosome 
based on wheat-barley addition line hybrdization; 0-  indicates that 
specific marker to be mapped at LOD 2.0; . . . . .  indicates map 
distances greater than 32.7 cM yet with LOD 3.0 linkages 

(Feinberg and Vogelstein 1993). Hybridization and washing were 
according to the procedures described in Bernatzky and Tanksley 
(1986). Homologous hybridizations (i.e., barley clones to barley 
DNA) were washed at 0.2 x SSC and 0.001% SDS, while hetero- 
logous probes (wheat, oat, or rice clones to barley DNA) were washed 
atalowerstringencyof0.5 x SSCand0.025% SDS for the final wash. 

DNA probes 

The cDNA clones used as probes were from oat (CDO) (Heun et al. 
1991), barley (ABC and BCD) (Heun et al. 1991; Kleinhofs et al. 
1993a) and rice (RZ) (Ahn et al. 1993). Genomic clones were from 
barley (MWG, ABG and BG) (Graner et al. 1991; Kleinhofs et al. 
1993a; Lapitan unpublished), wheat (WG) (Heun et al. 1991) and 
Triticum tausehii (DG) (Gill et al. 1991). The clones pHorl  (Forde 
et al. 1985) and pHsp 1.3 (Wu et al. 1988), which contain a portion of 
the' barley hordein gene and a heat-shock-protein gene from Ara- 
bidopsis thaliana, respectively, were also used. 

Morphological markers 

H. vulgate 'SE16', is a Japanese cultivar that is a 2-rowed, white- 
seeded, spring barley, while H. vulgate subsp, spontaneum is a 2- 
rowed, black-seeded, winter barley. Two morphological traits seg- 
regating in the mapping population were pericarp color (B) and 
winter-growth habit (Sh). Black pericarp (B) has been characterized as 
a simply inherited trait with black (B_) dominant over white (bb) seed 
color (Haus and Tsuchiya 1970). The winter-habit trait (Sh) is multi- 
genic, but the epistatic interactions are such that the winter habit is 
only expressed with a single genotype (ShShsh2sh3sh3) (Takahashi 
and Yasuda 1970). Each trait was evaluated in the greenhouse on 58 
F 2 individuals used for genetic mapping. 

DNA was extracted from young leaves of the parents and F 2 plants 
according to McCouch et al. (1988). I fF  2 DNA was insufficient, 9-12 
F 3 plants were grown to reconstitute an individual Fz. This sample 
size gives a 99% probability of correctly establishing an F 2 genotype 
(Hanson 1959). For wheat-barley addition lines, only plants that have 
been cytologically verified to contain the additional chromosome or 
ditelosome were used for DNA extraction. Four restriction enzymes 
(EcoRI, EcoRV, DraI, XbaI) were used to evaluate the parents (Hvs 
and Hvv) for polymorphisms. Two barley cultivars, 'Steptoe' and 
'Morex', were similarly surveyed for polymorphism. Restriction di- 
gestions were done on 10 gg of DNA using 30 units of enzyme, 
incubated at 37 ~ for a minimum of 6 h. The digested DNA was run 
on a 0.9% agarose gel as described in Bernatzky and Tanksley (1986), 
and alkaline blotted onto Hybond-N +nylon membranes (Amer- 
sham) for 3-6 h. Probes were labelled with a2p by random priming 

Genetic mapping and marker nomenclature 

To ensure accurate scoring, all RFLP markers were independently 
scored at least twice. Ambiguous genotypes were jointly resolved by 
assigning a blank score to the individual score for map construction. 
Genetic linkages were determined using MAPMAKER version 3.0 
(Lander et al. 1987). Genetic distances were calculated using the 
Kosambi function. Linkage groups were determined and verified 
using two progressions of Mapmaker commands: near, try, compare 
and map; group, order, try, ripple, and map. The linkage groups were 
verified with 128 markers linked at LOD 3.0 and a maximum 
recombination distance of 37.2 cM. Unlinked markers were assessed 
at or near LOD 2.0 and a maximum recombination distance of 
50 cM. Five additional markers were successfully mapped within the 
50-cM mapping distance (enclosed in parentheses in Fig. 1). The 14 
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linkage groups generated were assigned to chromosomes by hybridi- 
zation of selected probes from each linkage group (designated with an 
asterisk in Fig. 1) to wheat-barley addition lines. These data, along 
with information from previous maps, were used to determine the 
correct orientation of linkage groups. In the case of chromosome 1, 3, 
5 and 7, with more than one linkage group, fragments were checked 
for linkage to each other using three-point and multipoint analyses. 
In one case, the fragment containing pHorl through MWG858b was 
successfully linked to the fragment containing CDO99, thus reducing 
the number of individual linkage groups to 13. 

Markers were named according to the nomenclature recommen- 
ded by the 'Guidelines for Nomenclature of Biochemical and Molecu- 
lar Loci in Wheat and Related Species' (McIntosh et al. 1994). Clones 
segregating for more than one locus were designated with a letter 
following the marker name (i.e., Xcnl.BCD266A). Careful attention 
was given to naming loci detected by multicopy clones previously 
mapped in other barley maps. For example, XABG399 mapped to 
chromosome 3 in Kleinhofs et al. (1993a), but was found to map to 
chromosome 1 in this study (see Fig. 1). Therefore it was designated as 
XABG399B. 

Results and discussion 

Polymorphism 

A high level of polymorphism between parents facili- 
tates the construction of a high-density consensus map. 
In our study, 56 % was the overall level of polymorphism 
observed between H. vulgare subsp, spontaneum 
(Hvs) x H. vulgare 'SE16' (Hvv), based on four restric- 
tion enzymes (EcoRI, EcoRV, DraI, and XbaI) and 375 
probes (240 genomic and 135 cDNA). The genomic 
probes exhibited a greater polymorphism level of 60% 
compared to 48% for the cDNA probes. A comparison 
of polymorphism levels between barley cultivars 'Step- 
toe' x 'Morex' (i.e., Hvv x Hvv) and Hvs x Hvv was 
accomplished with a set of 123 common markers (57 
genomic and 66 cDNA) and the same four restriction 
enzymes. A lower overall polymorphism rate of 40% 
(22/57 genomic, 27/66 cDNA) between 'Steptoe' x 
'Morex' (Hvv x Hvv) was observed compared to 48% 
between the Hvs x Hvv cross (33/57 genomic, 
25/66 cDNA). It is interesting to note that genomic 
clones were more polymorphic than cDNA clones be- 
tween Hvs and tfvv (58% vs 38%), whereas genomic 
and cDNA clones were similarly polymorphic between 
'Steptoe' x 'Morex' (38% vs 41%). 'Nudinka' x 'Proc- 
tor' also exhibited greater levels of polymorphism for 
genomic probes compared to cDNA probes (Heun et al. 
1991). In tomato, Zamir and Tanksley (1988) observed a 
similar trend with genomic probes showing higher levels 
of polymorphism when compared to cDNA probes. 

Graner et al. (1991) observed 76% polymorphism 
between parents of an intersubspecies cross (Hvv x Hvs) 
compared to 56% for the same subspecies used in our 
study. The greater level of polymorphism in the Graner 
et al. (1991) cross could indicate a greater genetic diver- 
gence between their lines. The lines used in our cross 
were the same lines used by Dr. T. Tsuchiya to develop 
cytogenetic barley stocks and have been inbred for 
many years, possibly reducing detectable polymor- 

phisms. The differences in levels of polymorphisms may 
also be due to differences in the clones screened. 

Mapping 

The map generated from the F 2 population derived 
from our intersubspecies cross is shown in Fig. 1. This 
map has a total length of 1817.4 cM, containing two 
morphological markers and 131 RFLP  markers (90 
genomic and 41 cDNA). Of the RFLP markers, the 
following were previously mapped (Fig. 1, denoted by 
capital letters after probe name): 55 in 'Steptoe'/'Morex' 
(Kleinhofs et al. 1993a), 25 in 'Nudinka'/ 'Proctor' (Heun 
et al. 1991), seven in 'lgri'/'Franka' (Graner et al. 1991), 
five in the 'Vada'/H. vulgare subsp, spontaneum cross 
(Graner et al. 1991), and 26 in rice (Ahn and Tanksley 
1993; Ahn et al. 1993). The 131 RFLP markers are 
distributed among 13 linkage groups (Fig. 1). Chromo- 
somes 1, 3, and 7 consist of two unlinked groups, while 
chromosome 5 consists of four unlinked groups. The 
remaining chromosomes consist of a single linkage 
group. Each linkage group was assigned to a chromo- 
some by hybridizing at least one marker within the 
group to a Southern blot containing DNA from wheat- 
barley addition lines. The clones used to confirm chro- 
mosome association are indicated with an asterisk fol- 
lowing the probe name (Fig. 1). A locus is assigned to a 
barley chromosome based on the presence of bands in 
barley and a specific wheat-barley addition line (Fig. 2). 
In the two examples of chromosome assignment shown 
in Fig. 2, ksu.G59 was assigned to chromosome 3 
(Fig. 2 A), and CDO202 was assumed to be located in 
chromosome 5 (Fig. 2 B). Following the assignment of 
linkage groups to chromosomes, the orientation of 
long and short arms was determined based on wheat- 
barley ditelosomic addition lines and the positions of 
previously mapped markers from the 'Steptoe'/ 'Morex' 
map (Kleinhofs et al. 1993a), where centromere posi- 
tions had been determined using wheat-barley 
ditetosomic lines. 

A putative locus for a heat-shock-protein gene in 
barley was mapped using a cloned Hsp gene from A. 
thaliana. This locus was mapped to the short arm of 
chromosome 4. The chromosomal locations of genes 
controlling heat-shock proteins in wheat were previous- 
ly determined to be on chromosomes 3, 4, and 7, using 
wheat ditelosomic lines and isoelectric focusing gels 
(Porter et al. 1989). Since wheat chromosome 4 is ho- 
moeologous to barley chromosome 4, the locus we 
mapped may correspond to one of the heat-shock- 
protein genes in wheat. Also, a locus for a hordein gene 
(Horl) was mapped to chromosome 5 using a clone from 
barley (Forde et al. 1985). The hordein gene has been 
previously mapped on chromosome 5 (Jensen et al. 
1980; Kleinhofs et al. 1993a). 

The two morphological markers, pericarp color (B) 
and winter-growth habit (Sh), were mapped to the same 
chromosomes as in the classical map (Tsuchiya 1987). 
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Utilizing a chi-square goodness of fit ratio, (P = 0.05) it 
was confirmed that the two morphological traits were to 
be treated as simply inherited dominant loci. The gene 
for pericarp color (B) was classically placed on chromo- 
some 5 and Fig. 1 confirms the placement of this trait to 
linkage group 5. While there are three genes controlling 
winter-growth habit, Sh, Sh2 and Sh3 on chromosomes 
4, 7 and 5 respectively, the only combination which will 
express the winter-growth habit is ShShsh2sh2sh3sh3. 
All other combinations of genotypes express a spring- 
growth habit. In our material the winter-growth habit 
segregated in a 3 : 1 ratio. The Sh gene was mapped to 
chromosome 4 (Fig. 1) in the Hvs/Hvv map, which 
confirms the classical placement of this gene. 

The number of markers and the genetic lengths that 
compose each of the seven barley chromosomes in the 
Hvs/Hvv map are shown in Table 1. The cytological 
lengths as measured from N-banded chromosomes 
(Singh and Tsuchiya 1982) are also shown. There was no 
correlation between the cytogenetic lengths and the 
number of markers or the genetic lengths (r = 0.2252 
and r = 0.2983 respectively). As expected, the longest 
chromosome (2) contained the greatest number of 
markers and the two longest chromosomes (2 and 7) had 

Fig. 2A, B Autoradiograms of wheat barley addition line DNA used 
to associate linkage groups with specific chromosomes. The genomic 
DNA was digested with EcoRV. A Autoradiogram showing hybridi- 
zation of wheat-barley ditelosomic lines to ksuG59. Lane 1, parental 
wheat DNA ('Chinese Spring'); lane 2, parental barley DNA ('Betzes'); 
lanes 3-14 contain DNA from different wheat-barley ditelosomic 
lines. The barley ditelosomic chromosomes are indicated on the top of 
the lanes. Note the same band in lane 3 ('Betzes') and lane 9 (3L) as 
indicated by the arrow, confimaing the assignment of the polymorphic 
marker ksnG59 to the long arm of barley chromosome 3. B 
Autoradiogram showing hybridization of wheat-barley addition lines 
to CDO202. Lane 1, Lambda HindIII; lane 2, parental wheat 
('Chinese Spring'); lane 3, parental barley ('Betzes'); lanes 4-9, different 
wheat-barley addition lines. The additional barley chromosomes are 
indicated on top of the lanes. A strong band is seen in lane 3 ('Betzes'). 
No such band was observed in the lanes containing the wheat-barley 
addition linesl, 2, 2, 4, 6 and 7. Therefore, Xcnl.CDO202 was assumed 
to be located on chromosome 5 

the greatest genetic lengths. However, the smallest chro- 
mosome (5) contained one of the largest number of 
markers and the third largest genetic length. In fact, if 
chromosome 5 is removed from the comparison of the 
number of markers and cytological length, then the 
correlation is improved and becomes significant 

Table 1 A comparison of the number and types of markers mapped and the cytological lengths of each of the seven barley chromosomes 

Chromosome Marker type Total no. markers Genetic length Physical length 
(cM) (gin) a 

Morphological Genomic cDNA 

1 0 13 5 18 212 15.21 
2 0 16 8 24 370 16.22 
3 0 10 7 17 228 15.76 
4 1 10 5 16 206 14.24 
5 1 12 11 24 275 12.62 
6 0 11 3 14 250 13.89 
7 0 16 4 20 276 16.04 

a The physical lengths of barley chromosomes were taken from Table 2 of Singh and Tsuchiya (1982). The measurements of chromosomes 6 and 
7 included the satellites 
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( r= 0.8367). Graner et al. (1991) also observed that 
chromosome 5 contained a greater number of markers 
than several physically larger chromosomes (i.e., Chr. 1 
and 7). One explanation for the lack of correlation 
between marker numbers or genetic lengths and the 
physical lengths of chromosomes is that the map is not 
saturated. 

Although a relatively large number of markers map- 
ped to chromosome 5, it consists of four linkage groups 
that will not link to each other. Chromosome 5 has the 
greatest proportion of mapped cDNA clones (42%) 
which may indicate that this chromosome also contains 
many expressed sequences (Table 1). Cytogenetic evi- 
dence supports the suggestion that chromosome 5 
might have an unusually high proportion of expressed 
sequences, since it has the smallest proportion ofhetero- 
chromatin of all the chromosomes as shown by C- 
banding (Noda and Kasha 1978) and N-banding 
(Singh and Tsuchiya 1982). If chromosome 5 contains a 
disproportionate number of expressed sequences the 
four groups might be unlinked because the majority 
of the markers used for screening polymorphisms 
were genomic clones. 'Steptoe'/'Morex' also exhibited 
a higher proportion of cDNA probes mapped to 
chromosome 5. Another possible reason why we were 
unable to link these groups might be an increased 
amount of recombination on chromosome 5 (see 
discussion below). 

Comparison of the Hvs x Hvv map with other 
barley maps 

Despite a relatively high level of polymorphism (56%) in 
the Hvs x Hvv F 2 population compared to other barley 
mapping populations, only 25% of the total number of 
clones surveyed were polymorphic in both Hvs x Hvv 
and 'Steptoe' x Morex'. Thus, generating a consensus 
map required extensive work. The Hvs/Hvv barley map 
presented contains 69 markers that were previously 

mapped in existing barley maps. The 'Steptoe'/'Morex' 
map (Kleinhofs et al. 1993a) contains 48 markers in 
common with Nudinka/Proctor and seven markers in 
common with 'Vada'/H. spontaneum. The updated 
'Steptoe'/'Morex' map (Kleinhofs et al. 1993b) contains 
127 additional markers, with 60 of those from Graner's 
library [barley genomic (MWG) and cDNA (cMWG)], 
but only six additional markers in common with 
'Vada'/H. spontaneum. There are currently 105 total 
common markers between the 'lgri'/'Franka' map and 
that of'Steptoe'/'Morex' (Graner, personal communica- 
tion). 

A comparison of common markers between 
Hvs/Hvv and other barley maps shows a similar linear 
order for the majority of markers (Fig. 1). These markers 
are designated with the letters 'N', 'S', 'I', and 'V' after 
the clone names in Fig. 1 to indicate that they have 
been previously mapped in 'Nudinka'/'Proctor', 'Step- 
toe'/'Morex', 'lgri'/'Franka', and 'Vada'/H. spontaneum, 
respectively. Mapping of previously mapped markers in 
the Hvs/Hvv map enables the alignment of different 
barley maps. In chromosome 4, for example, markers 
XABG3B, XABG484, XABG472, XABG397 and 
XABG366 were mapped only in 'Steptoe'/'Morex' but 
not in 'Nudinka'/'Proctor', while Xcnl.CDO795, 
Xcsu.BG125 and Xcnl.CDO63 were mapped in 'Nu- 
dinka'/'Proctor' but not in 'Steptoe'/'Morex'. Mapping 
of these markers together in one map shows their linear 
relationships to each other and other markers included 
on the chromosome-4 linkage maps of'Nudinka'/ 'Proe- 
tor' and 'Steptoe'/'Morex'. 

The map distances of common intervals between the 
Hvs/Hvv, 'Steptoe'/'Morex', and 'Nudinka'/'Proctor' 
maps are compared in Table 2. In general, map distan- 
ces of the same intervals are greater in the Hvs/Hvv map 
relative to the other maps. Common intervals in 
Hvs/Hvv were on average 2.37 i 0.77 times greater than 
'Nudinka'/'Proctor' and 2.75 • 1.746 times greater than 
'Steptoe'/'Morex'. The increase in genetic distance may 
reflect higher recombination frequencies between Hvs 

Table 2 Common marker 
intervals (distances from 
published maps) 

Chromosome Marker interval Genetic distances (cM) 

HvsHvv 'Nudinka'/'Proctor' 'Steptoe'/'Morex' 

WG420-BG141 37.6 
ABC465-CDO673 58.0 
KSUF15-BG123 40,2 
WG516-BG123 370,0 
WG516-CDO770 157.4 
CDO770-BG123 212.6 
ABG4-ABG654 41,2 
WG110-BG131 37.6 
BG125-CDO63 48.1 
ABG484-ABG366 123.0 
CDO99-ABG500 25.1 
CDO99-HorI 16.6 
ABG378-ABG388 143.1 
ABG705-ABG395 82.3 
MWG514-MWG877 43.7 
WG908-CDO457 77.8 

31.2 
- 31.1 
52.4 83.6 

188.3 166.4 
95.3 
93.0 

- 18.8 
52.0 
12.0 
- 67.1 
- 1 8 . 0  

- 16.9 
- 66,0 
- 8,9 
- 18.8 
33.1 
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and Hvv than between 'Steptoe' and 'Morex' or 'Nu- 
dinka' and 'Proctor'. Similarly, Graner et al. (1991) re- 
ported greater recombination frequencies in 'Vada'/H. 
spontaneum compared to the cross between two barley 
cultivars ('lgri'/'Franka'). These observations might 
seem unexpected since the greater genetic divergence 
between these parents could result in less recombination 
between homologous chromosomes. However, Hvs and 
Hvv are homologous enough to have complete synapsis 
(Harlan and Zohary 1966). Thus, Hvs and Hvv may not 
be genetically divergent enough for recombination to be 
reduced. The increased level of recombination could be 
caused by many factors. One obvious difference is the 
manner in which the populations were produced. The 
mapping populations obtained from the crosses be- 
tween 'Steptoe' x 'Morex', 'Nudinka' x 'Proctor', and 
'lgri' x 'Franka' were all doubled haploid populations, 
while the Hvs x Hvv populations in Graner et al. (1991) 
and our study utilized F 2 populations. Even the doubled 
haploid populations were produced in two different 
ways: microspore cultures ('Nudinka' x 'Proctor' and 
'lgri' x 'Franka') and embryo rescue after hybridization 
with H. bulbosum ('Steptoe' x 'Morex'). Powell et al. 
(1986) showed that there were different amounts of 
linkage between the same markers in populations pro- 
duced by microspore culture and the H. bulbosum 
method. 

The greater recombination frequencies in the present 
cross may explain the difficulty in connecting linkage 
groups known to belong to the same chromosome. On 
the other hand, the advantage of greater recombination 
frequencies is that it enabled the ordering of markers 
that co-segregated in other mapping populations. For 
example, the markers Xcnl.BCD 266 and Xksu.F15 are 
both linked to each other on chromosome 2 in the 
Hvs/Hvv and 'Nudinka'/ 'Proctor'  maps. Although the 
two markers are 0 cM apart and their relative orders are 
unknown in 'Nudinka'/ 'Proctor', crossovers between 
the two markers were found among the Hvs x Hvv 
progeny, resulting in a genetic distance between them of 
12 cM. The Hvs/Hvv map showed that Xcn1.BCD266 is 
proximal to Xksu.F15. The ability to determine the 
orders of tightly linked markers will be valuable for 
future chromosome-walking experiments. 

There were also cases where some common markers 
between the Hvs/Hvv map and other barley maps were 
not colinear (depicted in Fig. 1 by superscript 1). For 
example, XABG652 (chromosome 1) and XABG474 
(chromosome 6) each mapped to the same chromo- 
somes but not to the same positions as previously 
reported (Kleinhofs et al. 1993a). Twenty-three previ- 
ously mapped markers that were assigned to different 
chromosomes in our population are shown by super- 
script 2 in Fig. 1. Table 3 lists these 23 clones and their 
chromosome location in the Hvs/Hvv and other maps. 
All of the clones that detected markers on different 
chromosomes in the different mapping populations 
were multicopy. It is possible that the non-colinearity of 
these markers was due to the mapping of different 

segregating loci from multiple fragments in the different 
mapping populations. These loci were therefore desig- 
nated with letters after the probe names in the Hvs/Hvv 
map to distinguish them from those found in previous 
maps. Similarly, 15 of the 48 common markers between 
'Steptoe'/'Morex' and 'Nudinka'/ 'Proctor' mapped to 
different linkage groups. All 15 of these probes were 
multicopy. Of the 13 probes that were common between 
'Vada'/H. spontaneum and 'Steptoe'/'Morex', five map- 
ped to different chromosomes and were also multicopy. 

Comparison of barley, rice, wheat, and maize maps 

Twenty-six markers included in the barley map were 
previously mapped in rice allowing comparisons be- 
tween the two species (Table 4 and Fig. 3). Although the 
number of markers being compared is small, synteny 
between barley and rice chromosomes is apparent. As 
Table 4 illustrates, when there are more than two rice 
markers that mapped to the same barley chromosome, 
the majority of the markers also mapped to a single rice 
chromosome. Furthermore, the order of the common 
markers is similar between barley and rice. This conser- 
vation is particularly evident for barley chromosomes 3 
and 5. All four markers from rice chromosome 1 mapped 
to barley chromosome 3 in the same linear order (Ahn 
et al. 1993). Five markers from rice chromosome 5 map- 
ped to barley chromosome 5 in a similar order relative to 
rice, with the exception of a switch in the position of 
BCD454 in the two maps (Fig. 3). This indicates that 
these linkage groups have been highly conserved in 
evolution. In contrast, syntenic relationships of barley 
chromosomes 6 and 7 with rice chromosomes is not 
evident from the results of this study. Only one marker 

Table 3 Clones from Hvs/Hvv that mapped to different chromo- 
somes in previous maps 

Clone Chromosome location in 

HvsHvv NP SM VHs 

XABG10B 1 
XABG399B 1 
XABGIB 2 
XABC170B 2 
XABG462B 2 
XABG701B 2 
XMWG595B 2 
Xcnl.CDO669B 2 
Xcnl.BCD402B 3 
XABC156E 4 
XMWG502 4 
Xcnl.WG996B 5 
XMWG858B 5 
XABG55B 6 
Xksu.D14D 6 
XABG3A 7 
XABG702B 7 
XMWG514B 7 
XABGIC 7 

3 
3 
6 
6 
3 
1 

3 
4,7 
4 
1,2,3 

5 
2 
2 
5 
1 
4 
5 
7 6 
6 
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Table 4 Common markers 
between barley (this study) and 
rice (Ahn and Tanksley 1993; 
Alan et al. 1993) and their 
chromosome locations in the 
different species 

Common marker 

RZ17 
CDO17 
RZ508 
CDO783 
BCD1087 
BCD135 
CDO54 
CDOll8 
RZ538 
RZ14 
CDO795 
CDO260 

Chromosome Common marker 
location 

Barley Rice 

Chromosome 
location 

Barley Rice 

1 10 CDO99 
1 6 RZ67 
1 6 CDO89 
2 4 BCD738 
2 9 BCD454 
2 4 CDO346 
3 1 CDO365 
3 1 CDO202 
3 1 CDO962 
3 1 BCD926 
4 3 CDO385 
4 3 CDO457 

5 8 
5 5 
5 5 
5 5 
5 5 
5 5 
5 11 
5 5 
6 1 
7 9 
7 7 
7 3 

Maize. .  
Chr. 8 

t00 

18 

8 
4 

40 

10 

XcnI.BCD454A 
Xc,'d.RZ67A 
XcnJ.CDOeg 

XcnI.BCD738A 

Xc,-d.CDO346B 
Xcn l .CDO202A  

M a ~ e  
~ . 8  

7O 

o 

10 

70 

W h e a t  Bade.y_ Rice 
Chr. 5 Chr. 5 

XlmLRZff/B 
XcnI.BC04548 ~ - -  XctEBCD 
XcnLCDO202B 
Xenl.COO346A ~ Xcr, LBCD454 
Xcnl.COO202C 

18 Xc~CDO346 ~ 2 8  

I L  . XcnLCO0202  _ 2 

XcnLBCD454 
XcN.RZ67 
X,ml.COOB9 

Xcnl.BCO738 

Xcnl.CDO346 
XcnLCDO202  

from race mapped to barley chromosome 6. Three 
markers  that  mapped  to barley chromosome 7 previous- 
ly mapped  to three different rice chromosomes.  These 
results suggest that barley chromosomes 1, 2, 3, 4 and 5 
are syntenic to at least parts of rice chromosomes 6, 4, 1, 
3, and 5, respectively. 

Comparat ive  mapping studies have been done be- 
tween wheat and rice (Ahn et al. 1993; Kura ta  et al. 
1994) and rice and maize (Ahn and Tanksley 1993). 
These studies illustrated the presence of conserved link- 
age groups among these species. The rice and maize 
chromosomes shown to have synteny with wheat chro- 
mosomes are summarized in Table 5. An example of a 
conserved linkage group among rice, maize, and wheat 
is also shown in Fig. 3. Since homoeologous  relation- 
ships between barley and wheat chromosomes have 
been defined (Benito et al. 1985; Har t  1987; K a m - M o r -  
gan et al. 1989; Namuth  et al. 1995, see Table 5), it is 
possible to predict the chromosomes of rice and maize 
that share conserved linkage groups with barley. As 
Table 5 and Fig. 3 illustrate, the results of this study 
agree with expectations based on previous comparat ive 
mapping studies. Table 5 also indicates the rice chromo- 
somes expected to show synteny with barley chromo-  
somes 6 and 7. Our  inability to determine these latter 
relationships may  be due to the small number  of c o m -  

Fig. 3 A comparison of a conserved linkage group between maize, 
wheat, barley and rice. Maize contains two similar linkage groups on 
two different chromosomes to the single barley linkage group. The 
markers on maize chromosome 6 are colinear to barley 5 except for a 
duplication of markers CDO202 in maize..The order of these markers 
is unknown in wheat. However, they all occur in the same linkage 
group in the ling arm of wheat chromosome 1. The markers are 
colinear in barley and rice except for marker BCD454. Linkage 
groups for maize and rice are taken from Ahn and Tanksley (1993). 
Assignment to wheat chromosomes is from Ahn et al. (1993) 

mon markers used for comparisons. A more  extensive 
comparison based on a larger number  of common  
markers  is needed to verify the predicted synteny be- 
tween barley chromosome 6 and rice chromosome 2, 
and barley chromosome 7 and rice chromosome 9. 
Fur ther  study might also determine the chromosomal  
changes that  have taken place during evolution, explain- 
ing the differences in chromosome numbers between 
barley, rice and maize. 

Finding conserved linkage groups among barley, 
wheat, rice and maize has impor tant  implications and 
practical applications. First, it indicates that these spe- 
cies share a co m m o n  ancestral origin. The colinearity of 
(cDNA) markers as well as isozymes (Ahn et al. 1993; 
Milne and Mclntosh 1990) indicates that the location 
of genes of interest are most  likely also conserved 
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Table5 Chromosomes sharing markers that are syntenous or 
colinear among barley, wheat, rice and maize 

Barley Wheat a Rice b Maize ~ 

1 7 6 6,9 
2 2 4 2,10 
3 3 1 3,8 
4 4 3 1 
5 1 5 3,8 
6 6 2 4,5 
7 5 9 2,7 

a Wheat-barley comparisons based on Namuth et al. (1994) and Hart 
(1987) 
b Wheat-rice comparisons based on Ahn et al. (1993) and Kurata et al. 
(1994) 
c Rice-maize comparisons based on Ahn and Tanksley (1993) 

among these species. Therefore, a species with a small 
genome like rice (4.5 x 10 s bp/haploid genome; 
Arumuganathan and Earle 1991) can be exploited for 
isolating the corresponding genes that have not been 
mapped in the other species with large genomes (Bennett 
and Smith 1976), such as barley (5 x 10 9 bp/haploid 
genome) and wheat (1.5 x 10 l~ bp/haploid genome). 
Finally, by determining conserved linkage groups 
among the different species, the number of potential 
markers for any one species in increased. 
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