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Abstract Extended physical maps of chromosomes 6A,
6B and 6D of common wheat (Triticum aestivum L. em
Thell., 2n=6x=42, AABBDD) were constructed with 107
DNA clones and 45 homoeologous group-6 deletion
lines. Two-hundred and ten RFLP loci were mapped, in-
cluding three orthologous loci with each of 34 clones,
two orthologous loci with each of 31 clones, one locus
with 40 clones, two paralogous loci with one clone, and
four loci, including three orthologs and one paralog, with
one clone. Fifty five, 74 and 81 loci were mapped in 6A,
6B and 6D, respectively. The linear orders of the mapped
orthologous laoci in 6A, 6B and 6D appear to be identical
and 65 loci were placed on a group-6 consensus physical
map. Comparison of the consensus physical map with
eight linkage maps of homoeologous group-6 chromo-
somes from six Triticeae species disclosed that the linear
orders of the loci on the maps are largely, if not entirely,
conserved. The relative distributions of loci on the physi-
cal and linkage maps differ markedly, however. On most
of the linkage maps, the loci are either distributed rela-
tively evenly or clustered around the centromere. In con-
trast, approximately 90% of the loci on the three physi-
cal maps are located either in the distal one-half or the
distal two-thirds of the six chromosome arms and most
of the loci are clustered in two or three segments in each
chromosome.
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Introduction

The method introduced by Endo (1988) for the systemat-
ic production of common wheat stocks containing termi-
nal chromosomal deletions of various lengths has been
used to develop 430 deletion lines involving all 21 wheat
chromosomes (Endo and Gill 1996). Physical maps of
RFLPs produced using these stocks have been reported
for the chromosomes of each of the seven homoeol ogous
chromosome groups of wheat (Werner et a. 1992a; Kota
et al. 1993; Gill et al. 19933, 1996a,b; Hohmann et al.
1994; Delaney et al. 1995a,b; Mickelson-Young et al.
1995), and genes controlling phenotypic traits (Endo and
Mukai 1988; Endo et al. 1991; Mukai and Endo 1992;
Gill et a. 1993b; Endo and Gill 1996), in situ hybridiza-
tion sites (Mukai et al. 1990, 1991; Werner et al. 1992b)
and biochemical markers (Yamamuri et al. 1994) have
also been mapped using the stocks. Map-based cloning
in wheat, made difficult by the large amount of DNA
that it contains [16000 Mbp per haploid genome
(Armuganathan and Earle 1991)], islikely to be facilitat-
ed by the results of these studies, which make it possible
to convert linkage distances to physical distances
(Werner et al. 1992a; Gill and Gill 1994). Except for the
chromosomes of homoeologous groups 1, 5 and 7, how-
ever [in which, respectively, 50, 82 and 97 different
DNA, protein, and morphological markers have been
physically mapped using deletion lines (Hohmann et al.
1994; Gill et al. 1996a,b)], the number of physically
mapped markers per chromosome is relatively small,
with an average of less than one marker physically
mapped per cM even in chromosome groups 5 and 7. In
the case of homoeologous group 6, loci detected with 31
DNA clones have been physically mapped to-date (Gill
et a. 1993a) while more than 250 DNA clones that hy-
bridize to group-6 DNA fragments have been isolated
(Hart 1997) and several group-6 deletion lines not previ-
ously studied are available for use (Endo and Gill 1996).
The present paper reports the construction of extend-
ed physical maps and a consensus physical map of the
group-6 chromosomes of hexaploid wheat. Results of a



520

comparison of the consensus physical map with homoeo-
logous group-6 linkage maps are a so presented.

Materials and methods
Plant materials

Forty five homoeologous group-6 chromosome deletion lines of
hexaploid wheat, including 11 6A deletion lines, 20 6B lines, and
14 6D lines, were analyzed. The lines were kindly provided by Dr.
Bikram S. Gill, Kansas State University, Manhattan, Kansas. Thir-
ty seven of the lines are homozygous for the deletion-containing
chromosome, five are heterozygous, and three lines are hemizy-
gous, i.e., the chromosome that contains the deletion is mono-
somic. The C-banding pattern of the deletion-containing chromo-
some arm of each deletion line and the fraction length (FL) (the
length of the non-deleted arm-segment relative to the length of the
whole arm) of most of the deletion-containing arms have been de-
termined by microscopic analyses (Endo and Gill 1996). The chro-
mosome and chromosome-arm locations of genetic markers were
determined by analyses of hexaploid wheat cv Chinese Spring
(CS) and homoeologous group-6 aneuploid stocks (Sears 1953,
1954, 1966), namely, the six CS group-6 compensating nulli-
somic-tetrasomic lines and five of the six possible CS group-6 dit-
elosomic stocks (ditelosomic 6AL is not available).

DNA manipulation

Genomic DNA isolation, restriction enzyme digestion, Southern
blotting, probe labeling and hybridization were al performed as
described by Devey and Hart (1993).

DNA clones

DNA clones known to hybridize to Triticeae homoeologous
group-6 chromosomal fragments were used. These included ge-
nomic DNA (gDNA) clones, cDNA clones, and ‘known-function’
DNA clones isolated from wheat, barley, oat, Triticum tauschii
(Coss.) Schmal., and rice. TAM clones (wheat gDNA and cDNA
clones) were developed by Devey and Hart (1993). Other clones
of unknown function that were used were as follows: ABC (barley
cDNA) and ABG (barley gDNA), obtained from A. Kleinhofs,
Pullman, Wash. (Kleinhofs et al. 1993); BCD (barley cDNA),
CDO (oat cDNA), and WG (wheat gDNA) from M.E. Sorrells,
Ithaca, N.Y. (Heun et al. 1991); cMWG (barley cDNA) and MWG
(barley gDNA) from A. Graner, Grunbuch, Germany (Graner et al.
1991, 1994); FBA and FBB (wheat gDNA) from F. Quetier, Paris,
France (Marino et al. 1996); Tag (wheat gDNA; loci are designat-
ed ‘glk’) from R. Appels, Canberra, Australia,with permission of
K. Tsunewaki, Kyoto, Japan (Liu and Tsunewaki 1991); ksu
(T. tauschii gDNA) from B.S. Gill, Manhattan, KS (Gill et al.
1991b), PSR (wheat cDNA and gDNA) from M.D. Gale, Nor-
wich, England (Chao et al. 1989); and RZ (rice cDNA) from S.
McCouch, Ithaca, N.Y. (McCouch et al. 1988). The ‘known-func-
tion'” DNA clones that were used were as follows: 2119 [a-amy-
lase-1; Xpsr2(a-Amy-1)] and pTeg53 [wheat gliadin; Xpsr10(Gli-
2)], obtained from M.D. Gale, Norwich, England (Bartels et al.
1983); 2437 [wheat carboxypeptidase; Xpsr8(Cxp3)] from C.
Baulcombe, Norwich, England (Baulcombe et a. 1987); ES18 and
ES35 [cDNAs for salt-stress-induced genes; Xucdl06(Esi18)
and Xucdl09(Esi35), respectively] from J. Dvorak, Davis,
Calif. (Patrick and Dvorak 1990); Hv5 [barley dehydrin;
Xcsh112(Dhn5)] from T. Close, Riverside, Calif. (Close et a.
1989); pGC19 [wheat DNA-binding protein; Xrsq805(Embp)]
from M. Guiltinan, Raleigh, N.C. (Guiltinan et al. 1990]; p26 and
p28 [protein synthesis initiation factors, Xutal(Psif) and
Xuta2(Psif), respectively) from K. Browning, Austin, TX (Metz et
al. 1992), and R6 (phosphoribulokinase cDNA; Xpsr463(Prk)]
from T. Dyer, Norwich, England (Raines et al. 1989).

Map construction

The method of Werner et al. (1992a) was used to construct physi-
cal maps of 6A, 6B and 6D. Specifically, the locus or loci detected
by a given probe was first assigned to a chromosome arm(s) based
on the presence or absence of the locus (loci) in the lines by
Southern-blot analysis of CS group-6 compensating nullisomic-
tetrasomic and ditelosomic lines. Next, the locus (loci) was as-
signed to a chromosomal region by analysis of a panel of 6A, 6B
and 6D deletion lines, with each locus being assigned to the region
between the breakpoints of the largest deletion where the locus
was present and the next largest deletion where the locus was ab-
sent.

A consensus physical map of the group-6 chromosomes of
hexaploid wheat was constructed using clones that detected two or
three orthologous loci. The order of loci on the consensus map
was based on their relative order in individual chromosomes rather
than on the FLs of the deletion-containing chromosomes. The or-
der of loci on the consensus group-6 physical map of wheat was
compared with consensus linkage maps of Triticeae group-6 chro-
mosomes and hexaploid wheat group-6 chromosomes, with link-
age maps of chromosomes 6A and 6B of Triticum turgidum L.
(tetraploid wheat), 6D of T. tauschii, and 6A of Triticum monococ-
cum L., with a consensus linkage map of 6H of Hordeum vulgare
L., and with the group-6 component of a 6R linkage map of Secale
cereale L, using either published maps or, if available at the
GrainGenes website ‘ http://wheat.pw.usda.gov/’, updated versions
of them.

Results
Mapped loci

Altogether, 210 loci were mapped (Fig. 1) with 107 DNA
clones, including 22 cDNA clones and 85 gDNA clones.
Short-arm loci were mapped with 35 clones and long-arm
loci with 73 clones. Three orthologous loci were mapped
with 34 clones, two orthologous loci with 31 clones, one
locus only with 40 clones, two paralogs with one clone
(PSR301), and three orthologs and one paralog with one
clone (PSR141). On average, 1.95 loci were mapped per
clone. A few clones hybridized to as many as 5-10 frag-
ments. Regardless of the number of fragments missing
from the deletion lines for a chromosome arm, however,
only one locus was assumed as long as al of the frag-
ments were either present or absent in each deletion line.
Paralogous loci within a chromosome were mapped
with PSR141 and PSR301. Three fragments, 0.2 kb,
0.7 kb and 1.1 kb in size, were released from the PSR141
plasmid when it was digested with Hindlll and EcoRl,

Fig. 1 Physical maps of wheat chromosomes 6A, 6B and 6D.
Short arms are at the top. The black circles indicate centromeres.
Deletion-line breakpoints and fraction lengths (FLs) are indicated
by the horizontal line to the right and the number to the left of
each deletion-line symbol, respectively. The breakpoint positions
are drawn approximately to scale. nd=not determined. Darkened
areas within chromosome arms are C-bands (Endo and Gill,
1996). Symbols for orthologous loci mapped in 6A, 6B and 6D are
in boldface type, those for orthologous loci mapped in two of the
three chromosomes are underlined, and those for loci mapped in
one chromosome only are in plain text. Asterisks designate loci
physically mapped by Gill et a. (1993a). Diamonds identify loci
that may be located either between the 6BS-2 and 6BS-6 break-
points or between the 6BS-6 and 6BS-3 breakpoints (see text)
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Table1 Chromosome and

chromosome-arm distribution Locustype Number of loci
f RFLP loci ed in 6A
gB and 6DO cl Mappedin&A, Short arm Long arm Totals
6A 6B 6D 6A 6B 6D 6A 6B 6D

Member of orthologous

set composed of three loci 11

Member of orthologous
set composed of two loci

Onelocus

Totals 12

11 11 24 24 24 35 35 35

8 9 13 13 18 14 21 27
9 7 6 9 12 6 18 9
28 27 43 46 54 55 74 81

and four loci were mapped with the 0.7-kb and 1.1-kb
fragments when they were used as probes, namely,
Xpsr141-6A.1, Xpsr141-6B.1, and Xpsr141-6D.1in 6AS,
6BS, and 6DS, respectively, with the 1.1-kb probe and
Xpsr141-6D.2 in 6DS with the 0.7 kb probe. Loci in both
6BS and 6BL were mapped with PSR301.

Physical maps

Fifty five, 74, and 81 loci were physically mapped in 6A,
6B and 6D, respectively (see Fig. 1 and Table 1). The
6BS-6 deletion line was not analyzed with severa of the
short-arm clones and, as a consequence, a few 6BS laci
were mapped only to the interval between the 6BS-2 and
6BS-3 breakpoints rather than to one or the other of the
two segments between these breakpoints. Four of the ana-
lyzed deletion lines, 6AS-3, 6BS-9, 6BL-2 and 6DS-1,
are not shown in Fig. 1. These lines are either heterozy-
gous or hemizygous for the deletion-containing chromo-
some, and the presence or absence of a locus in the seg-
ment defined by each of these deletions, as opposed to
the segment defined by an adjacent deletion, could not be
determined. The other four heterozygous or hemizygous
deletion lines that were examined, 6AS-2, 6DS-5, 6DS-3
and 6DL-2, are shown in Fig. 1, although no markers
were mapped either in the segment defined by them or in
the segment defined by the adjacent deletion in the same
arm. Twenty four loci were mapped with clones used ear-
lier for physical mapping of the group-6 chromosomes by
Gill et a. (1993a). The map locations determined for
common loci in the two studies are the same, except for
two 6AL loci, Xpsr142-6A and Xwg286-6A. The former
was mapped between FLs 0.41 and 0.55 and the latter be-
tween FLs 0.83 and 0.89 by Gill et a. (1993a), while our
results place the former between FLs 0.55 and 0.83 and
the latter between FLs0.69 and 0.83.

Characteristics common to the maps of 6A, 6B and
6D (see Fig. 1 and Table 1) are the presence of approxi-
mately 90% of the mapped loci in the distal one-half or
two-thirds of the two arms of each chromosome and the
clustering of a large number of loci in two or three seg-
ments in each chromosome. For example, most of the
mapped 6AS and 6AL loci are distal to the breakpoints
in deletion lines 6AS-1 and 6AL-4, respectively. This es-
tablishes that most of the mapped loci are in the distal

two-thirds of 6AS and the distal one-half of chromosome
6AL because the FLs of these deletions are 0.34 and
0.55, respectively. Only six loci [Xcdo534-6A, Xtam31-
6A, Xabg20-6A, Xcmwg653-6A, Xcmwgb54-6A and
Xrsg805(Embp)-6A)] were mapped in the proximal one-
third (6AS) and one-half (6AL) of the arms. Also, more
than one-half of the mapped 6A loci (29 out of 55) are
located in two segments that combined comprise approx-
imately 15% of the FL of 6AL, namely, the segments be-
tween the 6AL-1 and 6AL-4 breakpoints and between
the 6AL-8 and 6AL-2 breakpoints. Each of the 11 seg-
ments defined by the ten 6A deletion lines shown in Fig.
1 contains at least one marker, however.

Chromosome 6B is the longest of the group-6 chro-
mosomes and has a satellite at the distal end of the short
arm. Aswith 6A, most of the mapped 6B loci are |ocated
in the distal portions of the arms; only five loci
(Xcdo534-6A, Xtam31-6A, Xpsrl41-6A.1, XrzA76-6A
and Xabg20-6A) were mapped in the proximal one-half
of 6BS and the proximal one-third of 6BL. More than
80% of the mapped 6AL loci (38 of 46) are clustered in
two regions, distal to the 6BL-6 breakpoint and between
the 6BL-5 and 6BL-3 breakpoints. Also, more than one-
half of the mapped short-arm loci are located in the sat-
ellite or immediately adjacent to it. Indeed, 86% of the
mapped short-arm loci (24/28) are in the distal one-half
of the arm (i.e., distal to the 6BS-5 breakpoint). Of the
19 segments defined by 18 deletion lines, 14 are tagged
by 74 RFLP markers.

A 2BS-6BS reciprocal translocation was hypothesized
by Devos et a. (1993), based on: (1) mapping of severa
RFLP loci near the distal ends of the linkage maps of
2AS and 2DS with clones that did not detect a 2BS locus
and (2) mapping of alocus near the distal end of the 2BS
linkage map with a clone that also detects loci located
near the distal ends of the 6AS and 6DS linkage maps.
Evidence supporting this translocation was not found in
the present study. The five clones that detected loci in
the distal 35% of 6AS also detected loci in both 6BS and
6DS and, although four clones that detected loci in the
distal portion of 6DS (cMWG690, FBB319, MWG916,
and p28) did not detect a 6BS locus, none of the clones
has detected a 2BS locus (Mclntosh et al. 1998) and only
one has detected a 6A locus (MWG916, Du and Hart
1998). The 6BL-6 deletion line has an interstitial dele-
tion that includes an awn-inhibitor gene (Endo and Gill



523

FL values C'glo
XksuG48 XpsrgCxp3
0.68 6BS-2
Xemwg652 Xfbal87 Xfba381 L 75
Xfbb354,XksuG8 Xpsr1QqGli-2)
0.99 6DS-6 Xpsr8(Cxp3)- _
Xfba85 XksuH4.2 Xksul28, Xpsr106 Xpsr627 . Xemwge52 ]
nd 6BS-3 2 2 psr106 Xp stuGg48 i | 60
XpsrlO(GIi-Z)\
0.67 6AS-5
Xfbal48
0.65 6AS-4 sksubia | 45
. Su —
0.49 6BS-5 Xfba67 Xfba399,Xpsr312 Xutal(Psif) Xfbags ——===—
Xpsr141.1, Xtam31 Xpsr627 ~
0.35 6AS-1 Xpsr106 _ “~._ | 30
Xcdo534 N
0.45 6DS-2 Y
Xpsr312 _ 1
Xpsr14:ZI~o_ | —15
Xtam3Ll ___~~~—]
‘ Xtam10~=~~-Z7 "]
0
Xabg20™~~. _ . B
Xpsra63(Prk)——
Xpsrl42 == === 15
Xpsr915 -~
0.29 6DL-6 waba20 /_
nd 6BL-11 g Xtam36 20
0.44 6BL-4 B
Xcmwg653, Xcmwg664 Xemwg669 ~~~___ |
0.40 6BL-5 XWg341 —————— _—
0.57 6AL-6 Xmwg872 A 45
0.55 6AL-4 Xbcd102 Xcdo772 Xfha397, Xfbb9s, Xcsb112Dhnb) ~
Xfbb364,Xglk334 Xpsr142 Xpsr371 Xfbb169 . _
0.36 6BL.3 Xpsr463Prk), Xpsr915 Xucd109Esi39 Xfballl = “~<__|
36 6BL- Xtam28 60
0.69 BAL-1 — XKSUEL4_ M\ B
0.64 6BL-9 XksuD1 ~~3y v
047 6DL-1 Xabc175 Xmwg2029 =7
0.65 6BL-14 p— 9 Xmwg7a~.
0.70 6BL-1 am —
Xabgl Xwg286 Xfbb70~~~2"_" —]
0.83 6AL-5 Xfbb59- - ———__ —] 90
0.66 6DL-12
0.68 6DL-7 Xmwg1l9, Xpsran-Amy-1), Xtam36 me92053/—
Xbedl, Xbed276 Xemwg669Xecmwg674, Xemwg684 | | L_105
Xcsb112.2Dhn5), Xfha8l Xfhalll,Xfbb4Q Xfbb57
0.90 6AL-8 Xfbb59, Xfbb70Xfbb82, Xfbb169 Xfbb17Q Xfbb327
Xglk705 XksuD] XksSUE 14, Xmwg74 Xmwg798
0.89 6AL-2 Xmwg2053Xtam28, Xucd1qEsilg, Xwg341.3
L1\ Xmwg514Xtam10.2

A

Fig. 2 Consensus physical map of the group-6 chromosomes of
hexaploid wheat (A) and consensus Triticeae group-6 linkage
map of Marino et a. (1996) (B). Short arms are at the top. Solid
lines between the maps connect colinear loci and the dashed line
between the maps connects loci mapped with the same clone that
are not colinear. A The black circle designates the centromere.
Deletion-line breakpoints and fraction lengths (FLs) are indicated
by the horizontal line to the right and the number to the left of
each deletion-line symbol, respectively. The breakpoint positions
are not drawn to scale. nd=not determined. Symbols for loci

B

mapped in 6A, 6B and 6D are in boldface type, those for loci
mapped in two of the three chromosomes are underlined, and
those for loci mapped in one chromsome only are in plain text.
B The black oval designates the centromere. Boldface type desig-
nates loci whose orientation relative to each other was deter-
minced accross two or more Triticeae genomes. Loci connected
to the map with solid lines were placed on the hexaploid wheat
6A linkage map of Marino et al. (1996) at a LOD score >3.0 and
the map locations shown for these markers are the same as they
are on the 6A linkage map



524

1996). No 6BL marker located proximal to the 6BL-6
breakpoint was missing from 6BL-6, indicating that none
of the 6BL markers analyzed in this study are located in
the deleted segment.

All of the loci mapped in 6DS are located in the distal
one-haf of the arm but approximately 35% of the
mapped 6DL loci (19 of 54) are located in the proximal
one-half of the arm in one segment. Most of the loci
mapped in the distal one-half of 6DL (27 of 36) are lo-
cated in one segment, namely, the segment distal to the
6DL-13 breakpoint. Especially notable is the fact that 13
loci were mapped in 6DS in a segment with a FL of only
0.01, namely, the segment proximal to the 6DS-3 break-
point. A similar concentration of loci is present in 6AL,
where 18 loci were mapped between the breakpoints of
B6AL-2 and 6AL-8. The shortest deletion of each of the
other four arms is one-fourth or more of the arm in
length, making it impossible to determine if similar con-
centrations of loci are present near the ends of these
arms. Three or more loci were mapped in seven of the 14
segments defined by the 6D deletion lines.

The mapping data obtained in this study and the re-
ported FLs of four pairs of deletion lines and of one
group of three deletion lines are inconsistent. For exam-
ple, the FL of 6AS-5is0.65 but the line contains a locus,
Xfbal48-6A, that is not present in 6AS-4, which has a FL
of 0.67. The other deletion lines for which inconsisten-
cies between FL values and marker data were observed
are 6AL-8 (FL 0.90) and 6AL-2 (0.89); 6BL-4 (0.44),
6BL-5 (0.40) and 6BL-3 (0.36); 6BL-8 (0.66) and 6BL-
14 (0.65); and 6DL-7 (0.66) and 6DL-12 (0.68)(see Fig.
1). Although an internal deficiency could cause a map-
ping data/FL-value discrepancy, al of these FL differ-
ences are within the standard error of £ 5% in the calcu-
lation of FL values that is regarded as an approximate
estimation of the breakpoint positions (T.R. Endo and
B.S. Gill, personal communication). The marker map-
ping data, by alowing accurate ordering of the break-
points of deletion lines with similar FL values, thus pro-
vides a valuable characterization of deletion stocks.

Consensus physical map of the group-6 chromosomes

Because many clones detected two or three orthologous
loci among the three group-6 chromosomes and the loci
appear to be colinear, it was possible to construct a con-
sensus physical map of the chromosomes. The order of
loci on the map is based on the relative positions of loci
in the three group-6 chromosomes as determined by dele-
tion mapping, not on the FLs of the deletion lines. The
consensus physical map is shown in Fig. 2 (A). Altogeth-
er, 35 sets of three orthologous loci and 30 sets of two or-
thologous loci were placed on the consensus map, 19 in
the short arm and 46 in the long arm. Also shown on the
map, for use in comparing it with linkage maps, are seven
loci that were mapped in only one chromosome.

Two loci that are probably orthologous, Xpsr964-6B
and Xpsr964-6D, were not used in constructing the con-

sensus physical map. Xpsr964-6D was mapped 9-cM
distal to Xpsr8(Cxp3)-6D and 13-cM distal to XksuG48-
6D by Marino et al. (1996) and the three loci were
mapped at a LOD score = 3.0. In this study, however,
Xpsr964-6B was mapped proximal to Xpsr8(Cxp3)-6B
and XksuG48-6B. Whether this difference is due to are-
arrangement, mapping of paralogous rather than ortho-
logous loci with one or more of the clones, or experi-
mental error is not known.

Discussion
Duplicated loci

Duplicated (i.e., paralogous) loci are present on amost all
of the RFLP linkage and physical maps of Triticeae spe-
cies constructed to date (e.g., Anderson et al. 1992; Kota
et a. 1993; Hohmann et a. 1994; Nelson et al. 1995; Ma-
rino et a. 1996), and in large numbers on some maps. For
example, more than 35% of the RFLP loci on the T. taus-
chii linkage map of Gill et al. (1991b) were mapped with
clones that detected two or more loci. Also, more than
30% of the clones used by Dubcovsky et al. (1996) to
construct a map of T. monococcum detected intra- and/or
inter-chromosomal duplicated loci and nearly 30% of the
clones used by Graner et a. (1994) in mapping the barley
genome detected duplicated loci. In contrast, duplicated
loci were mapped in this study with only 2 of 107 clones,
namely, PSR141 and PSR301 (however, different loci
than mapped previously were also detected with some
clones; see below). Undoubtedly, the two principal rea-
sons for the relatively low number of paralogous loci
mapped in this as compared to other studies were: (1) the
use, principally, of clones previously shown to detect sin-
gle- or low-copy-number loci, and (2) mapping the chro-
mosomes of one homoeologous group only, thereby elim-
inating the possibility of mapping paralogous loci located
in different homoeol ogous groups.

Care must be taken to distinguish paralogous loci
from orthologous loci when analyzing the relationships
among chromosomes and chromosomal segments. Clear-
ly, the mapping of paralogous loci rather than ortholog-
ous loci is the reason that some of the markers mapped
with the same clones on linkage maps and the group-6
physical maps are not colinear (see below). In practice,
the redundancy of duplicated loci can also create diffi-
culties for physical mapping by means of marker-based
chromosome landing (Zhang and Wing 1997). Therefore,
DNA clones that detect both paralogous and orthologous
loci should be used for this purpose with caution.

Ordering of deletion-line breakpoints on the consensus
group-6 physical map

Because the order of loci and of deletion breakpoints on
the maps of 6A, 6B, and 6D are based on physical map-
ping data rather than on the reported FLs of the deletion-



containing chromosome arms, the loci and deletion
breakpoints on the consensus physical map of the group-6
chromosomes (Fig. 2) also are ordered on this basis.
Apart from the difficulty in accurately measuring the FLs
of deletion-containing chromosome arms of similar
length, a disadvantage in using FLs to align deletion
breakpoints on a consensus physical map is that deletion-
containing chromosome arms in different lines may have
the same FL and different absolute lengths, or they may
have the same absolute length and different FLs. Thisis
because neither the lengths of the chromosomes within a
homoeologous group nor their arm ratios are necessarily
the same (Morrison 1953; Gill et a. 1991a). The signifi-
cance of thisis emphasized by the finding that the ortho-
logs to al of the 6A loci located in the interval between
FLs 0.55 (6AL-4) and 0.69 (6AL-1) are located between
the 6BL FLs 0.40 (6BL-5) and 0.36 (6BL-3) and between
the 6DL FLs0.29 (6DL-6) and 0.47 (6DL-1).

Comparison of the consensus physical map with other
group-6 maps

To analyze the relationships between the physical maps
constructed in this study and linkage maps constructed in
other studies, the group-6 consensus physical map was
compared with consensus linkage maps of the group-6
chromosomes of hexaploid wheat and the tribe Triticeae,
with linkage maps of chromosomes 6A and 6B of tetra-
ploid wheat, 6A of T. monococcum and 6D of T. tauschii,
with a consensus linkage map of 6H of barley, and with
the group-6 component of a 6R linkage map of rye. The
consensus group-6 physical map produced in this study
and the consensus Triticeae group-6 map of Marino et al.
(1996) are shown and compared in Fig. 2 and a summary
of the results of all of the comparisons is shown in
Table 2.
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Detection of paralogous loci rather than orthologous
loci, chromosomal rearrangements, and experimental er-
ror, are the three most likely causes for the mapping of
non-colinear loci with common clones. The consensus
Triticeae linkage map of Marino et a. (1996) consists of
52 loci, 30 of which were detected with clones also used
to produce the hexaploid wheat group-6 consensus phys-
ical map of this study. As shown in Fig. 2, 28 of the 30
loci detected with common clones are colinear on the
two maps. The locus detected with TAM10 is near the
centromere on the short-arm of the group-6 map of Mari-
no et a. (1996) and in adistal position in the long arm of
the 6AL physical map, making it clear that, in the ab-
sence of experimental error, they are paralogous loci.
The detection of paralogous rather than orthologous loci
with ksuG48 (which, like TAM 10, is a low-copy number
clone) may aso explain the non-colinearity of the
XksuG48 loci on the two maps.

Table 2 shows that, altogether, seven clones that de-
tected loci placed on the consensus physical map were
earlier used to map loci that occupy non-colinear loca-
tions on one or more of the maps listed in the table. Five
of the seven clones hybridize to low-copy number loci
and three of these five clones detected loci located in dif-
ferent chromosome arms. It seems likely that paralogous
rather than orthologous loci were mapped with these five
clones. Xcnmwg653-6A was mapped 1.5 cM from the cen-
tromere in 6AS of tetraploid wheat by Du and Hart
(1998) while Xcmwg653 loci were mapped in the proxi-
mal regions of 6AL, 6BL, and 6DL in this study. One or
more data-point errors in the linkage study is the proba-
ble cause of this anomaly. Data point errors also may be
the cause of the non-colinearity of the Xmwg514 loci
mapped in this study and by Qi et a. (1996).

In summary, comparison of the consensus physical
map produced in this study with several linkage maps of
Triticeae species does not provide evidence for chromo-

Table 2 Probes detecting loci
located in non-colinear posi-
tions on the hexaploid wheat
group-6 consensus physical

Linkage map

Probes detecting
non-colinear loci

Number of loci Reference
mapped with

common probes

map and Triticeae linkage maps

Triticeae group-6 ksuG482, TAM 102 b 30 Marino et al. (1996)

consensus

T. aestivum group-6 ksuG8a, PSR301a 16 Jiaet al. (1996)

consensus

T. turgidum 6A cMWG653P, ksuG482, 37 Du and Hart (1998)
TAM10a b

T. turgidum 6B ksuG8?, PSR1062 b 26 Du and Hart (1998)
TAM102 b

T. monococcum 6A™M None 13 Dubcovsky et al. (1996)

T. tauschii 6Dt ksuG8a 12 Gill et a. (1991b)

H. vulgare 6H MWG514 20 Qi et a. (1996)

consensus

S cereale 6R PSR106#. b 5 Devos et al. (1993)

Totals 7 159

al ow-copy number probe

b L oci mapped with the probe are located in different chromosome arms
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somal rearrangements among the species. [As noted
above, however (see Results), Xpsr964—-6D was mapped
distal to Xpsr8(Cxp3)-6D and XksuG48-6D by Marino et
al. (1996) and Xpsr964-6B was mapped proximal to
Xpsr8(Cxp3)-6B and XksuG48-6B in this study, and the
cause of this difference is unknown.]

Distribution of recombination

As just noted, a high degree of colinearity among the
physical maps produced in this study and linkage maps of
Triticeae species is apparent. The distribution of the loci
on the physical maps differs markedly from that found on
linkage maps of Triticeae species, however. A clustering
of loci in centromeric regions is common on Triticeae
linkage maps, while 90% of the loci analyzed in this
study were mapped in either the distal one-half or the dis-
tal two-thirds of the six chromosome arms. These differ-
ing distributions of loci are consistent with the relatively
low frequency of recombination in the proximal regions
of chromosome arms and the relatively high frequency of
recombination in the distal regions that has been demon-
strated in many studies of Triticeae species, including
those of Dvorak and Chen (1984); Curtis and Lukaszew-
ski (1991); Lukaszewski (1992); Werner et al. (1992a);
Gill et a. (19934); Alonso-Blanco et a. (1993); Mickel-
son-Young et al. (1995); and Gill et al. (1996a,b).

Usefulness of deletion lines and future studies

Deletion mapping, like aneuploid mapping, requires in-
tergenomic polymorphism among orthologous loci
while linkage mapping required polymorphism at indi-
vidual loci among the parents of a segregating popula-
tion. Conseguently, some RFLP loci that could not be
mapped in this study (due to the lack of intergenomic
polymorphism) have been mapped in segregating popu-
lations and, conversely, some loci mapped in this study
have not been mapped in a segregating population (due
to the lack of segregating polymorphism). A combina-
tion of the two methods allows mapping a greater num-
ber of loci. Segregating populations are easier to pro-
duce than deletion lines but the latter have the advan-
tage that the physical positions of loci can be unambigu-
ously determined.

The results of this study demonstrate that the relative
FLs of deletion-containing chromosome arms of closely
similar length cannot always be determined accurately
with the light microscope. Consequently, both light mi-
croscopic examination of C-banded chromosomes and
physical mapping are desirable for this to be accom-
plished. To identify and order new deletion lines, it will
be useful to select one or more molecular markers for
each available deletion line and use them as landmarks
for the line. These landmarks should have stable and
strong hybridization signals, be easy to use, and detect
one locus per homoeol ogue.

Werner et a. (1992), Gill and Gill (1993a), and Gill et
al. (1996ab) have discussed the potential of deletion
lines for facilitating map-based cloning in wheat. Inte-
gration of linkage and physical maps allows estimating
the frequency and distribution of recombination in de-
fined chromosomal regions as well as the amount of
DNA per cM. It is apparent that the ratios between cMs
and megabases of DNA differ greatly in different regions
in Triticeae chromosomes, with a higher ratio in distal as
opposed to proximal regions of chromosome arms. This
has important ramifications for gene cloning, making it
apparent that cloning will be easier in the gene-rich dis-
tal regions of chromosomes than in proximal regions.
Also, the information derived from the study of deletion
maps can be used as a starting point in constructing
high-resolution large-insert physical maps.
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