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Abstract: The Q locus is largely responsible for the domestication of bread wheat. Q confers the free-threshing charac-
ter of the spike and influences other important agronomic traits. Using chromosome deletion lines, Q was placed on
the physical map within a submicroscopic segment of the long arm of chromosome 5A. We targeted markers to the
segment by comparative mapping of anonymous RFLP clones, AFLP, and mRNA differential display analysis of dele-
tion lines 5AL-7 and -23, which have deletion breakpoints that flank the Q locus. Differentially expressed sequences
detected fragments at various loci on group 5 chromosomes suggesting that Q may be a regulatory gene. We identified
18 markers within the Q gene deletion interval and used them to construct a genetic linkage map of the region in F2

populations derived from chromosome 5A disomic substitution lines. The genetic map corresponding to the deletion
segment was 20-cM long, and we identified markers as close as 0.7 cM to the Q gene. An estimate of base pairs per
centimorgan within the region is 250 kb/cM, an 18-fold increase in recombination compared with the genomic average.
Genomic targeting and high-density mapping provide a basis for the map-based cloning of the Q gene.
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Résumé : Le locus Q est largement responsable de la domestication du blé panifiable. Ce locus détermine si les grains
tomberont de l’épi (allèle Q) ou seront maintenus sur celui-ci (allèle q) à maturité en plus d’influencer d’autres carac-
tères agronomiques importants. À l’aide de lignées délétantes, l’emplacement physique du locus Q a pu être déterminé
au sein d’un segment sub-microscopique du bras long du chromosome 5A. Les auteurs ont ciblé cette région pour le
développement de marqueurs moléculaires par cartographie comparée de marqueurs RFLP et AFLP anonymes et par
affichage différentiel des ARNm chez les lignées délétantes 5AL-7 et 5AL-23, deux lignées dont les extrémités des dé-
létions bordent le locus Q. Les séquences à expression différentielle détectaient des fragments situés à différents en-
droits sur les chromosomes du groupe 5 ; une observation qui suggère que le gène Q pourrait contrôler l’expression de
plusieurs gènes. Les auteurs ont identifié 18 marqueurs au sein de l’intervalle qui contient le gène Q et ont employé
ceux-ci afin de produire une carte génétique de cette région à l’aide d’une population F2 dérivée de lignées de substitu-
tion disomiques pour le chromosome 5A. La carte génétique du segment mesurait 20 cM et des marqueurs situés à
aussi peu que 0,7 cM du gène Q ont été identifiés. Il a été estimé que dans cette région 1 cM correspond à 250 kb,
une valeur suggérant 18 fois plus de recombinaison dans cet intervalle par rapport à la moyenne pour l’ensemble du
génome. Un tel travail de ciblage génomique et de cartographie fine fournissent l’assise pour le clonage positionnel du
gène Q.

Mots clés : Triticum aestivum, clonage positionnel, cartographie physique.
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Introduction

Rice (Oryza sativa), wheat (Triticum aestivum), maize
(Zea mays), and sorghum (Sorghum bicolor) are the major
cereals of the grass family and were all domesticated from
their wild relatives quite recently in human history. These

wild grass ancestors possessed the shattering trait that was
used as a mechanism of natural seed dispersal. Upon domes-
tication, each of the major cereals underwent genetic modifi-
cations that led to shatter-resistance phenotypes allowing
early farmers to more efficiently harvest the grain. Paterson
et al. (1995) found correspondence of QTLs associated with
shattering among rice, maize, and sorghum, suggesting that
the convergent domestication of these cereals may have re-
sulted from mutations at corresponding genetic loci.

The shattering trait is likely governed by the location of
an abscission zone. Abscission is a universal process in
plants whereby organs are shed during normal development
owing to the separation of cells in distinct regions of the
plant. The tomato JOINTLESS locus has been thoroughly
studied and found to be a MADS-box gene that activates the
development of an abscission zone at the pedicel (Mao et al.
2000).

As a result of domestication, common hexaploid bread
wheat (T. aestivum subsp. vulgare L., 2n = 6x = 42,
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AABBDD genomes) is essentially free threshing because it
has soft glumes, but it is nonshattering because it has the
tough rachis trait. Other wild wheats and hexaploid subspe-
cies, such as T. aestivum subsp. spelta, subsp. vavilovii, and
subsp. macha, are not free threshing because of tough
glumes and are susceptible to shattering because they have a
fragile rachis (Leighty and Boshnakian 1921; Singh et al.
1957; Kabarity 1966). The patterns of rachis disarticulation
differ among the wild wheats with fragile rachis and the do-
mesticated wheats with tough rachis (Cao et al. 1997). Thus,
rachis fragility or toughness is likely due to an alteration of
the abscission zone location.

The Q allele, which confers the square-headed phenotype
and free-threshing character, is possessed by most of the cul-
tivated wheats, but most wild wheats have the q allele and,
therefore, speltoid spikes that are not free threshing
(Muramatsu 1986). The expression of Q affects many differ-
ent characters including glume keeledness, rachis toughness,
spike length, spike type, and culm height. Muramatsu (1986)
suggested that the range of variation of the characters is very
narrow in the absence of Q, and when Q is present they ex-
press an obvious phenotype. However, each characteristic is
subjected to modification by other genes depending on the
genetic background.

It is the Q gene that makes T. aestivum subsp. vulgare dif-
ferent from T. aestivum subsp. spelta and speltoid mutants
that have a deficiency for the Q locus (Smith et al. 1949;
MacKey 1954). Differences between the spelta subspecies
and speltoid mutants are slight and are probably due to the
presence of q in T. aestivum subsp. spelta, but modifier
genes at other loci may be involved (MacKey 1954).

Q is incompletely dominant to q, and plants with the ge-
notype Qq have a spike morphology that is intermediate to
speltoid and squareheaded. Plants that are monosomic,
disomic, trisomic, and tetrasomic for chromosome 5A have phe-
notypes that are speltoid, normal (squarehead), subcompactoid,
and compactoid, respectively (Huskins 1946; Sears 1952;
1954). These phenotypic changes were attributed to in-
creased dosage of Q located on the long arm of chromosome
5A (Unrau et al. 1950; MacKey 1954). Muramatsu (1963)
determined that the q allele is hypomorphic to Q. He showed
that four or fewer doses of q resulted in a speltoid spike, but
five doses of q gave a squareheaded spike that corresponded
approximately to two doses of Q.

The tetraploid Triticum turgidum subsp. durum and the
hexaploid T. aestivum subsp. vulgare are domesticated
wheats that are free threshing and have the QQ genotype.
Both species evolved from the tetraploid Triticum
dicoccoides, which is not free threshing and has a fragile
rachis. Kuckuck (1959) suggested that subspecies vulgare
originated through duplication of q to produce Q because a
cross between two spelta subspecies lines resulted in some
progeny with a vulgare phenotype. But it is not known if the
same mutations occurred independently in durum and
vulgare or if durum may have been involved in the origin of
hexaploid wheat.

Hexaploid wheat is composed of the A, B, and D
genomes derived from diploid donor species that are related
to genomes of other grass species of the Poaceae. Related
species in this family include rye, barley, oats, and numerous
wild diploids. It is well established that DNA probes cloned

from these related species commonly identify sets of
orthologous loci that lie at approximately the same positions
relative to each other and to the centromeres. Consensus
maps of several chromosomes uniting loci from homo-
eologous wheat genomes and the corresponding chromo-
somes of barley (Hordeum vulgare), Aegilops tauschii,
Triticum monococcum, and rice have been presented by Van
Deynze et al. (1995a) and Nelson et al. (1995a, 1995b, and
1995c). These experiments have shown that the genomes of
barley, Ae. tauschii, and T. monococcum are essentially
colinear with the wheat genome. The genomes of more
distantly related cereals such as oat, rice, and maize can be
divided into linkage blocks that have homology to corre-
sponding segments of the wheat genome (Ahn et al. 1993;
Van Deynze et al. 1995b). Therefore, comparative mapping
among related grass species can be used to identify candi-
date markers for a targeted wheat genomic segment.

In addition to comparative mapping, wheat cytogenetic
stocks can be employed to target markers to subgenomic re-
gions. Wheat is a unique genetic model in that its polyploid
nature allows it to tolerate a certain degree of aneuploidy,
whereas its disomic inheritance allows it to behave much
like a diploid. Thus, many cytogenetic stocks such as
nullisomic-tetrasomic lines and ditelosomic lines were de-
veloped as early as the 1950s and used to study gene dosage
and locate genes to individual chromosomes and chromo-
some arms (Sears 1954, 1966; Sears and Sears 1978).
Disomic chromosome substitution lines, where a pair of for-
eign chromosomes has been substituted for a native pair of
chromosomes, allow one to essentially study the effects of
the substituted chromosomes in isolation, and they can be
used to develop mapping populations that are recombinant
for only one pair of chromosomes. More recently, chromo-
some deletion lines have been developed using the game-
tocidal genes from alien species, which act as biological
scissors to create terminal chromosome deletions (Endo
1988; 1990; Endo and Gill 1996; Nasuda et al. 1998). The
deletion stocks allow genes to be located to subchromosomal
regions. Several studies have reported on deletion mapping
of the Q gene to the long arm of chromosome 5A (Miller
and Reader 1982; Endo and Mukai 1988; Tsujimoto and
Noda 1989, 1990; Ogihara et al. 1994; Endo and Gill 1996).
Endo and Gill (1996) physically mapped Q within a cytolog-
ical submicroscopic deletion flanked by overlapping break-
points. When combined with modern molecular techniques
such as AFLP (Vos et al. 1995) or RNA differential display
(Liang and Pardee 1992), the subchromosomal regions can
be targeted and saturated with molecular markers.

Our objectives were to (i) use mRNA differential display
and AFLP analysis to target markers to the submicroscopic
deletion interval defined by the chromosome breakpoints in
deletion lines 5AL-7 and -23 containing the Q gene, (ii) de-
velop a high-resolution genetic linkage map of the region,
and (iii) identify markers closely linked to the Q gene.

Materials and methods

Plant materials
Nullisomic-tetrasomic (NT) stocks of ‘Chinese Spring’

(CS) wheat (Sears 1954), in which a missing pair of chro-
mosomes is compensated for by an extra pair of homo-
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eologues, were used to identify fragments hybridizing to
group 5 chromosomes. We used 36 lines of CS with termi-
nal chromosomal deletions in the long arms of group 5 chro-
mosomes (Endo and Gill 1996) for physical mapping. The
number of deletion lines for each chromosome was 16, 12,
and 8 for 5AL, 5BL, and 5DL, respectively. Of these dele-
tion lines, 28 are either homozygous or hemizygous
(monosomic) for the deletion chromosome, and eight (5AL-
16, 5AL-19, 5BL-3, 5BL-7, 5BL-15, 5DL-7, 5DL-8, and
5DL-10) are heterozygous for the deletion chromosome. The
deletion lines 5AL-7 and -23 have breakpoints flanking the
Q gene and were used in differential display and AFLP anal-
ysis. The deletion line 5AL-7 is lacking the Q locus and has
a speltoid spike, whereas 5AL-23 possesses Q and has a
squareheaded phenotype (Fig. 1).

A segregating population of 190 F2 progeny derived from
the cross of CS with CS having a pair of T. dicoccoides 5A
chromosomes substituted for the native 5A chromosomes
(CS-DIC 5A) was scored for spike morphology and used for
initial genetic mapping of all markers within the Q gene re-
gion. Because Q is hemizygous ineffective, 20 F3 family
members derived from each non-squareheaded F2 plant were
scored to obtain the F2 genotype. An additional 73 homozy-
gous QQ plants from the CS × CS-DIC 5A population, and
202 homozygous QQ F2 plants derived from the cross of CS
with a pair of 5A chromosomes from ‘Cheyenne’ substituted
for its native 5A chromosomes (CS-CNN 5A) with CS-DIC
5A were used for fine mapping of markers near the Q gene.

Differential display analysis
Total RNA was isolated from immature spikes of deletion

lines 5AL-7 and -23 using the TRIzol® reagent (Life Tech-
nologies Inc., Grand Island, N.Y.) as described by the manu-
facturer. Differential display analysis was done using the
Delta™ differential display kit (Clontech Laboratories, Inc.,
Palo Alto, Calif.) according to the manufacturer’s recom-
mendations. Briefly, single-stranded cDNA was synthesized
from 2 µg of total RNA. Differential display polymerase
chain reaction (PCR) was performed in the presence of
[35S]dATP using an arbitrary primer along with an oligo(dT)
primer. Nine oligo(dT) and 10 arbitrary primers were used in
all possible combinations for a total of 90. Three initial cy-
cles were performed at 94°C for 2 min, a low annealing tem-
perature of 40°C for 5 min to allow the arbitrary primer to
bind imprecisely to various cDNA strands, and 68°C for
5 min. This was followed by 25 cycles consisting of 94°C
for 1 min, a 60°C annealing temperature for 1 min, and
68°C for 2 min. Amplified products were run on a 5%
polyacrylamide gel at 80 W for 3.5 h, dried on filter paper
for 2 h at 80°C, and exposed to X-ray film for 3–7 d. Reac-
tions yielding fragments present in 5AL-23 and absent in
5AL-7 were performed a second time for verification.

AFLP analysis
DNA was isolated from leaf tissue of deletion lines 5AL-7

and -23 as described in Faris et al. (2000). The AFLP™
Analysis System I and AFLP Starter Primer Kit (Life Tech-
nologies Inc.) were used according to the manufacturer’s in-
structions. Briefly, genomic DNA was digested with the
restriction enzymes EcoRI and MseI simultaneously, fol-
lowed by ligation of EcoRI and MseI adapters to serve as

primer binding sites on the restriction fragments. A
preamplification reaction was then performed using primers
that each had one selective nucleotide. The preamplification
products were diluted 1:50 and used to perform a selective
amplification reaction consisting of an EcoRI and an MseI
primer with three selective nucleotides. The EcoRI primer
was labeled by phosphorylating the 5′ end with [33P]ATP
and T4 kinase. The kit contained eight EcoRI primers and
eight MseI primers for a total of 64 possible primer combi-
nations, which were used to identify DNA fragments differ-
ing between deletion lines 5AL-7 and -23. An additional
eight EcoRI primers and eight MseI primers were con-
structed allowing an additional 192 primer combinations that
were used to conduct bulked segregant analysis on pooled
individuals from the F2 population. Selective amplification
products were run on a 5% polyacrylamide gel at 80 W for
3.5 h, dried on filter paper for 2 h, and exposed to X-ray
film for 3–7 d. Reactions yielding positive fragments were
performed a second time for verification.

Characterization of positive fragments
Positive bands identified in differential display and AFLP

analysis were excised from the dried polyacrylamide gels,
added to 40 µL TE buffer, and boiled for 10 min. The liquid
was extracted and 7 µL was used to reamplify the fragment.
Differential display fragments were reamplified using the
original arbitrary and oligo(dT) primers, and AFLP frag-
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Fig. 1. Wheat spikes of deletion lines 5AL-23 (left) and 5AL-7
(right). The spike of 5AL-23 is squareheaded with a tough rachis
and is free threshing. The spike of 5AL-7 is speltoid with a brit-
tle rachis and is not free threshing.
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ments were reamplified using universal EcoRI and MseI
primers that had no selective nucleotides. PCR conditions
were 20 cycles of 94°C for 1 min, 60°C for 1 min, and 68°C
for 2 min for differential display fragments, and 30 cycles of
94°C for 30 s, 55°C for 30 s, and 72°C for 1 min for AFLP
fragments. Ten microliters of the reamplified product was
run on a 2% agarose gel for quantification.

Approximately 10 ng of the reamplified product was
cloned and transformed using the AdvanTAge™ PCR Clon-
ing Kit (Clontech Laboratories Inc.) according to the manu-
facturer’s instructions. Bacteria were grown on solid Luria–
Bertani (LB) media containing carbenicillin and X-gal, and
10–20 white colonies of each transformant were selected
and grown in 150 µL of liquid LB media containing 50 mg
carbenicillin/mL for 8–12 h. One microliter of each culture
was used as the template for PCR in a reaction volume of
50 µL. For differential display clones, the original primer
combination was used, and for AFLP clones the universal
EcoRI and MseI primers were used to amplify the cloned in-
serts. Thermocycler conditions were the same as that for
reamplification of the excised AFLP fragments as described
above. A 10-µL sample of the reaction product was run on a
2% agarose gel at 100 V for 30 min. The gel was then
stained with ethidium bromide, visualized under UV light,
and photographed.

Clones containing inserts whose size did not correspond
to the original excised fragment were discarded. Clones hav-
ing an insert of the correct size were saved and 10 µL of the
amplified product was digested with the restriction enzyme
RsaI and run on a 2% agarose gel that was stained and pho-
tographed. Different clones from the same transformation
event showing different restriction patterns indicated that
multiple DNA fragments existed within the original excised
band. All clones with unique restriction patterns were then
used as RFLP markers and hybridized to Southern blots con-
taining digested genomic DNA of CS, N5AT5D, N5BT5D,
N5DT5B, 5AL-7, and 5AL-23. Fragments mapping to group
5 chromosomes were further analyzed by hybridizing to the
array of group 5 long-arm deletion lines.

RFLP analysis
DNA isolation, Southern blotting, and hybridization pro-

cedures were performed as described in Faris et al. (2000).
Because the deletion interval containing the Q gene on chro-
mosome 5A is homoeologous to the deletion interval on
5BL investigated by Faris et al. (2000), the same anonymous
RFLP clones that were hybridized to 5BL deletion lines in
that experiment were hybridized to deletion lines of 5AL.
The RFLP clones were derived from various species and in-
cluded probes from oat cDNA (CDO), barley cDNA (ABC
and BCD), barley genomic DNA (ABG and MWG), rice
cDNA (RZ), wheat genomic DNA (PSR and FBB), and
maize genomic DNA (Pr1 gene sequence). Anonymous,
AFLP-derived, and differential display-derived RFLP clones
that detected fragments within the Q gene deletion interval
were hybridized to Southern blots consisting of the parents
of the mapping populations digested with 12 restriction en-
zymes (EcoRI, EcoRV, DraI, HindIII, BamHI, ScaI, SacI,
XbaI, SspI, BglII, KpnI, and ApaI) to survey for polymor-
phism. Clones were then hybridized to DNA of the F2 popu-

lation digested with the enzyme giving the clearest polymor-
phism.

Linkage analysis
The computer program Mapmaker (Lander et al. 1987)

version 2.0 for Macintosh was used to calculate linkage dis-
tances using the Kosambi mapping function (Kosambi 1944)
and an LOD of 3.00.

Sequencing
A sterile toothpick was used to pick a single bacterial col-

ony and inoculate 2 mL of liquid LB containing 50 mg
carbenicillin/mL. The culture was grown for 14–16 h at
37°C with gentle shaking. Plasmid DNA was isolated and
purified from the culture using the Qiagen Plasmid Mini Kit
(Qiagen Inc., Valencia, Calif.) according to the manufac-
turer’s instructions. Approximately 1 µg of purified plasmid
was sent to the University of Chicago Cancer Research Cen-
ter DNA Sequencing Facility (Chicago, Ill.) to be sequenced.
Retrieved sequences were tested for similarity to other
known sequences in public databases using BLASTx and
(or) BLASTn searches.

Results

We employed various cytogenetic stocks of wheat in com-
bination with molecular technologies such as mRNA differ-
ential display, AFLP, and comparative RFLP mapping in an
effort to target a subgenomic region with molecular markers
(Fig. 2). By comparing the genetic material of chromosome
deletion lines 5AL-7 and -23 using these molecular tech-
niques, we were able to efficiently identify markers within
the physical chromosome segment containing the Q gene.
Subsequent analysis of the markers on nullisomic-tetrasomic
(NT) lines allowed rapid verification of the physical loca-
tions of the fragments. Finally, segregating populations de-
rived from disomic chromosome substitution lines allowed
efficient construction of DNA pools for bulked segregant
analysis and for genetic fine mapping of the physical seg-
ment containing the Q gene.

Differential display analysis
RNA was isolated from spikes of deletion lines 5AL-7

and -23 (Fig. 1) and used to conduct differential display
analysis to identify fragments within the overlapping dele-
tion interval. An average of approximately 80 bands were vi-
sualized for each primer combination. We tested 90 primer
combinations and therefore observed approximately 7200
bands. Of these bands, 16 were repeatedly expressed in
5AL-23, but not in 5AL-7. Cloning and characterizing these
bands resulted in 92 unique clones. The differential expres-
sion of positive fragments was not verified by Northern anal-
ysis, because we were concerned only that they mapped
within the targeted deletion interval. Therefore, fragments
were tested by Southern analysis using chromosome group 5
deletion lines.

The number of unique clones identified for each excised
band ranged from 1 to 11, and 11 of the 16 differential dis-
play bands yielded at least one clone that hybridized to one
or more of the group 5 chromosomes (Table 1). Two differ-
ential display bands each yielded three clones that hybrid-
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Fig. 2. Flow chart outlining the scheme for targeting subgenomic regions in wheat using various cytogenetic stocks. Two stocks with
an overlapping chromosome deletion are compared using AFLP or RNA differential display analysis. Positive fragments are cloned and
used as RFLP probes to detect fragments on a Southern blot containing appropriate nullisomic-tetrasomic lines and deletion lines to
verify the existence of the fragment in the targeted interval. The resulting marker is then placed on the physical map of the corre-
sponding chromosome. For genetic mapping population development, euploid ‘Chinese Spring’ is crossed with ‘Chinese Spring’ that
has had a pair of Triticum dicoccoides 5A chromosomes substituted for the native ‘Chinese Spring’ 5A chromosomes (CS-DIC 5A).
The resulting F1 is heterozygous along only chromosome 5A and, when selfed, the F2 contains a pair of recombinant 5A chromosomes
in a homozygous ‘Chinese Spring’ background. The F2 population of recombinant substitution lines is then used for genetic mapping
of probes derived from the AFLP or RNA differential display analysis. The resulting genetic map of the corresponding deletion inter-
val is compared with the physical map to reveal marker order and estimate physical to genetic distance ratios.
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ized to at least one group 5 chromosome. Four of the
differential display bands each yielded two unique group 5
clones, and five bands resulted in one group 5 clone each.
Five differential display bands yielded no clones that de-
tected loci on group 5 chromosomes and were not further
analyzed.

Only three bands yielded clones that hybridized within the
Q gene deletion interval on chromosome 5A (Figs. 3 and 4).
The rest of the group 5 clones detected other loci on the long
arms of one or more group 5 chromosomes (Fig. 3).

The three differential-display clones that hybridized to the
Q gene deletion interval were sequenced and tested for simi-
larity to other sequences in the public databases. One of
these, KSUQ34 (GenBank accession No. AF503187), had
significant similarity to a synaptobrevin-like protein, but
KSUQ16 (GenBank accession No. AF503188) and KSUQ45
(GenBank accession No. AF503189) had no significant sim-
ilarity with any sequences in the databases.

AFLP analysis of 5AL-7 and -23
A total of 64 primer combinations were tested on genomic

DNA of 5AL-7 and -23. As with differential display, the
AFLP analysis averaged about 80 bands/primer pair. There-
fore, about 5000 fragments were visually observed. Ten
bands were repeatedly present in 5AL-23 and absent in
5AL-7. Cloning and characterizing these bands revealed that
three bands consisted of only highly repetitive sequences
and could not be used as RFLP probes. However, the re-
maining seven bands yielded low-copy clones that detected
loci within the Q gene deletion interval (Figs. 3 and 4).

Clones KSUP18, KSUP20, and KSUP23 hybridized to
group 5 chromosomes only (Table 2). KSUP18 and KSUP20

detected loci on all three homoeologues, whereas KSUP23
detected two loci on 5A, one on 5D, and none on 5B.
KSUP10 and KSUP21 detected loci on other chromosomes
in addition to chromosome 5A, but not 5B or 5D. KSUP50
and KSUP64 detected homoeologous loci on 5A, 5B, and
5D, as well as loci on other chromosomes.

AFLP bulked segregant analysis
Based on preliminary genetic mapping analysis of the

differential-display derived clones, AFLP-derived clones
from the analysis of 5AL-7 and -23, and anonymous RFLP
clones in the CS × CS-DIC 5A population of 190 F2s, two
DNA pools were constructed that differed in homozygosity
at the Q locus and had crossovers immediately flanking the
Q gene (see below). The two pools consisted of DNA from
10 individuals each and were used as templates for AFLP
analysis of 192 additional primer combinations. AFLP
primer combinations revealing polymorphisms between the
bulks were then rescreened using the two bulks, both par-
ents, and deletion line 5AL-7 for verification. Sixteen posi-
tive bands were confirmed, but only three resulted in low-
copy fragments, all of which mapped to the long arm of
chromosome 5A. Clones KSUP16 and KSUP14 mapped
within the Q gene region, but KSUP78 mapped distal to the
5AL-23 breakpoint and was not investigated further.
KSUP16 detected loci on 5A and 5D, but not 5B. KSUP14
detected loci on 5A, 5B, and other chromosomes, but not on
5D.

Anonymous RFLP clones
Of the 135 anonymous RFLP clones tested (Faris et al.

2000), six detected fragments within the Q gene deletion in-
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No. of loci on:

Differential display
band (primers) Clone 5A 5B 5D

Fragment
size (bp)

Group 5
specific

A1T3 KSUQ13 0 1 1 450 no
A1T6 KSUQ16* 1 1 1 350 yes
A2T4 KSUQ24 1 0 1 250 no
A3T4 KSUQ32 1 1 1 350 yes
A3T5 KSUQ34* 1 1 1 700 yes

KSUQ35 1 1 1 700 yes
A4T5 KSUQ45* 2 2 1 400 no
A5T9 KSUQ59 1 1 1 800 yes

KSUQ58 1 1 1 800 yes
A6T3a KSUQ62 1 0 0 450 no

KSUQ60 1 1 1 450 no
KSUQ61 1 1 1 450 no

A6T3b KSUQ66 0 1 0 400 no
KSUQ63 0 1 1 400 yes
KSUQ65 0 1 1 400 no

A6T3c KSUQ67 0 1 0 400 no
KSUQ64 0 1 1 400 no

A10T2 KSUQ10 1 1 1 500 yes
KSUQ11 1 1 1 500 yes

Note: The clone names, number of group 5 loci, specificity to group 5, and fragment size are presented for those clones
hybridizing to group 5 chromosomes. An asterisk next to the clone name indicates that the clone maps within the Q gene deletion
interval.

Table 1. Differentially expressed bands cloned from mRNA differential display analysis comparing RNA of deletion
lines 5AL-7 and 5AL-23.
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terval on chromosome 5A (Figs. 3 and 4). Descriptions of
the six clones are given in Table 3. ABC155, MWG740, and
RZ744 were specific to group 5 chromosomes and detected
a single locus on each of the chromosomes 5A, 5B, and 5D.
CDO1475 was specific to chromosomes 5A and 5B.
FBB255 was not specific to group 5, detected one locus on
chromosome 5D, no loci on 5B, and in addition to a locus in
the Q gene region detected a second, more-proximal locus
on chromosome 5A. PR1 gave a complex banding pattern
and was not specific to group 5 (Li et al. 1999). It detected
loci on 5A and 5B, but not on 5D.

Genetic mapping
The three differential-display derived markers, six anony-

mous RFLP clones, and nine AFLP-derived markers that hy-
bridized within the Q gene deletion interval on the physical
map were mapped on the 190 F2 progeny as RFLP markers.
The resulting genetic linkage map of the physical segment
delineated by deletion lines 5AL-7 and -23 is ~20 cM (Fig. 4).
The AFLP-derived markers XksuP23 and XksuP16 flank the
Q gene at genetic distances of 1.3 and 0.7 cM, respectively.
Only two markers, XksuP21 and Xfbb255, did not map at an
LOD > 3.0 and were therefore placed in the most likely in-

tervals. The Q gene mapped toward the distal end of the
linkage group and we therefore mapped several additional
anonymous RFLP clones distal to Q.

Of the 190 F2 plants used for initial mapping of all mark-
ers in the 5AL-7–5AL-23 interval, 130 had no crossovers
within the deletion interval. Fifty-six plants had one cross-
over, three plants had two crossovers, and one plant had
three crossovers within the region. Of the four plants that
had multiple crossovers, three of them were due to single-
allele, gene-conversion type events. Markers delineating the
region between XksuP14 and XksuP16 on the genetic map
(Fig. 4) were mapped on all 465 F2 individuals. Only one
plant was found to contain a double crossover within this
region.

Comparative mapping
We compared the genetic linkage map of the Q gene re-

gion constructed in the CS × CS-DIC 5A mapping popula-
tion with those constructed by Kato et al. (1999), Kojima
and Ogihara (1998), and the map of the homoeologous re-
gion of chromosome 5B constructed in a CS × CS-DIC 5B
population (Faris et al. 2000) (Fig. 5). The orders of markers
along the CS × CS-DIC 5A map and the CS × CS-DIC 5B
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Fig. 3. Physical maps of the long arms of homoeologous group 5 chromosomes showing the locations of markers derived from mRNA
differential display (bold), AFLP analysis (plain), and anonymous RFLP clones (underlined). Loci of RFLP clones that mapped only
within the 5AL-7–5AL-23 deletion interval are shown. Loci of all mRNA differential display and AFLP-derived clones mapping to
group 5 chromosomes are shown. Fraction breakpoint values and corresponding deletion line names appear to the left of chromosomes.
The marker names and their physical deletion interval positions are given on the right. The X symbol preceding marker names is omit-
ted to conserve space. Dark and hatched bands on the physical maps indicate positions of darkly and lightly stained C bands, respec-
tively.
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map were in complete agreement. The degree of recombina-
tion among the two maps agreed relatively well, but some
variability was observed between specific marker intervals.
Xcdo457 and Xbcd1235 cosegregated on the 5A map, but
were 2.0 cM apart on the 5B map. Conversely, the degree of
recombination was less between XksuQ45 and XksuP50 on
the 5B map (2.2 cM) compared with the 5A map (6.0 cM).
The genetic distance for the interval between Xcdo457 and
XksuP18, which spans the Q locus, was nearly the same,
with the 5A map having 12.9 cM and the 5B map having
10.2 cM.

The maps constructed by Kato et al. (1999) and Kojima
and Ogihara (1998) contained few markers common to our
map. However, some discrepancies in marker order were ob-
served. The 5A map constructed by Kato et al. (1999) placed

both Xpsr370 and Xcdo457 distal to Q, but in the inverse or-
der compared with our 5A map.

The genetic distance between Xabg391 and Xpsr370 on
the Kojima and Ogihara (1998) 5A map was about 12 cM,
which is close to the distance between the two markers on
our 5A map (10.2 cM). However, Xabg391 mapped proxi-
mal to Q on the Kojima and Ogihara (1998) 5A map, but
distal to Q on our map.

Discussion

Targeting of markers to the Q gene region
The chromosome deletion lines of wheat provide an effi-

cient tool for targeting markers to specific regions of the ge-
nome. Two lines containing terminal chromosome deletions
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Fig. 4. Comparison of the 5AL physical map with the genetic map of chromosome 5A corresponding to the 5AL-7–5AL-23 deletion
interval and the distal segment including the 4A.5A translocation breakpoint. On the genetic map, centimorgan distances are shown to
the left and DNA marker names are on the right. On the physical map, fraction breakpoint values and the corresponding deletion line
names are given on the left and marker names and their physical deletion interval positions are given on the right. The X symbol pre-
ceding marker names is omitted on the physical map to conserve space. Dark bands on the physical map indicate positions of darkly
stained C bands.
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in the same chromosome arm will differ only for the over-
lapping segment that is a result of different sized deletions.
The rest of the genomic content between the two lines will
be identical and any differences will be due to the DNA
content within the overlapping segment. These differences
can be identified using various types of analysis and DNA
markers.

We used anonymous RFLP clones, mRNA differential dis-
play analysis, and AFLP analysis to identify fragments
within the 5AL-7–5A23 deletion interval that carries the Q
locus. Using anonymous RFLP clones as probes to identify
markers is relatively inefficient because each reaction gener-
ally results in the identification of only one locus per
homoeologous chromosome. However, extensive genetic
linkage maps of cereal crops have been constructed by vari-
ous researchers using RFLP markers, and comparative map-
ping studies have shown that barley chromosomes are
essentially colinear with those of wheat. Furthermore, link-
age blocks of rice, maize, and oat chromosomes can be ar-
ranged to correspond to wheat chromosomes (Ahn et al.
1993; Van Deynze et al. 1995b; Moore et al. 1995a, 1995b).
DNA clones of rice, maize, oat, and barley will hybridize to
wheat DNA provided the sequences retain a certain degree
of homology. Therefore maps of the related cereals can be
surveyed for RFLP markers exhibiting the potential to detect
loci within the targeted wheat segment. In this work, the se-

lection of markers from orthologous regions of related
grasses proved to be beneficial.

Differential display analysis of RNA isolated from the
overlapping deletion lines allowed us to identify fragments
of expressed genes within the targeted genomic region. All
of the excised fragments yielded single or low-copy se-
quences that worked well as RFLP probes.

The display of cDNA fragments in 5AL-23 that were ab-
sent in 5AL-7 indicated that the underlying gene was either
present within the targeted deletion interval, or that it was
under the control of a regulatory gene that existed within the
targeted interval. The absence of a regulatory gene in 5AL-7
would lead to a lack of expression of the regulated genes at
other loci and to the differential display of the corresponding
fragments.

It seems likely that a regulatory gene exists within the Q
gene deletion interval that governs the expression of other
genes on group 5 chromosomes, because 11 of the 16 differ-
entially expressed bands resulted in 48 loci on group 5 chro-
mosomes. Q is known to affect many traits and is probably a
major regulatory gene. It is possible that Q is responsible for
regulating the expression of at least some of the other differ-
entially expressed genes identified on the group 5 chromo-
somes. However, we can not rule out the possibility that
another regulatory gene(s) exists within the targeted deletion
interval and is responsible for the variation in expression of
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No. of loci on:

AFLP band (primers) Clone name 5A 5B 5D Fragment size (bp) Group 5 specific

E-AAG, M-CAC KSUP10 1 0 0 150 no
E-ACA, M-CAT KSUP20 1 1 1 550 yes
E-ACA, M-CAC KSUP18 1 1 1 200 yes
E-ACA, M-CTA KSUP21 1 0 0 350 no
E-ACA, M-CTG KSUP23 2 0 1 200 yes
E-AGC, M-CAC KSUP50 1 1 1 500 no
E-AGG, M-CTT KSUP64 1 1 1 600 no
E-ACA, M-CGA KSUP14* 1 1 0 450 no
E-ACC, M-CCG KSUP16* 1 0 1 380 no

Note: The AFLP primer combinations, clone names, number of group 5 loci, group 5 specificity, and fragment size is given for each AFLP-derived
clone mapping to the 5AL-7–5AL-23 interval.

*Clones obtained from AFLP bulked segregant analysis.

Table 2. Clones generated from AFLP analysis comparing deletion lines 5AL-7 and 5AL-23.

No. of loci on:

Clone Description Source Marker designation 5A 5B 5D Group 5 specific Supplier

ABC155 cDNA barley Xabc155 1 1 1 yes A. Kleinhofs
ABG391* genomic DNA barley Xabg391 1 1 1 yes A. Kleinhofs
BCD1235* cDNA barley Xbcd1235 2 1 2 yes M. Sorrells
CDO457* cDNA oat Xcdo457 1 1 1 yes M. Sorrells
CDO1475 cDNA oat Xcdo1475 1 1 0 yes M. Sorrells
FBB255 genomic DNA wheat Xfbb255 2 0 1 no P. Leroy
MWG740 genomic DNA barley Xmwg740 1 1 1 yes A. Graner
CR1 Pr1 gene maize Xksu923(Pr1) 1 1 0 no S. Morris
PSR370* genomic DNA wheat Xpsr370 1 1 1 no M. Gale
RZ744 cDNA rice Xrz744 1 1 1 yes S. McCouch

Note: Clones with asterisks do not map within the Q gene deletion interval.

Table 3. Descriptions, sources, number of group 5 loci, group 5 specificity, and suppliers of anonymous RFLP clones used in genetic
mapping of the Q locus.
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genes on group 5 chromosomes. The remaining five differ-
entially expressed fragments that were isolated represent
genes on chromosomes other than group 5. It is possible that
these genes are also regulated by (a) gene(s) within the tar-
geted interval, but we can not rule out the possibility that
they represent artifacts of the technique. Gene-expression
studies utilizing a wild type and Q mutants will provide in-
formation on which of the differentially expressed genes, if
any, are controlled by the Q gene.

In a similar study, Kojima et al. (2000) compared cDNA-
AFLP fingerprints of ‘Chinese Spring’ and a deletion line
lacking the distal 15% of chromosome 5AL including the Q
gene. Sixteen fragments were cloned and verified to be dif-
ferentially expressed between ‘Chinese Spring’ and the dele-
tion line. Only 4 of the 16 fragments mapped within the Q
gene deletion interval, and the rest detected loci elsewhere in
the genome. This result agrees with our suggestion that Q,
or another gene nearby, regulates the expression of many
other genes throughout the genome.

Our goal for using the differential display technique was
to identify fragments that could be used as markers to detect
loci within the Q gene deletion interval. We identified only
three of more than 7000 (0.04%) observed fragments that re-
sulted in markers for the targeted region. Assuming that an
arbitrary primer primes as a 7mer, it represents 1/16 000 se-
quences. A given mRNA 3′-end sequence contains about 500
sites for recognition on a denaturing polyacrylamide gel.
Therefore, each arbitrary primer will recognize 500/16 000,
or 3%, of the mRNAs, so 97% of the mRNAs will not be

seen. With n arbitrary primers, (0.97)n of total mRNAs will
not be detected. We used 10 arbitrary primers and therefore
detected only about 26% of the mRNAs. To detect 90% of
the mRNAs, we would have had to survey 75 arbitrary prim-
ers. This would have likely led to the identification of more
differentially expressed sequences, but may have further de-
creased the efficiency of the technique.

AFLP analysis of deletion lines 5AL-7 and -23 produced
sharper bands that could be scored with less ambiguity than
the bands generated by differential display. The presence of
a band in 5AL-23 and the concomitant absence of the same
band in 5AL-7 indicated that the fragment represents a se-
quence within the targeted deletion interval. Unlike bands
generated by mRNA differential display, AFLP bands repre-
sent genomic sequences that are unaffected by gene expres-
sion or regulatory genes. However, genomic sequences have
a greater potential of being repetitive and are often of little
use as RFLP or PCR markers. In total, 26 positive AFLP
bands were identified, 16 of which appeared to contain
highly repetitive sequences and were not used for further
analysis.

In comparing AFLP fingerprints of deletion lines 5AL-7
and-23, we isolated seven single or low-copy fragments that
mapped within the Q gene deletion interval from more than
5000 AFLP bands. Thus, 0.14% of the observed bands
yielded fragments within the targeted region. This is a 3.5-fold
increase in efficiency over the differential display technique.

In comparison with selecting anonymous RFLP clones
from comparative maps for targeted mapping, techniques
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Fig. 5. Comparison of three genetic linkage maps of the Q gene region on chromosome 5A and one map of the homoeologous region
of chromosome 5B. The maps were generated from CS – T. spelta 5A × CS –‘Cappelle-Desprez’ 5A (Kato et al. 1999), CS × CS-DIC
5A (this research), CS × T. spelta (Kojima and Ogihara 1998), and CS × CS-DIC 5B (Faris et al. 2000).
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such as AFLP and differential display used in combination
with the cytogenetic deletion stocks of wheat provide a more
robust and high-throughput method of targeting markers to
specific genomic regions. The number of presently available
RFLP clones is limited, whereas a virtually unlimited num-
ber of fragments can be screened using AFLP, which are
easily scored by their presence or absence in the appropriate
deletion stocks. The disadvantage is that some positive frag-
ments contain repetitive sequences and thus are not useful
when converted to RFLP probes. If an AFLP fragment con-
tains repetitive sequences, it could be mapped in a segregat-
ing population as an AFLP marker, but use of such a
fragment for screening a large-insert clone library by hybrid-
ization is difficult. In theory, the mRNA differential display
technique is less efficient than AFLP because the technique
is limited by the number of expressed genes. However, the
advantage of the technique over AFLP is that recovered
fragments represent expressed genes and tend to be low
copy, thus making them relatively easy to use as RFLP
probes.

Physical and genetic mapping
The genetic linkage map that corresponds to the physical

chromosome segment differing between deletion lines 5AL-
7 and -23 is about 20 cM long (Fig. 4). The difference in
size between chromosome 5A of the two lines can not be
measured cytologically. Therefore, this segment accounts for
less than 1% of the chromosome arm. Nelson et al. (1995a),
Xie et al. (1993), Kojima and Ogihara (1998), and Kato et
al. (1999) constructed RFLP linkage maps of chromosome
5A that were about 160, 130, 180, and 240 cM, respectively.
This suggests that the submicroscopic deletion interval ac-
counts for 8 to 15% of the recombination that occurs on
chromosome 5A. Nonrandom distribution of crossovers
along the chromosome has been observed in many organ-
isms including wheat and was discussed in detail in Faris et
al. (2000). Several physical and genetic mapping experi-
ments in wheat have suggested that the genes are
nonrandomly distributed along the chromosome and most of
the recombination occurs within these gene-rich regions
(Gill et al. 1996a and 1996b; Faris et al. 2000). Recent ex-
periments involving sequencing and BAC contig construc-
tion have verified that gene-rich regions tend to be hot spots
for recombination (Feuillet and Keller 1999; Spielmeyer
et al. 2000; Stein et al. 2000). In fact, Spielmeyer et al.
(2000) showed that the physical distance – genetic distance
relationship within a region on chromosome 1DS containing
the seed storage proteins was <20 kb/cM.

Faris et al. (2000) constructed a detailed genetic and phys-
ical map of one recombination hot spot region on the long
arm of chromosome 5B that contains a region homoeologous
to the one investigated here. This distally located region ac-
counted for 4% of the physical size of the long arm and at
least 30% of the recombination along the entire chromo-
some. Both regions on 5A and 5B appear to be recombina-
tion hot spots and more prone to chromosome breakage by
gametocidal gene action (Nasuda et al. 1998) than gene-poor
regions. As discussed in Faris et al. (2000), these data sug-
gest that a unique level of chromatin organization exists
within these recombination hot spots.

The entire map of the wheat genome consists of about
3700 cM (Nelson et al. 1995a, 1995b, 1995c; Marino et al.
1996; Van Deynze et al. 1995a), and the wheat haploid ge-
nome consists of 1.6 × 1010 base pairs. This translates into a
recombination frequency of 4.4 Mb/cM for the whole ge-
nome. If we assume that each chromosome is of equal size,
and that the long arm of chromosome 5A accounts for two
thirds of the chromosome, then the chromosome region
flanked by deletion breakpoints 5AL-7 and -23 would con-
sist of less than 5 Mb. We now have 19 markers for this re-
gion, or at least one marker per 263 kb. As more markers are
identified, this ratio will become smaller. The recombination-
based map of this region is about 20 cM, so the estimated re-
combination frequency is approximately 250 kb/cM, an 18-
fold increase in recombination compared with the genomic
average.

Kuckuck (1959) suggested that T. aestivum subsp. vulgare
(squareheaded) originated through a duplication of q to pro-
duce Q, because progeny with squareheaded spikes resulted
from a cross of two spelta subspecies strains. Muramatsu
(1963) studied the dosage effect of chromosome 5A in
hexaploid wheat and found that five doses of the long arm of
chromosome 5A of subsp. spelta caused squareheadedness.
Therefore, he determined that q is not a deficiency, but is an
allele that has an effect similar to that of Q but to a lesser
degree. The fact that five doses of q corresponded to approx-
imately two doses of Q supported the idea that Q might have
arisen from a duplication of q. It is interesting to note that in
our research four of the clones that detected loci near the Q
locus (KSUQ45, FBB255, KSUP23, and BCD1235) de-
tected duplicate loci on other regions of chromosome 5A,
but they are not found in duplicate on chromosomes 5B or
5D. In addition, BAC sequencing analysis has revealed sev-
eral low-copy sequence duplications very near the Q locus
(J. Faris, J. Fellers, S. Brooks, and B. Gill, unpublished). It
is possible that this region is prone to events like unequal
crossing over that led to the duplication and rearrangement
of loci.

Comparative mapping
We observed discrepancies in the order of markers along

the chromosome 5A maps of the Q gene region constructed
by Kato et al. (1999) and Kojima and Ogihara (1998) com-
pared with our 5A map (Fig. 5). Xcdo457 mapped distal to
Xpsr370 on the Kato et al. (1999) 5A map and proximal to
Xpsr370 on our 5A map. The Kojima and Ogihara (1998)
5A map placed Xabg391 proximal to Q, whereas our data
indicated that Xabg391 is distal to Q. The order of markers
along our 5A map agrees completely with that of the 5B
map described in Faris et al. (2000), and the 5B physical
map indicates that Xpsr370 maps in a physical segment dis-
tal to the segment containing Xcdo457. Therefore, because
the order of markers along homoeologous group 5 chromo-
somes is essentially colinear, it is likely that the correct map
location of Xpsr370 is distal to Xcdo457. The Kato et al.
(1999) 5A map was constructed in a population of 120 re-
combinant substitution lines from the F1 between disomic
substitution lines for chromosome 5A from a spring acces-
sion of Triticum spelta and the winter wheat ‘Cappelle-
Desprez’ into a CS background. The Kojima and Ogihara
(1998) 5A map was constructed in a population derived from
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a cross between CS and T. spelta that consisted of 66 prog-
eny. Because both of these populations used T. spelta in
their parentage, the possibility of inversions or other rear-
rangements cannot be ruled out. Faris et al. (2000) also re-
ported a small inversion in the genetic map of chromosome
5B derived from CS × CS-DIC 5B. Chromosome aberrations
and aneuploidy sometimes result from the use of
interspecific crosses or monosomic substitutions to create
mapping populations (Sybenga 1996).

Continued work
A BAC library of T. monococcum (Lijavetsky et al. 1999),

a close relative of the diploid A-genome donor of hexaploid
bread wheat, has been used successfully to build contigs
spanning targeted regions of the A genome of hexaploid
wheat (Stein et al. 2000). Towards the isolation of the Q
gene, we are initiating the construction of a T. monococcum
BAC contig spanning the locus. Our preliminary data indi-
cate that the physical to genetic distance ratio near the Q
gene ranges from 190 to 500 kb/cM. Therefore, all results
obtained so far indicate that Q lies within a relatively
recombination-rich region, which should make it amenable
to positional cloning.
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