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The main objectives of the study reported here were to construct a molecular map of wild emmer wheat,
Triticum dicoccoides, to characterize the marker-related anatomy of the genome, and to evaluate segregation and
recombination patterns upon crossing T. dicoccoides with its domesticated descendant Triticum durum (cultivar
Langdon). The total map length exceeded 3000 cM and possibly covered the entire tetraploid genome (AABB).
Clusters of molecular markers were observed on most of the 14 chromosomes. AFLP (amplified fragment length
polymorphism) markers manifested a random distribution among homologous groups, but not among genomes
and chromosomes. Genetic differentiation between T. dicoccoides and T. durum was attributed mainly to the B
genome as revealed by AFLP markers. The segregation-distorted markers were mainly clustered on 4A, 5A, and
5B chromosomes. Homeoalleles, differentially conferring the vigor of gametes, might be responsible for the
distortion on 5A and 5B chromosomes. Quasilinkage, deviation from free recombination between markers of
nonhomologous chromosomes, was discovered. Massive negative interference was observed in most of the
chromosomes (an excess of double crossovers in adjacent intervals relative to the expected rates on the
assumption of no interference). The general pattern of distribution of islands of negative interference included
near-centromeric location, spanning the centromere, and median/subterminal location.

[An appendix describing the molecular marker loci is available as an online supplement at http://www.genome.
org.]

Wild emmer wheat, Triticum dicoccoides [Triticum tur-
gidum (L) Thell. ssp. dicoccoides (Koern) Thell.] with ge-
nome AABB, was discovered in Northern Israel by
Aaron Aaronsohn in 1906 (Aaronsohn 1910). It is the
tetraploid, predominantly self-pollinated, wild pro-
genitor from which modern tetraploid and hexaploid
cultivated wheats were derived (Zohary 1970). The dis-
tribution center of T. dicoccoides is found in the catch-
ment area of the upper Jordan Valley in Israel and the
vicinity (Nevo and Beiles 1989). Wild emmer wheat is
an important genetic resource that could be exploited
in breeding for resistance to a broad range of diseases,
pests, and for tolerance to poor soil and climatic factors
(Nevo 1983, 1989, 1995). Among many agriculturally
important characteristics already found in T. dicoccoi-
des is its resistance to stripe rust (Gerechter-Amitai and
Stubbs 1970; Nevo et al. 1986; Fahima et al. 1998),
stem rust (Nevo et al. 1991), and powdery mildew
(Nevo et al. 1985). Wild emmer wheat contains rich
and variable genetic resources that will play a major

role in future wheat improvement (Nevo 1983,1989,
1995).

Genetic research on important agronomic and
quality traits in this plant species has lagged far behind
other cereals, so at present detailed genetic informa-
tion is urgently required as a basis for effective utiliza-
tion in the breeding programs of cultivated wheat in-
cluding bread and durum wheats. Molecular linkage
maps of many plant species have been obtained re-
cently and utilized in quantitative trait analysis, gene
tagging, genome organization, and evolutionary stud-
ies, as well as in improved selection activities (Paterson
et al. 1991; Whitkus et al. 1994; Blanco et al. 1998).
Restriction fragment length polymorphism (RFLP)
markers have been used extensively to construct ge-
netic maps in many cultivated species (Phillips and
Vasil 1994). Bread wheat, Triticum aestivum (L.) Thell.,
has received much attention and several RFLP-based
maps either for groups of homoeologous chromosomes
(Chao et al. 1989; Devos et al. 1992, 1993; Nelson et al.
1995; Van Deynze et al. 1995; Gill et al. 1996a,b) or for
all the chromosome groups (Liu and Tsunewaki 1991;
Anderson et al. 1992; Gale et al. 1995; Mingeot and
Jacquemin 1999) have been reported. In contrast, tet-
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raploid durum wheat has received little attention and
an RFLP-based linkage map has been published only
recently (Blanco et al. 1998).

Molecular markers can provide a spectacular im-
provement in the efficiency and sophistication of
plant breeding. It is now generally accepted that mark-
ers represent the most significant advance in breeding
technology that has occurred in the last few decades
and are currently the most important application of
molecular biology to plant breeding (Langridge and
Chalmers 1998). Compared with RFLPs, microsatellites
are PCR-based, easily handled, cheaper to use, suitable
for automation, highly reproducible, and therefore can
be used on a larger scale. Recently, Röder et al. (1998)
developed a set of hexaploid wheat microsatellite
markers, and constructed a molecular map consisting
of 279 microsatellite loci amplified by 230 primer sets.
The efficiency of these primer sets in analysis of T.
dicoccoides genomic DNA was demonstrated previously
both for mapping (Chagué et al. 1999; Peng et al. 1999,
2000) and population genetics purposes (Fahima et al.
1998; Li et al. 2000). Seventy-nine of these microsatel-
lite markers were integrated into the above-mentioned
RFLP-linkage map in durum wheat (Korzun et al.
1999).

The amplified fragment length polymorphism
(AFLP) technology is based on the amplification of se-
lected restriction fragments of a total genomic digest
by PCR, and separation of labeled amplified products
by denaturing polyacrylamide gel electrophoresis. A
great advantage of the AFLP approach is that it allows
simultaneous identification of a large number of am-
plification products (Van Eck et al. 1995; Vos et al.
1995). Compared with RFLP or other PCR-based
marker systems, AFLP is fast, reliable, and cost-
effective. It may be a good supplement to other marker
systems in species like wheat that give a low-level poly-
morphism (such as RFLP). It may be especially useful
for high density mapping in regions containing genes
of interest (Ma and Lapitan 1998). In wheat, a com-
plete AFLP-linkage map has not yet been seen in formal
publications.

The main objectives of the present study were,
therefore, to construct a DNA molecular genetic map
in wild emmer wheat, T. dicoccoides, by use firstly of
microsatellite markers and then of AFLP and random
amplified polymorphic DNA (RAPD) markers to fill the
gaps, so as to contribute to the understanding of ge-
nome evolution in the wheat progenitor and to accel-
erate the utilization of this important genetic resource
in wheat improvement programs. Our aim was also to
use the generated information to characterize the
marker-related anatomy of T. dicoccoides genome and
the segregation and recombination patterns on cross-
ing with its domesticated descendant, Triticum durum
(cultivar Langdon).

RESULTS

Polymorphism between the Parental Lines, T.
dicoccoides and T. durum
Of the 203 microsatellite primer pairs, 187 (92.1%)
generated various levels of polymorphism between the
parental lines of the mapping population. All the 33
AFLP primer combinations could detect the polymor-
phism between the two parental lines. They amplified
3593 fragments in total, and each of them amplified
109 fragments on average, with a variation range of
78–128. Among the amplified AFLP fragments, 24–43
were polymorphic between the two parental lines for
individual primer combinations with an average poly-
morphism rate of 30.4%, and range of 23%–40%. For
the 11 primer combinations chosen to genotype the
mapping population (Table 1), 1241 AFLP fragments
were amplified in total, of which 408 (32.9%) were
polymorphic and 315 of the 408 (77.2%) were mapped
onto specific chromosomes (Appendix 1, available as
online supplement at www.genome.org). Of the 437
efficient RAPD primers, 215 were found to produce
polymorphism, with an average polymorphism per
primer of 49.2%. However, per-band polymorphism
was only 11%. In total, 14 RAPD primers detected 39
segregating marker loci (Table 2).

Construction of Molecular Genetic Map
When 14 previously mapped microsatellite markers
(Röder et al. 1998; Appendix 1) were used as anchors of
the 14 chromosomes of T. dicoccoides (one for each

Table 1. AFLP Adapters and Primers Used in the
Present Study

Primer/adapter Sequence1

Mse I adapter 5�-GACGATGAGTCCTGAG-3�
3�-TACTCAGGACTCAT-5�

M00 (universal primer) GATGAGTCCTGAGTAA
Mse I + 3 primers M49 M00 + CAG

M50 M00 + CAT
M51 M00 + CCA
M52 M00 + CCC
M53 M00 + CCG
M55 M00 + CGA
M56 M00 + CGC
M57 M00 + CGG
M60 M00 + CTC
M61 M00 + CTG
M62 M00 + CTT

Pst I adapter 5�-CTCGTAGACTGCGTACATGCA-3�
3�-CATCTGACGCATGT-5�

P00 (universal primer) TAGACTGCGTACATGCAG
Pst I + 3 primers P55 P00 + CGA

P56 P00 + CGC
P57 P00 + CGG

1DNA sequences are given in the orientation of 5� to 3� unless
indicated otherwise.
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chromosome), 543 marker loci, the YrH52 stripe-rust
resistance gene and Ws gene-conferring spike glau-
cousness were assigned to the 14 chromosomes at a
minimum LOD value of 2.5. Among the 544 assigned
loci, 428 (78.5%) had LOD scores over 10, 110 (20.2%)
had LODs ranging from 3.1 to 10, and only seven LODs
(1.3%) ranged from 2.5 to 3.0 (Appendix 1, available
online at http://www.genome.org). Therefore, the
chromosomal assignment of the loci or the construc-
tion of the 14 linkage groups proved highly reliable
(Lincoln et al. 1992).

Among the 315 assigned AFLP fragments, 20 bands
(10 pairs) amplified by the same primer combinations
were closely linked in repulsion phase, and were con-
verted into 10 codominant AFLP markers. Thus, a total
of 549 loci, comprising 545 PCR-based marker loci, two
RFLP loci and two genes, YrH52 and Ws, were included
in the mapping analysis. By means of the three- and
multipoint analysis of MAPMAKER 3.0b (using
Kosambi mapping function) at a minimum LOD of 3.0,
two molecular genetic maps for each of the 14 chro-
mosomes of wild emmer wheat, T. dicoccoides, were
constructed (Fig. 1), each using codominant markers
and dominant markers in coupling phase. The domi-
nant markers of the H and L maps were based on PCR
bands amplified from genomic segments of T. dicoccoi-
des (the parental genotype derived from the Hermon
population) and T. durum (Langdon), correspondingly.
The H and L maps span a distance of 3169 cM and 3180
cM, respectively. The mean interval lengths of H and L
maps were 9.9 cM and 10.7 cM, respectively (Table 3).

Distribution of Molecular Markers among the
Genomes and Chromosomes

The Entire Set of Markers
Among the 549 loci, 231 (42.2%) were located on A
genome and 318 (57.8%) on B genome (Table 3). The
total lengths of H and L maps for A genome were 1589
cM and 1607 cM, and those for B genome were slightly
shorter, 1580 cM and 1573 cM, respectively. The dif-
ference of map length between A and B genome was
not significant. The mean interval length of A genome
(11.1 cM and 12.8 cM for H and L maps, respectively)
was significantly greater than that of B genome (8.9 cM
and 9.1 cM for H and L maps, respectively). The marker
density of B genome was thus obviously higher than
that of A genome. The number of marker loci per chro-
mosome ranged from 17 to 58, with all large-marker-
number (>40) chromosomes being of the B genome.
Except for group 4 chromosomes, B chromosomes am-
plified obviously more markers than the correspond-
ing A chromosomes. The variations of the number of
markers among genomes and among homoeologous
groups were highly significant as revealed by log-linear
analysis (Table 3).

AFLP Markers
From the 11 primer combinations, 21–36 AFLP frag-
ments were mapped onto specific chromosomes,
amounting to a total of 315. Among these, 188 (59.7%)
were mapped to B genome, and the other 127 (40.3%)
to A genome. The number of AFLP markers obviously

Table 2. RAPD Primers Used to Genotype the Mapping Population Derived from a Cross T.
durum � T. dicoccoides

Primer1 Sequence2
No. of
alleles Fragment size (bp)

OPB6 TGCTCTGCCC 2 540, 350
OPT7 GGCAGGCTGT 2 570, 340
OPT16 GGTGAACGCT 2 560, 300
UBC181 ATGACGACGG 2 600, 520
UBC199 GCTCCCCCAC 3 1000, 640, 430
UBC212 GCTGCGTGAC 4 1100, 1260, 360, 300
UBC237 CGACCAGAGC 3 620, 370, 330
UBC277 AGGAAGGTGC 2 590, 410
UBC318 CGGAGAGCGA 3 790, 550, 350
UBC359 AGGCAGACCT 1 510
UBC388 CGGTCGCGTC 2 530, 430
UBC399 TTGCTGGGCG 5 860, 830, 650, 410, 390
UBC620 TTGCGCCCGG 5 810, 560, 510, 350, 300
UBC625 CCGCTGGAGC 3 870, 800, 600

SCAR199 Left GCTCCCCCACTTGACTATTCA 1 700
Right CGAAGCCCTATTGGAATCCC

Total 40

1SCAR199 is a sequence-tagged-site marker derived from the 700bp-RAPD band generated by UBC199 in
Triticum dicoccoides selection G25; 2DNA sequences are given in the orientation of 5� to 3�.
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varied with chromosomes: There were 13–27 AFLP
fragments on A chromosomes, and 12–37 on B chro-
mosomes. Log-linear analysis indicated that the effect
of the genome on the distribution of AFLP fragments
was highly significant, as was the interaction
“genome � homologous group”. The effect of homoe-
ologous group was not significant (Table 3). Table 4
also shows that AFLP fragments amplified by different
primer combinations had various distribution patterns
among genomes and chromosomes. The AFLP frag-
ments derived from P55M53, P55M56, P57M49, and
P57M51 primer combinations were mainly (>60%) lo-
cated on the B genome. For P55M60, P56M50,

P56M52, P56M53, P56M60, and P57M53 primer com-
binations, the number of AFLP fragments mapped on
the B genome also exceeded 50% (51.5%–57.1%). Only
for P57M52 did the numbers of the AFLP fragments
mapped onto the A genome slightly exceed those on
the B genome.

AFLP markers generated by the specific primer
combinations were not distributed randomly over the
14 chromosomes of T. dicoccoides in spite of their
even distribution among the seven homoeologous
groups (Table 4). For example, P55M53-derived frag-
ments were mapped on nine chromosomes, but not on
1A, 2A, 5A, 7A, and 6B. P55M56-derived AFLPs were

Figure 1 (Continues on pp 1513–1518)
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Figure 1 (Continued)
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also mapped on nine chromosomes; but not on 1A,
2A, 3A, 7A, and 6B. P55M60-derived AFLPs were lo-
cated onto 12 of the 14 chromosomes, but not on 4B
and 5B.

Clustering of Markers
Interval length obviously varied within and among
chromosomes with a coefficient of variation (CV) of
range 63%–125% in the entire genome. The weighted
mean CV of B genome was larger than that of A ge-
nome (Table 3). This may reflect, to some extent,
marker clustering observed on most of the chromo-
somes for A and B genomes (Fig. 1). The significance of
clustering (on the levels of A, B, and the entire genome

for both H and L maps) was tested by comparison of
the observed distribution of intervals with different
marker numbers with Poisson distribution (Korol et al.
1994). The clustering phenomenon for the B genome
and the entire genome proved to be highly significant,
but not for A genome even though marker clusters
were observed on a few A chromosomes (Table 5). As
an example, the distribution pattern of various marker
intervals on A, B, and the entire genome for H map is
shown in Figure 2. The observed distribution on A ge-
nome basically fits the expected Poisson model. On B
and the entire genome, the observed distribution pat-
tern greatly deviated from the Poisson model due to a
significant excess of highly populated and/or empty or

Figure 1 (Continued)
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sparsely populated intervals and a deficit of moderately
populated intervals.

Segregation Distortion of the Molecular Markers
In the present study, a total of 573 marker loci includ-
ing 203 microsatellites, 326 AFLPs, 39 RAPDs, two
RFLPs and one SCAR (Appendix 1), and two genes

(YrH52 and Ws) were scored. �2 test was used to check
whether the marker segregation in F2 fitted the Mende-
lian model (1:2:1 for codominant and 3:1 for dominant
markers). In total, 34 (5.9%) loci showed significant
(P < 0.05) deviation from the expected ratio, which is
close to the number one would expect to get by chance
in a test including many loci, even if no real distortion

Figure 1 (Continued)
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Figure 1 Molecular genetic maps of wild emmer wheat, Triticum dicoccoides. The centromeric location is cited from Röder et al. (1998)
and is approximately indicated by the short vertical bar. Short arms of chromosomes are at the top. Genetic distances on the left of the
maps are given in centi-Morgans (cM) estimated with the Kosambi (1944) mapping function. The H map is essentially constructed using
codominant markers and the T. dicoccoides H52 derived dominant markers. The L map is based on codominant markers and the Triticum
durum Langdon-derived dominant markers. The underlined markers with relatively lower LOD scores (2.0–2.5) are placed in the most
probable intervals. The markers in italics are from the opposite map and in repulsion phase. The markers in boldface are codominant.
(*, **) Markers that are significantly and highly significantly deviated from the expected segregation ratio (3:1 or 1:2:1), respectively. Ws
on chromosome 1B is a gene for spike glaucousness.
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exists at all. However, significant deviation at P < 0.01
was manifested by 19 (19/571 = 3.3%) out of these 34
loci, i.e., three times that expected by chance (deviat-
ing loci are marked * and ** in Fig.1 and Appendix 1,
for P < 0.05 and P < 0.01, respectively).

Besides the threefold excess of highly distorted loci
over the level expected by chance, the genomic distri-
bution of these loci indicates the reality of segregation
distortion in our material. Indeed, of the 34 segrega-
tion-distorted markers, 31 were assigned to specific
chromosomes. Out of these 31 markers, one was as-
signed to each of 2A, 2B, 3A, 6A, and 7A chromosomes,
two were assigned to 1B, four (12.9%) to 4A, five
(16.1%) to 5B, and 15 (48.4%) to 5A chromosome
(Table 6, Fig. 1, Appendix 1). Actually, the segregation-
distorted markers clustered in some specific regions on
the 5A (three clusters along the chromosome), and one
cluster was present in each of the 5BS and 4AS chro-

mosomes (Fig. 1). Distortion favored T. durum alleles
for 23 segregation-distorted loci, including all the loci
on 5A and 5B, P57M52u on 1B, P56M50g on 4A, and
P57M52x on 6A. Only for five loci, P55M60r on 1B,
P56M52o on 2A, P55M53l on 2B, P56M53a on 3A, and
P56M60w on 4A, was the bias toward the T. dicoccoides
alleles (Table 6). Thus, the distorted loci showed a sig-
nificant (�2 = 11.57, P < 0.001) bias toward a deficit of
alleles of the pollen parent of the hybrid.

Nonrandom Segregation of Markers from
Nonhomologous Chromosomes
With independent segregation of loci from nonho-
mologous chromosomes, the frequency of parental
and nonparental combinations of corresponding alle-
les is 50%. In 1953 Michie and Wallace observed a
departure from random segregation of markers on
nonhomologous chromosomes in crosses between dif-

Table 3. Distribution of Molecular Markers among Genomes and Chromosomes

Chromosome NM

ML MIL CV

H L H L H L

A genome
1A 24 152.0 138.6 10.86 13.86 82.78 79.87
2A 33 207.8 250.3 13.85 16.69 103.75 89.57
3A 40 267.4 261.7 10.70 12.46 91.40 89.25
4A 37 193.3 192.5 7.43 8.75 89.77 95.20
5A 38 271.6 274.9 11.32 11.00 74.20 76.73
6A 22 180.2 179.4 12.01 14.95 89.84 63.28
7A 37 317.0 309.8 13.21 14.75 76.76 77.76
Subtotal 231 (42.1%) 1589.3 1607.2
WM 11.11 12.76 86.05 82.71

B genome
1B 58 200.4 200.2 6.13 6.23 95.11 125.20
2B 53 256.2 257.9 7.54 10.76 87.00 64.50
3B 54 250.5 266.1 9.63 8.58 99.17 106.53
4B 17 82.9 104.6 9.21 10.46 80.89 78.30
5B 48 310.0 276.7 11.07 11.07 86.09 76.96
6B 39 237.1 239.2 9.88 9.57 83.70 86.83
7B 49 243.0 227.8 9.72 8.76 115.12 106.28
Subtotal 318 (57.9%) 1580.1 1572.5
WM 8.88 9.12 93.27 95.01

Total 549 3169.4 3179.7
GWM 9.88 10.66 90.03 89.79

Statistical test1

Effect �2 F-value

Genome (G) 13.38** 0.01 0.04 5.29* 10.41** 0.88 1.34
HG 17.62** 3.52 3.84 0.55 0.32 0.47 0.74

(NM) Number of markers; (ML) map length (cM); (MIL) mean interval length (cM); (CV) coefficient of variation (%) of interval length;
(H,L) correspond to H map consisting of mostly dominant markers in which the dominant allele is derived from Triticum dicoccoides
accession H52 and L map consisting of mostly dominant markers in which the dominant allele is derived from Triticum durum cultivar
Ldn., respectively, in Fig. 1, (WM) weighted mean; (GWM) grand weighted mean. 1The LOG-linear analysis was used for NM. ANOVA
was used for ML, MIL, and CV. (G) Genome; (HG) homoeologous group; (*,**) significant at the 5% and 1% level, respectively.

Molecular Genetic Maps in Wild Emmer Wheat

Genome Research 1519
www.genome.org



ferent strains of house mouse (Mus musculus). Such a
departure from independent assortment of unlinked
genes was termed “quasi-linkage.” This phenomenon
was observed both in plants and animals, especially in
interspecific hybrids (cotton, tomato, maize, Coix,
mice, mule, dipteran insect Sciara coprophila, human)
(for review, see Sapre and Deshpande 1987; Korol et al.
1994).

High genome coverage by molecular markers

makes our F2 mapping population (T. durum � T.
dicoccoides) especially suitable for testing quasi-linkage.
Several pairs of nonhomologs manifested a highly sig-
nificant deviation of recombination of their markers
from the expected r = 0.5 level. These included either
excess or deficit of recombinant genotypes, with the
following highest deviating r values: r(1A,2A) = 0.701,
r(1A,6A) = 0.778, r(2A,2B) = 0.768, r(2A,7B) = 0.271,
r(5A,7A) = 0.723, and r(3B,5B) = 0.726.

Table 5. Significance Test of Marker Clustering on the Genomes

Interval unit Parameter

Genome

A B A + B

H L H L H L

10 cM �2 5.334 0.924 22.467 19.97 26.787 16.015
Probability 0.149 0.82 <0.00005 <0.0005 <0.00001 <0.001

20 cM �2 7.829 6.911 15.602 32.624 34.17 38.625
Probability <0.1 0.141 <0.01 <0.000005 <0.000005 <0.0000001

A, B, and A + B indicate the genome A, genome B and the entire genome of Triticum dicoccoides. H and
L refer to H map consisting of mostly dominant markers in which the dominant allele is derived from T.
dicoccoides accession H52, and L map consisting of mostly dominant markers in which the dominant allele
is derived from Triticum durum cultivar Ldn in Fig. 1.

Table 4. Distribution of AFLP Fragments among Genomes and Chromosomes

Primer
combination

Chromosome

A genome B genome

Total1A 2A 3A 4A 5A 6A 7A Sub-T 1B 2B 3B 4B 5B 6B 7B Sub-T

P55M53 0 0 2 1 0 1 0 4 (15.4) 3 9 2 1 2 0 5 22 (84.6) 26
P55M56 0 0 0 2 3 2 0 7 (33.3) 1 2 3 4 2 0 2 14 (66.7) 21
P55M60 1 2 4 5 2 1 1 16 (48.5) 4 3 2 0 0 4 4 17 (51.5) 33
P56M50 2 0 0 4 2 2 1 11 (42.3) 5 0 2 0 1 2 5 15 (57.7) 26
P56M52 2 3 1 3 2 1 0 12 (48.0) 2 1 3 0 4 2 1 13 (52.0) 25
P56M53 1 1 3 2 5 0 0 12 (42.9) 1 0 6 0 3 4 2 16 (57.1) 28
P56M60 2 3 3 3 1 1 1 14 (46.7) 2 2 0 3 3 3 3 16 (53.3) 30
P57M49 2 2 2 0 0 1 2 9 (33.3) 2 5 3 0 3 2 3 18 (66.7) 27
P57M51 2 1 4 0 2 1 1 11 (31.4) 3 4 8 1 2 2 4 24 (68.6) 35
P57M52 0 2 1 4 3 3 6 19 (52.8) 3 2 5 0 3 1 3 17 (47.2) 36
P57M53 1 0 0 3 2 0 6 12 (42.9) 0 2 3 3 3 3 2 16 (57.1) 28

Total 13 14 20 27 22 13 18 127 (40.3) 26 30 37 12 26 23 34 188 (59.7) 315

LOG-linear analysis

Effect �2 Probability

Genome (G) 9.53 <0.01
HG 6.29 0.392
PC 5.72 0.838
G � HG 12.82 <0.05
G � PC 9.59 0.477
HG � PC 60.07 0.473

(Sub-T) Sub-total; (HG) homoeologous group; (PC) primer combination; (G � HG) interaction between genome and homoeologous
group; (G � PC) interaction between genome and primer combination; (HG � PC) interaction between homoelogous group and
primer combination. The data in the parentheses are in percentage (%).
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However, the high pair-wise significance of ob-
served deviations may be an artifact caused by multiple
comparisons. Indeed, if only one marker per chromo-
some is considered, a total number of possible nonho-
mologous pairs (and tests) for a genome with n = 14 is
n(n � 1)/2 = 91. The situation is even more compli-
cated when each chromosome is represented by mul-
tiple markers. To cope with these complications in
evaluating the genome-wise significance of the ob-
served numerous manifestations of quasi-linkage, we
employed a computing-intensive permutation test. Its
result indicate that quasi-linkage in our case could be
declared “significant” (P < 0.02). Spurred by these re-
sults, we conducted a few other tests of quasi-linkage,
with hexaploid wheat, maize, and Arabidopsis (data
obtained from http://wheat.pw.usda.gov, http://ars-
genome.cornell.edu/rice, http://www.agron.missouri.
edu, and http://ukcrop.net/agr). It appeared that
quasi-linkage might indeed be a significant phenom-
enon in wheat: For hexaploid wheat we obtained ge-
nome-wise significance (P < 0.001). The same test gave
P = 0.06 for maize, P = 0.05 for rice, and P = 0.08 for
Arabidopsis.

It is noteworthy that deviations of r values of
linked loci to an unlinked one were positively corre-

lated as expected if the deviations from r = 0.5 are not
related to misclassification of markers. In such a case, it
would be of special interest to conduct a test that will
include not only the “representative markers” of non-
homologs showing the highest deviations, but to take
into account the average recombination rates charac-
teristic of entire segments (Fig. 3). Application of per-
mutation tests in such a formulation seems to provide
much more reliable results (Table 7). The presented
data show that the observed phenomenon involves
quite large segments of nonhomologous chromo-
somes. In some cases, even the mean(r) � 3� interval
build using individual marker–marker recombination
rates did not include the expected 50%. The permuta-
tion tests, conducted for the marker segments, revealed
16 pairs of segments with significant (P < 0.05) devia-
tion of mean(r) from 50% (Table 7) should be corrected
for multiple comparisons. Indeed, out of 91 chromo-
some pairs, five pairs may exceed the significance level
by chance. However, the probability to observe 16 such
pairs by chance (H0 hypothesis) is low (<10�5, by bi-
nomial test). Moreover, eight of the foregoing 16 pairs
were significant at P < 0.01 and three at P < 0.001;
probability to obtain such results when H0 is true is
extremely low (<10�7).

Figure 2 Distribution of chromosome segments with respect to the number of markers per interval. Dashed lines indicate the expected
(Poisson) distribution calculated by assuming no clustering; solid lines indicate the observed distribution showing a deficit of moderately
populated intervals and an excess of low populated (or empty) intervals and densely populated intervals. (Panels A, B, A + B) A, B, and
the entire genome, respectively.
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Negative Crossover Interference
The obtained maximum likelihood (ML) estimates of
coefficient of coincidence (c) indicate that negative
crossover interference (i.e., c > 1) is characteristic of our
T. durum � T. dicoccoides hybrid. In fact, it is mani-
fested in some regions of all chromosomes in both ge-
nomes A and B, and for both map versions, H and L
(Table 8). Deviations from the ‘no interference’ Hal-
dane recombination scheme were highly significant.
The maximum (per chromosome) values of �2 (df = 1)
ranged, correspondingly, from 5.65 (with c = 4.35) for
one of the islands of chromosome 5B to 59.25
(c = 3.51) for one of the islands on chromosome 6B.
Clearly, the deviations from Kosambi interference in
such cases should be even more significant. Each chro-
mosome manifested a few islands of negative interfer-
ence, from 1 to 2–3. As a rule, these islands were lo-

cated in proximal regions, either spanning the centro-
mere (chromosomes 1A, 3B, 4A, 6B, 7A, 7B), or
excluding it. In the latter cases, the location of the
islands could be to one (chromosomes 1B, 2A, 3A, 4B)
or both (5A, 5B) sides of the centromere. When two or
more islands were found per chromosomal arm, the
location of extra islands was either median (3B) or ter-
minal/subterminal (1B, 5A, 5B, and 7A).

The revealed trends were confirmed for the fore-
going regions by using larger intervals from one or
both sides of the central point of any considered inter-
val pair and by variation of the position of the central
point. Correspondence between the results of the two
map versions, H and L, was employed as an additional
important test for existence of a tract of negative in-
terference (Table 8). As in our previous results with
chromosome 1B (Peng et al. 1999), a tendency for a

Table 6. Distribution of Segregation-Distorted Markers and the Corresponding
Allele Frequencies

Locus Type CHR Percentage1

Number of genotypes2 Allele frequency3

HH H/L LL H L
H� L�

P55M60r Dominant 1B 6.45 66 84 0.66 0.34
P57M52u Dominant 1B 101 49 0.43 0.57
P56M52o Dominant 2A 3.23 123 26 0.58 0.42
P55M531 Dominant 2B 3.23 124 25 0.59 0.41
P56M53a Dominant 3A 3.23 123 23 0.60 0.40
Xgwm4a Codominant 4A 12.90 29 96 24 0.44 0.40
Xgwm663 Codominant 4A 33 94 23 0.47 0.39
P56M50g Dominant 4A 25 122 0.41 0.59
P56M60w Dominant 4A 122 26 0.58 0.42
Xgwm6a Codominant 5A 48.39 22 83 45 0.38 0.55
Xgwm126a Codominant 5A 25 74 51 0.41 0.58
Xgwm179a Codominant 5A 17 80 52 0.34 0.59
Xgwm293a Codominant 5A 29 67 54 0.44 0.60
Xgwm304 Codominant 5A 23 78 49 0.39 0.57
Xgwm595 Codominant 5A 22 77 51 0.38 0.58
Xgwm666c Dominant 5A 19 129 0.36 0.64
P55M56fg Codominant 5A 27 63 55 0.43 0.62
P55M60s Dominant 5A 21 129 0.37 0.63
P55M60w Dominant 5A 9 141 0.24 0.76
P56M50m Dominant 5A 23 124 0.40 0.60
P56M52n Dominant 5A 98 51 0.41 0.59
P57M51q Dominant 5A 23 127 0.39 0.61
P57M52a Dominant 5A 10 140 0.26 0.74
UBC620b Dominant 5A 21 129 0.37 0.63
Xgwm205b Codominant 5B 16.13 24 77 49 0.40 0.57
Xgwm234b Dominant 5B 94 56 0.39 0.61
Xgwm443a Codominant 5B 17 83 49 0.34 0.57
P56M52w Dominant 5B 19 130 0.36 0.64
UBC399e Dominant 5B 100 49 0.43 0.57
P57M52x Dominant 6A 3.23 26 124 0.42 0.58
Xgwm666b Codominant 7A 3.23 29 100 19 0.44 0.36

(CHR) Chromosome. 1The percentage accounted for the total segregation-distorted markers.
2(HH) Homozygous genotype for the alleles from Triticum dicoccoides accession H52; (LL) homozygous
genotype for the alleles from Triticum durum cultivar Ldn, (HL) heterozygous genotype for the two alleles
from H52 and Ldn, respectively. (H) HH + HL; (L) LL + HL.
3(H) Allele from T. dicoccoides accession H52; (L) alleles from T. durum cultivar Ldn. The frequencies were
estimated based on the ratio of homozygotic marker genotypes in the F2 generation.
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higher level of negative crossover interference was
found in regions proximal to or spanning the centro-
mere. Likewise, alternation of negative interference by
segments with strong positive interference found ear-
lier in chromosome 1B (Peng et al. 1999) appears to be
a general phenomenon. In particular, for many such
regions with positive interference, the estimated value
of c was significantly smaller than predicted by
Kosambi mapping function.

DISCUSSION

High Polymorphism between the Two Parental Lines
Hexaploid bread wheat shows relatively low levels of
polymorphism for RFLP loci, most likely as a result of
its narrow genetic base (Chao et al. 1989). Usually
<10% of all RFLP loci are polymorphic in an intraspe-
cific context (Röder et al. 1998). However, in the ge-
netically distant cross of hexaploid bread wheat, Opata
85 � W7984, 72% of the RFLP probes (Mingeot and
Jacquemin 1999) and 80% of the microsatellite primers
(Röder et al. 1998) exhibited polymorphism between
the parents. In another relatively distant cross of hexa-
ploid wheat, T. aestivum � T. spelta, 64% of the RFLP
probes were polymorphic (Messmer et al. 1999). In a
distant cross of tetraploid wheat, Messapia � MG4343,
which is similar to our mapping population, 70.1%
RFLP probes (Blanco et al. 1998) and 84.4% microsat-
ellites (Korzun et al. 1999) detected polymorphism be-
tween the parents. Therefore, for distant crosses of
both hexaploid and tetraploid wheats, about 70% RFLP
probes and 80% microsatellite primer sets can detect
polymorphism.

The level of polymorphism of microsatellite
primer sets in the present mapping population was
even higher (>90%). Furthermore, all the 33 AFLP
primer combinations screened detected polymorphism
between the parents, 30.4% of overall AFLP loci were
polymorphic, and 49.2% of the RAPD primers detected
polymorphism. This clearly shows that highly signifi-
cant genetic differentiation occurred between T. durum
and T. dicoccoides during their evolutionary divergence
caused by domestication, even though they share the
same A and B genomes and display no genetic or re-
productive obstacles.

In the present study, the two parental lines, T. di-
coccoides accession Hermon H52 and T. durum cultivar
Langdon, were also highly polymorphic in morpho-
logical and agronomic traits, i.e., plant height, growth
duration, leaf shape, grain characteristic, spike fragil-
ity, stripe-rust resistance, and so on (data not shown).
The high level of DNA polymorphism between the two
parental lines makes it possible to map these domesti-
cation-related and agronomically important traits, and
hopefully to map many candidate genes in wheat. We
now summarize the results of such an analysis, which
will be published elsewhere.

Large Genome Coverage of the Molecular Map
It is estimated that the genome sizes of tetraploid
wheat (T. dicoccoides and T. turgidum) and hexaploid
wheat (T. aestivum) are ∼ 1.2 � 1010 and 1.7 � 1010

bp, respectively (Bennett et al. 1998). If the average
chromosome length is assumed to be 200 cM (Messmer
et al. 1999), the total map size of hexaploid wheat is
estimated as 4200 cM. The sizes of published maps for
the populations Chinese Spring � T. spelta (Liu and
Tsunawaki 1991), Chinese Spring � Synthetic (Gale et
al. 1995), Forno � Oberkulmer (Messmer et al. 1999)
and W7984 � Opata 85 (Faris et al. 2000) in hexaploid
wheat were 1801, 2575, 2469, and 3700 cM, respec-
tively. These maps cover 43%, 61%, 59%, and 88% of
the entire genome of hexaploid wheat, respectively.

The total map size of tetraploid wheat (T. dicoccoi-
des and T. turgidum) could be estimated as 2800 cM if
the size of hexaploid wheat is 4200 cM (Messmer et al.
1999). In tetraploid durum wheat, the total length of
published RFLP-based genetic map is 1352 cM (Blanco
et al. 1998), and has been extended to 2035 cM after
integrating 79 microsatellite markers (Korzun et al.
1999). These two maps cover 48% and 73% of the en-
tire genome of tetraploid wheat, respectively. In the
present study, the total lengths for the H and L mo-
lecular maps in tetraploid T. dicoccoides were 3169 and
3180 cM, respectively (Table 3), therefore covering the
entire genome of T. dicoccoides. The present molecular
map (Fig. 1) thus has the largest relative coverage in
wheat, and covers the entire genome. Another advan-
tage of our map is its relatively large population size

Figure 3 Regional manifestation of quasi-linkage. Chromo-
some pairs 2B and 5B were used as an example; it can be easily
seen that deviation from the expected 50% recombination level
is characteristic to entire regions of the nonhomologous chromo-
somes.
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[150 F2 individuals compared to 65–120 in other stud-
ies (Gale et al. 1995; Blanco et al. 1998; Röder et al.
1998)]. This is important for mapping quantitative
trait loci (QTL) that confer the evolutionarily and ag-
ronomically important traits of this species (Peng et al.,
in prep.).

In the present map, AFLP markers terminate the
molecular maps at one or both ends of all chromo-
somes except 1B and 3B (Fig. 1). We assume that the
high coverage of the present molecular maps has re-
sulted from the integration of AFLP markers derived
from PstI restriction enzyme. AFLP is more effective
with wheat genomic DNA if PstI rather than EcoRI is
used to generate DNA fragments. This is probably be-
cause of the high G + C content of PstI recognition
sites relative to EcoRI resulting in preferential tar-
geting of low-copy/gene-rich regions of the genome.
Consequently, use of PstI rather than EcoRI allows bet-
ter genome coverage and less clustering of marker loci
(Langridge and Chalmers 1998). In maize, the total
map length also increased significantly due to the ad-
dition of PstI AFLP markers to the telomeric regions
where RFLP markers were represented poorly (Castiglioni
et al. 1999).

Highly Conserved Order of Microsatellite Loci and
Structural Changes of Chromosomes
The chromosomal locations and map orders for most
of the microsatellite loci in our present molecular map
of T. dicoccoides (Fig. 1) are the same as those in T.
aestivum (Röder et al. 1998) and in T. durum (Korzun et
al. 1999). This result indicates that the macro-
chromosomal organization is highly conserved among

various species in the genus Triticum. It also further
corroborates that wheat microsatellite markers are
mainly genome-specific, and the microsatellite mark-
ers developed in hexaploid wheat are easily transferred
to other species in the genus (Röder et al. 1998, Korzun
et al. 1999).

However, some changes of chromosomal location
and map order were also observed for a few microsat-
ellite markers in the present map in comparison with
the maps of Röder et al. (1998) and Korzun et al.
(1999). The inconsistency of map order may be ex-
plained by the presence of additional loci and struc-
tural changes of chromosomes in the wheat genome
(Korzun et al. 1999), and limitations caused by the
population size [70 and 65 recombinant inbred lines in
Röder et al. (1998) and Korzun et al. (1999), respec-
tively, as against 150 F2 individuals in the present
study]. For example, the microsatellite locus Xgwm550
was mapped to 1BL by Korzun et al. (1999). In contrast,
Xgwm550 was mapped to 1BS by Röder et al. (1998)
and in the present study (Fig. 1). Thus, the Xgwm550
locus in Korzun et al. (1999) is definitely different from
that in Röder et al. (1998) and in the present study (Fig.
1). The Xgwm498 was mapped to 1A and 1B by Korzun
et al. (1999) and Röder et al. (1998), respectively. So
there should be two loci for this microsatellite and
these two loci were mapped to chromosome 1A and
1B, respectively, in our present study (Fig. 1). In wheat,
paracentric and pericentric inversions have been re-
peatedly observed on chromosome 4A (Liu et al. 1992;
Devos et al. 1995). Faris et al. (2000) observed an in-
version within a small segment at the proximal region
of T. dicoccoides 5B map involving several closely

Table 7. Deviation from Random Segregation of Marked Segments of Nonhomologous Chromosomes

Chromosome
pair

Marked segments

L1 L2 (cM)

Recombination rate (%)

pm1-m2 m3-m4 extreme mean (r) �

2A-7A Xgwm297b-Xgwm558b P57M52h-Xgwm376c 14.0 15.7 66.9 59.90 � 0.40 2.75 0.0157
3A-4A Xgwm497c-Xgwm480 Xgwm4a-P57M52k 28.8 27.5 30.6 39.68 � 0.55 3.47 0.0039
2A-1B P57M49v-Xgwm294 Xgwm274a-Xgwm259a 24.6 54.9 36.9 42.45 � 0.38 2.76 0.0245
2A-2B Xgwm497e-Xgwm630c P56M52d-Xgwm55b 84.3 26.4 76.8 59.92 � 1.08 5.72 0.0001
2A-5B Xgwm68a-P57M52ae Xgwm205b-Xgwm544 20.2 19.6 29.3 41.49 � 1.21 4.18 0.0180
3A-2B P57M49k-Xgwm247b Xgwm410-UBC318a 63.3 18.1 31.4 39.27 � 0.41 2.60 0.0005
3A-3B P57M51c-UBC620a P55M56e-P57M51t 26.2 16.6 79.8 60.57 � 0.52 3.31 0.0070
3A-7B P55M53s-P55M60e P57M49w-Xgwm333 29.0 53.1 31.1 42.36 � 0.32 2.79 0.0222
4A-6B P56M52e-Xgwm637 Xgwm132a-P56M53s 46.4 12.5 65.6 60.40 � 0.34 2.73 0.0081
5A-4B P55M60s-P57M52a P55M53f-Xgwm251a 80.1 31.9 74.5 62.38 � 0.66 4.85 0.0023
7A-1B P57M52h-P57M52s P55M60v-UBC212a 27.0 17.9 38.1 41.76 � 0.26 1.79 0.0208
7A-7B Xgwm332b-Xgwm344 P57M51y-P57M49b 51.2 11.2 33.3 40.39 � 0.58 2.84 0.0130
2B-5B P57M51i-P55M53j Xgwm274b-Xgwm554 99.2 36.5 74.7 62.08 � 0.47 4.93 0.0002
2B-7B P55M56m-Xgwm55a P57M51w-P56M50e 87.9 32.2 67.6 59.48 � 0.53 3.90 0.0187
3B-6B P55M60g-Xgwm113b Xgwm613-P56M60j 17.3 18.0 35.1 39.58 � 0.45 2.64 0.0012
4B-7B P55M56ab-Xgwm251a P57M49b-Xgwm577a 36.5 18.0 34.7 41.80 � 0.39 2.34 0.0273

Extreme value of recombination rate between individual markers as well as average and standard deviation over all pairs of markers
from the defined segments (with P < 0.05) are presented. (L1, L2) Sizes of the segments. The significance of deviations of the mean
(r) scores of segment pairs from 50% was tested based on 10,000 permutations for each pair.
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linked markers. Thus, the changes of the map order of
Xgwm397, Xgwn610, Xgwm601a, and Xgwm165a, ge-
netically near the centromere of chromosome 4A, are
possibly due to the inversion of this chromosome seg-
ment, but for this we should assume that the inversion
is present in both T. dicoccoides and T. durum.

Joppa et al. (1995) found that a high proportion
(70%) of T. dicoccoides genotypes had translocations, as
was evident in the study of Kawahara and Nevo (1996).
Compared with the map of Röder et al. (1998), the
changes of chromosomal location of Xgwm582b,
Xgwm344, and Xgwm526 may be explained by the
translocations of chromosomal segments between 1B
versus 2A, 7B versus 7A, and 2B versus 5A, respectively.
Nonhomoeologous translocations have been repeat-
edly reported in hexaploid wheat (Liu et al. 1992; De-
vos et al. 1993) and tetraploid wheat (Blanco et al.
1998). Translocation may be one of the forces main-
taining the high genetic diversity of T. dicoccoides un-
der the diverse natural environments in Israel (Joppa et
al. 1995; Kawahara and Nevo 1996). Translocation fre-
quencies (TF) of various populations were correlated

with environmental variables, primarily with water
availability and humidity, and possibly also with soil
type. In general, TF was higher in peripheral popula-
tions in ecologically heterogeneous frontiers of species
distribution than in the central populations located in
the catchment area of the upper Jordan valley (Joppa et
al. 1995).

Distorted Segregation of Molecular Markers
Distorted segregation of molecular markers has been
observed in mapping populations derived from intra-
and interspecific hybrids in many plants, including po-
tato (Gebhardt et al. 1989), corn (Gardiner et al. 1993),
rice (Causse et al. 1994), common bean (Vallejos et al.
1992), and barley (Heun et al. 1991). In wheat, this
phenomenon has also been reported repeatedly (Liu
and Tsunewaki 1991; Devos et al. 1993; Nelson et al.
1995; Blanco et al. 1998; Messmer et al. 1999). In the
present study, the portion of segregation-distorted
marker loci (5.9%) was relatively low compared with
the previous studies in wheat (Liu and Tsunewaki
1991; Blanco et al. 1998; Messmer et al. 1999). The

Table 8. Islands of Negative Interference along the Chromosomes

Chromosome

Island1

1 2 3

c 2 �2,3 c �2 c �2

1A Xgwm164
9.84 19.82****

1B P57M51b YrH52
>20 35.65**** >20 27.07***

2A Xgwm297b
3.21 12.75****

2B Xgwm120 Xgwm410
4.48 55.79**** 5.36 21.12****

3A Xgwm218
2.44 35.31****

3B Xgwm566 Xgwm113b
>20 26.07**** 3.43 8.27***

4A Xgwm397
3.74 25.12****

4B Xgwm107b
3.62 21.91****

5A Xgwm205a Xgwm186 Xgwm126a
3.86 20.1**** 3.45 20.98**** 4.35 5.65*

5B Xgwm371 P57M49x Xgwm205b
6.29 28.02**** 3.66 20.39**** 2.36 6.38*

6A P56M52h
2.88 17.33****

6B P57M49a Xgwm107c
9.99 15.90**** 3.51 59.25****

7A Xgwm471 Xgwm60c
2.74 20.25**** 4.26 19.08****

7B Xgwm361b P56M60z
3.51 14.06**** 6.57 13.61****

1The central marker for two adjacent intervals with maximum �2 is presented for each island of negative
interference. 2(c) Coefficient of coincidence. 3(*, **, ***, ****) Significance at the level of 0.05, 0.01, 0.005,
and 0.001, respectively.
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possible causes for segregation deviation of molecular
markers are chromosomal rearrangement (Tanksley
1984) and gametic or zygotic selection (Nakagahra
1986). Further indications of causes of deviation such
as presence of lethals, meiotic drive, and chromosomal
rearrangements could be obtained from the analysis of
additional populations with segregation distortion
(Blanco et al. 1998).

It is possible to discern whether the cause of dis-
torted segregation is gametic competition or zygotic
selection by estimating the frequencies of two alleles
for a codominant locus. The obtained data indicate
that the gametes carrying T. durum alleles have stron-
ger vigor and higher competition ability than those
with T. dicoccoides alleles. Therefore, the cause for dis-
torted segregation on 5A and 5B would be gametic
competition (Table 7). It is noteworthy that T. dicoc-
coides was a pollen-parent of the F1 hybrid, hence the
cytoplasm was provided by T. durum. We could specu-
late that the indicated regions with presumably ga-
metic selection carry loci involved in nuclear-
cytoplasmic interaction. Faris et al. (1998) reported a
segregation distortion locus within the homoeologous
region of chromosome 5D in Aegilops tauschii. They
also postulated a possible homeoallele of the distortion
factor on 5B causing skewed segregation of two mark-
ers (Faris et al. 2000). It seems that a common locus
confers, via differentially affecting the vigor of ga-
metes, the segregation distortion on group 5 chromo-
somes (5A, 5B, and 5D) in wheat.

Nonrandom Segregation of Nonhomologous
Chromosomes
Fifty years ago, a departure from random segregation of
markers on nonhomologous chromosomes observed
in crosses between different strains of house mouse,
was explained by a mutual attraction of the segregating
chromosomes of the same origin to migrate to the
same pole during meiosis (the “affinity” hypothesis)
(Michie 1953; Wallace 1953). Consequently, gametes
with parental combinations of alleles at loci of nonho-
mologous chromosomes should appear with a higher
frequency than the recombinant gametes. The depar-
ture from independent segregation of unlinked genes
was termed quasi-linkage. Reviewing the data in the
literature, Wallace (1960a) postulated possible chro-
mosome affinity in cotton. Even earlier, Malinowsky
(1927) explained, based on the chromosome affinity
hypothesis, a number of cases of abnormal segregation
in hybrids of lettuce, peas, tobacco, beans, and wheat.
He was probably the first to introduce the term “affin-
ity.” A pronounced effect of quasi-linkage was reported
in an interspecific hybrid of Coix (Sapre and Desh-
pande 1987). There is evidence for nonrandom segre-
gation of nonhomologs during the first meiotic divi-
sion in man (see Driscoll et al. 1979). Quasi-linkage has

also been established in tomato (Wallace 1960b;
Zhuchenko et al. 1977; Korol et al. 1989, 1994).

Besides nonrandom assortment (or affinity), quasi-
linkage can also be explained by recourse to mecha-
nisms of differential viability. Let us consider the
MiMj/mimj heterozygote resulting from a cross be-
tween MiMj/MiMj and mimj/mimj. Suppose that paren-
tal combinations of whole chromosomes (MiMj and
mimj) and recombinant combinations (Mimj and
miMj) have differential selective values. Experimental
evidence of this type has been obtained in Drosophila
(Dobzhansky et al. 1965). Selective differences between
parental and recombinant combinations may be re-
flected in the differential viability of zygotes, embryos,
and adult individuals. The effect can also be expressed
at the gamete stage in the form of differential fertiliz-
ing capacity of spermatozoa, differential rates of pollen
tube growth, etc. (Korol et al. 1989, 1994).

The major problem with the old data on quasi-
linkage was poor genome coverage of the morphologi-
cal markers that could be followed up in one cross. This
strongly limited the possibilities of discriminating
among different explanatory hypotheses. Molecular
markers solve this problem, but at the price of another
one: The size of the available segregating populations is
usually very small, restricting the detection power of
the tests, so that only big deviations could be declared
significant. Nonetheless, our data (Table 7), together
with the few examples on molecular marker segrega-
tion in hexaploid wheat, rice, maize, and Arabidopsis
indicate that quasi-linkage may be a much more com-
mon phenomenon in plants (especially, cereals) than
ever thought before. One practical aspect is related to a
possible effect of quasi-linkage on the rate of false posi-
tive detection in QTL mapping. The widespread ap-
proach of multilocus (composite) interval mapping
(Zeng 1994; Jansen and Stam 1994) may be helpful in
such cases.

Marker Distribution in the Genome

Clustering of Marker Loci
Marker distribution along the present molecular maps
of tetraploid wheat was far from uniform, with clusters
of tightly linked loci and regions with low density of
markers. Most of the 14 chromosomes had marker
clusters in the centromeric regions of the genetic maps
(Fig. 1). A statistical test proves significance of the
marker clustering on the B genome, but not on the A
genome despite clusters on a few A chromosomes
(Table 5). This feature has been observed in most map-
ping studies of wheat (Chao et al. 1989; Gale et al.
1995; Nelson et al. 1995; Blanco et al. 1998; Röder et al.
1998; Messmer et al. 1999) and many other organisms
(Korol et al. 1994). It was attributed to nonrandom
crossover distribution along chromosomes, i.e., re-
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duced recombination in the proximal and centromeric
regions and hotspots of recombination in median or
distal chromosome regions (Korol et al. 1994). The
marker cluster involving Nor1 in the near-centromeric
region of 1B in the present study is physically located
on the distal part of 1BS (Gill et al. 1996b). Likewise,
the cluster involving Xgwm371 and Xgwm499 in the
near-centromeric region of 5B is physically located in
the middle of 5BL (Faris et al. 2000). This discrepancy
between physical and genetic distances is explained by
the foregoing variation in the density of recombina-
tion events per physical unit length along chromo-
somes. In wheat, this intrachromosomal variation may
be >100-fold (Lukaszewski and Curtis 1993; Gill et al.
1996a).

Nonrandom Distribution of AFLP Markers
More than half (59.7%) of the AFLP markers in the
present study were mapped to the B genome (Table 4).
This difference between A and B genome is highly sig-
nificant (P < 0.01) and implies nonrandom distribu-
tion of AFLP markers among A and B genomes of tet-
raploid wheat. The same trend has also been observed
for microsatellites (Röder et al. 1998; Li et al. 2000) and
RFLP markers (Liu and Tsunawaki 1991). This may
mainly reflect the higher amount of polymorphism in
B genome than in A genome (Röder et al. 1998; Li et al.
2000). AFLP markers derived from each primer combi-
nation are not distributed evenly among the chromo-
somes. However, the effects of homoeologous group
and primer combinations were not significant (Table
4). This is consistent with the result in maize showing
the random distribution of PstI-based AFLP markers
among the 10 chromosomes (Castiglioni et al. 1999).
AFLP markers derived from PstI restriction enzyme
preferentially target low copy regions of the genome
(Langridge and Chalmers 1998). Most AFLP markers
correspond to unique positions on the genome (Vos et
al. 1995). PstI-based AFLP markers are preferentially lo-
cated in the hypomethylated noncentromeric regions
associated with genes in the maize genome (Castiglioni
et al. 1999). Therefore, the nonrandom distribution of
the PstI-AFLP markers may mirror the genetic differen-
tiation of structure and function among genomes and
chromosomes between T. dicoccoides and T. durum dur-
ing the domestication process.

The degree of genetic variation obviously varies
among chromosomes and genomes of T. dicoccoides
and T. durum. The differentiation between T. dicoccoi-
des and T. durum is attributed mainly to the B genome
as indicated by AFLP markers (Table 4). A higher dif-
ferentiation has also been detected on the B genome
than on the A genome between T. aestivum and T.
spelta by use of RFLP markers (Liu and Tsunawaki
1991), and between T. aestivum and T. durum by use of
microsatellites (Röder et al. 1998). For most (6/7) of the

seven homoeologous groups, the genetic differentia-
tion between T. dicoccoides and T. durum for B chromo-
somes as revealed by AFLP markers is significantly
higher than for the corresponding A chromosomes
(Table 4). Our study also indicates that the degree of
genetic differentiation of chromosome 4A between T.
dicoccoides and T. durum significantly exceeds that of
chromosome 4B. This is probably due to the evolution-
ary translocation events involving chromosome 4A
(Liu et al. 1992; Devos et al. 1995; Gale et al. 1995).

Negative Crossover Interference
Positive crossover interference, i.e., a reduced fre-
quency of adjacent double crossovers compared to that
expected with the assumption of independence, is a
characteristic of meiotic organisms, with only a very
few exceptions (Egel-Mitani et al. 1982). Conse-
quently, it is generally assumed that negative crossover
interference is mainly associated with intragenic re-
combination. Still, cases are known of higher than ex-
pected frequency of double crossovers in adjacent seg-
ments of small genetic but large physical length. In
Drosophila melanogaster, within a segment 4 cM long
accounting for about 25% of the cytological length of
chromosome 3 and spanning the centromere, a signifi-
cant excess of multiple exchanges has been found (Sin-
clair 1975). Similar results have been obtained in other
Drosophila studies with autosomes (Green 1975; Den-
nell and Keppy 1979; Korol et al. 1994), but not with
the X-chromosome (Lake 1986). Significant negative
crossover interference was found in barley (Søgaard
1977). Denell and Keppy (1979) suggested that nega-
tive chromosome interference could be a characteristic
of all regions exhibiting a very low density of recom-
bination per unit physical length. This hypothesis fits
the results of our study. We found a significant excess
of double exchanges in segments spanning, or proxi-
mal to the centromere, in nearly all chromosomes of
both genomes, A and B (Table 8). These proximal seg-
ments comprise about 50%–70% of the chromosomes
cytological length but only 5%–20% of the genetic
length (Lukaszewski and Curtis 1993; Gill et al. 1996a).
In some chromosomes, additional islands of negative
interference were found in median or subterminal re-
gions. An alternation of strong negative and full posi-
tive interference was characteristic of our data.

Interest in the problem of coinciding crossovers is
due to the current large-scale genome mapping efforts
and the growing evidence that the length of genetic
maps of some plants tends to increase with the number
of molecular markers employed. The simplest explana-
tion is to assume that double crossovers can occur, at
least in some organisms, at much smaller distances
than generally believed. Our data support this view,
corroborating other results (Gill et al. 1996b; Takaha-
shi et al. 1997) and an apparent noncorrespondence
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between the total chiasma frequency and genome
length of some species, including cereals (Nilsson et al.
1993).

The simplest explanation that the size of the map-
ping population (n = 150) is too small to allow reliable
conclusions about such kinds of patterns cannot be
considered plausible. How could one then explain the
high resemblance of different chromosomes and excel-
lent correspondence between the two map versions (H
and L) as well as between dominant and codominant
markers? Moreover, in light of the unusual fact of mas-
sive negative interference manifested by our data, we
made some preliminary estimates of interference using
recent mapping data available from public domain
websites. To our surprise, we discovered that negative
interference seems not to be a rare phenomenon
among other plant and animal species (Peng et al., in
prep.).

The observed chromosomal distribution of islands
of negative interference (either near-centromeric or
median/subterminal) and the alternating positive/
negative interference pattern make it possible to recruit
two explanatory models: One is based on the foregoing
hypothesis of Denell and Keppy (1979) that negative
interference could be a characteristic of regions with
low density of recombination per unit physical length,
and the other is based on the recent findings in cereal
genomics (Gill et al. 1996a,b; Faris et al. 2000; Kunzel
et al. 2000) indicating the existence of gene-rich seg-
ments in wheat and barley chromosomes and higher
recombination rates in these regions than in gene-poor
segments. We can assume that the positive–negative
interference doubted by Lukaszewski and Curtis (1993)
may be a real phenomenon in wheat, if double cross-
overs occur within the foregoing islands and recombi-
nation within an island reduces the chance of cross-
over in adjacent gene-poor segments. One important
aspect of our results is that the foregoing recombina-
tion pattern was revealed mainly by using microsatel-
lite markers, which may not necessarily follow the is-
land-like distribution of structural genes [half of the
RFLP markers used by Gill et al. (1996b) were cDNA
probes]. If negative crossover interference is indeed a
real phenomenon in wheat, then gene introgression
via homologous recombination from relatively close
wild relatives to cultivated wheat can be considered
even more optimistic than the estimates based on the
association between gene distribution and recombina-
tion density in cereal genomes.

METHODS

Plant Materials and Genomic DNA Extraction
A highly stripe-rust resistant T. dicoccoides accession, Hermon
H52 (H52), from the Mt. Hermon population, Israel, and a T.
durum cultivar, Langdon (Ldn), were used to develop an F2

mapping population consisting of 150 individuals. Ldn
was used as the female parent and H52 as the male parent in
the cross. Young and healthy leaf samples were collected
from each of F2 individuals, the two parental lines (H52
and Ldn) and their F1 hybrid in the greenhouse, frozen in
liquid nitrogen, and stored at �80°C. Genomic DNA was
extracted by means of plant genomic DNA isolation reagent
DNAzol ES (Molecular Research Center, Inc.) with some
modifications. The scoring of stripe-rust resistance and spike
glaucousness was conducted in the field using F3 families
(Peng et al. 1999).

Molecular Marker Analysis

Microsatellites
Microsatellite genotyping was conducted following Röder et
al. (1998) and Peng et al. (1999). In the present study, based
on the microsatellite map in hexaploid wheat (Röder et al.
1998), 203 microsatellite primer pairs distributed on the A
and B genomes were chosen to test the polymorphism be-
tween the two parental lines. Among the polymorphic primer
pairs, 130 (Appendix 1) were used to genotype the mapping
population on an automated laser fluorescence (ALF) se-
quencer (Pharmacia). Most of the microsatellite primer sets
were as described by Röder et al. (1998).

AFLP
The AFLP technique was described by Vos et al. (1995). In the
present study, PstI and MseI restriction enzymes were used as
the rare cutter and frequent cutter, respectively. The analysis
was performed essentially as described by Van Eck et al.
(1995), with some modifications. The sequences of AFLP
adapters and primers used in the present study are listed in
Table 1. The preamplification was performed with P00 and
M00 primers to produce secondary template. For the repro-
ducible and selective amplification of a limited number of
DNA restriction fragments, primer combinations with three
additional 3� nucleotides were used. Three PstI + 3 primers
and 11 MseI + 3 primers were used to form 33 primer combi-
nations for the polymorphism test of the two parental lines,
i.e., H52 and Ldn. Next, the best 11 primer combinations
were chosen to genotype the mapping population. The
AFLP markers were designated according to the primer
combination used and the sizes of the amplification products.
The approximate sizes of the segregating bands were esti-
mated with reference to the SequaMark 10 base ladder (Re-
search Genetics).

RAPD
The PCR reactions were performed in a PTC-100 Program-
mable Thermal Controller (MJ Research, Inc.) according to
the protocol described by Chagué et al. (1999). The PCR prod-
ucts were analyzed by electrophoresis on 1.2% agarose gel in
1� TBE buffer and visualized by ethidium bromide staining.
The approximate size of PCR products was estimated with
reference to the 1-kb DNA ladder (Promega). About 500 RAPD
primers were used to test the polymorphism between the two
parental lines. Based on the number of polymorphic bands
and the reproducibility of the PCR products, 14 polymorphic
primers (Table 2) were chosen to genotype the mapping popu-
lation.

The 700-bp band generated by RAPD primer UBC199 in
T. dicoccoides selection G25 was cloned, and a specific primer,
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SCAR199, was designed to tag this RAPD marker (Table 2).
This primer pair was used to analyze the mapping population
using a modification of the protocol described by Chagué et
al. (1999). PCR amplification was performed also in a PTC-100
Programmable Thermal Controller (MJ Research, Inc.) for 30
cycles. After initial denaturation for 3 min at 94°C, each cycle
consisted of 1 min at 94°C, 1 min at 60°C, and 2 min at 72°C.
The 30 cycles were followed by a 10 min final extension step
at 72°C. The PCR products were analyzed by electrophoresis
on 1.2% agarose gel in 1� TBE buffer and visualized by
ethidium bromide staining.

RFLP
To clarify the chromosomal location of stripe-rust resistance
gene YrH52 carried by H52, we also used the RFLP probe Nor
to genotype the mapping population (Peng et al. 1999).

Data Analysis

Genetic Mapping
Multiple loci amplified by a single primer/primer combina-
tion/primer pair had a suffix a, b, c, . . . added following the
regular marker names based on the fragment size (bp). The
description of all the scored marker loci in the present study
is listed in Appendix 1. The mapping analysis was conducted
by MAPMAKER 3.0b (Lander et al. 1987). On the basis of
the linkage of markers with microsatellite anchors, the
markers were assigned to the corresponding chromosomes.
The pairs of AFLP markers derived from the same primer com-
binations and closely linked in repulsion phase were con-
verted into codominant markers (Van den Berg et al. 1997).
The resulting tentative order of loci was evaluated by the
“ripple” procedure to obtain the most likely sequence of
loci. Due to the paucity of linkage information from repul-
sively linked markers (Knapp et al. 1995), two linkage maps
were constructed for each chromosome (H and L, for bands
amplified from genomic regions derived from T. dicoccoides,
H52 and T. durum Langdon, respectively). These two maps
consist mostly of dominant markers of T. dicoccoides and T.
durum, respectively, linked in coupling phase and codomi-
nant markers. H map consists of mostly dominant markers in
which the dominant allele is derived from T. dicoccoides ac-
cession H52. L map consists of mostly dominant markers in
which the dominant allele is derived from T. durum cultivar
Ldn. The codominant markers were included in both maps.
The gaps or end regions were filled, when possible, with the
repulsively linked dominant markers in the same chromo-
some regions.

To detect the effects of genome, homoeologous group,
and other factors on the distribution of molecular markers,
log-linear analysis, ANOVA, and �2-test were adopted. The
Poisson distribution was used to test the marker clustering on
A, B, and the entire genome (StatSoft, Inc. 1996).

Testing for Negative Interference
Kosambi (1944) mapping function is usually used in MAP-
MAKER to generate map distances. This means that the ex-
pected frequency of double crossovers r12 in two adjacent in-
tervals 1 and 2 is supposed to obey the condition
r12 = c(r)r1r2 = 2rr1r2, where c(r) = 2r is the coefficient of coin-
cidence under Kosambi interference, and r1, r2, and r are the
rates of recombination in intervals 1, 2, and 1 + 2. In our
previous detailed analysis of recombination in chromosome
1B a significant negative interference was detected (Peng et al.

1999). The same analysis was conducted in this study on the
whole genome, based on both H and L map versions, for each
of the 14 chromosomes. To that end, the real interference
level was estimated directly from consequent pairs of adjacent
interval pairs by the ML procedure (Bailey 1961). In cases with
c > 1, LOD score test was applied to assess the significance of
deviation of the observed level of interference from the “no
interference” model.

Testing for Segregation Anomalies
These included deviation of monohybrid segregations from
the expected ratios (3:1 and 1:2:1), and disturbance of inde-
pendent segregation of markers belonging to nonhomolo-
gous chromosomes. �2-test was used to analyze both types of
anomalies. In addition, to correct for multiple comparisons
when nonrandom cosegregation of unlinked markers was
tested, we employed a permutation test by reshuffling marker
sets of entire chromosomes relative to each other. Namely, if
some deviation from the expected free recombination was
observed in real data, say r = 0.5 + � instead of 0.5, then the
genome-wise significance was evaluated as a proportion of
permutation runs resulting in estimates of r outside the inter-
val 0.5 � �. This test was also repeated with entire segments
of nonhomologous chromosomes using as a score the average
r over all pairs of markers from the defined segments.
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