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ABSTRACT In most allopolyploid plants, only homoge-
netic chromosome pairing occurs in meiosis, as a result of the
recognition of genome differentiation by the genetic system
regulating meiotic chromosome pairing. The nature of differ-
entiation between chromosomes of closely related genomes is
examined here by investigating recombination between wheat
chromosome 1A and the closely related homoeologous chro-
mosome 1A™ of Triticurn monococcum. The recognition of the
differentiation between these chromosomes by the PhkI locus,
which prevents heterogenetic chromosome pairing in wheat, is
also investigated. Chromosomes 1A and 1A™ are shown to be
colinear, and it is concluded that they are differentiated
“substructurally.” This substructural differentiation is ar-
gued to be recognized by the Ph1 locus. In the absence of Phl,
the distribution and frequencies of crossing over between the
1A and 1A™ homoeologues were similar to the distribution and
frequencies of crossing over between 1A homologues. The
cytogenetic and evolutionary significance of these findings is
discussed.

Although polyploid plant species contain two or more related
pairs of genomes, their meiosis is usually diploid-like, with
almost exclusively homogenetic chromosome pairing. Bread
wheat (Triticum aestivum L., 2n = 6x = 42) is a good example
of this paradox. Bread wheat originated from hybridization of
three diploid species, 7. urartu Thum. (A genome) (1-3), an
extinct or undiscovered population closely related to T. spel-
toides (Tausch) Gren. (B genome) (4, 5), and T. tauschii (Coss.)
Schmalh. (D genome) (6, 7). Although the chromosomes of
these species have been subjected to significant differentiation,
they are still capable of limited chiasmatic pairing at meta-
phase I (MI) in their diploid hybrids (8). However, there is very
little MI pairing among the chromosomes of the A, B, and D
genomes in wheat haploids (9). Nullisomy for the long arm of
chromosome 5B—or a recessive mutation, phlb, at the Phl
locus on this arm—restores MI pairing among the homoeolo-
gous chromosomes of the A, B, and D genomes (10-13). This
indicates that Phl plays a fundamental role in the discrimina-
tion between homologous and homoeologous chromosomes in
wheat. In wheat breeding, Pkl represents a barrier to intro-
gression of alien germ plasm, and recessive mutants at this
locus (13, 14) are important genetic tools for obtaining intro-
gression of alien chromosome segments with economically
important genes into wheat. To understand the mechanism by
which PhlI distinguishes homoeologous chromosomes from
homologous chromosomes, it is necessary to understand (i) the
nature of the differentiation between homoeologous chromo-
somes and (ii) the physiological mode of the action of the Pkl
gene. The present investigation addressed both components of
this problem.
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A traditional hypothesis has been that chromosomes lose
homology by structural rearrangements that alter the sequence
of loci by chromosome inversions, translocations, duplications,
etc. This hypothesis has led to the concept of segmental
chromosome differentiation of homoeologous chromosomes
(15). According to the segmental-differentiation hypothesis,
homoeologous chromosomes are mosaics of homosequential
segments and structurally altered segments. Structural chro-
mosome heterozygosity may not manifest itself cytogenetically
(may be cryptic), and the absence of inversion bridges or
multivalents in hybrids does not constitute conclusive evidence
against this hypothesis (15).

Alternatively, chromosomes of related genomes may be
differentiated by the accumulation of “substructural” changes.
Substructural differentiation [formerly referred to as “non-
structural” differentiation (16)] is assumed to leave chromo-
somes homosequential but alters their homology at the level of
nucleotide sequences. This can range from nucleotide substi-
tutions to various types of nucleotide sequence rearrange-
ments, including insertions and deletions. Differentiation was
shown to involve all chromosomes in a genome and to occur
throughout the entire lengths of chromosome arms (16-18).

A widely accepted explanation of the physiological mecha-
nism by which Phl prevents pairing and recombination be-
tween differentiated (homoeologous) chromosomes is the
somatic-association hypothesis proposed by Feldman et al.
(19). This hypothesis postulates that the pattern of meiotic
pairing in wheat is predetermined by the distance (association)
between homologous and homoeologous chromosomes in the
nucleus that persists throughout the entire life cycle (for
review, see ref. 20). It is believed that Phl affects chromosome
pairing by modifying spindle proteins and primarily acts on the
centromere (19). Although indirect evidence in support of this
hypothesis has been reported (19, 21-23), direct evidence is
lacking and the validity of the hypothesis has been questioned
on several grounds (24-27).

Although it is not known at which time point of meiosis Phl
acts, a large body of evidence shows that its ultimate effect is
manifested at MI. Therefore, recombination or chiasmatic
pairing at MI can be equally employed in investigation of the
effects of Phl on meiotic chromosome pairing in wheat. Both
approaches are employed here to examine the nature of
differentiation, and its recognition by Phl, between a single
pair of closely related homoeologous chromosomes, 1A of
wheat and 1A™ of T. monococcum L. 2n = 2x = 14). T.
monococcum is closely related to T. urartu, the source of the
wheat A genome, as indicated by the observation that their
chromosomes form seven MI bivalents in their hybrids (28).

MATERIALS AND METHODS

Plants. An amphiploid nullisomic for 1A was developed
from the cross T. aestivum cv. Chinese Spring (CS) monote-

Abbreviations: cM, centimorgan(s); CS, Chinese Spring; MI, meta-
phase I; PMC, pollen mother cell; RFLP, restriction fragment length
polymorphism; RSL, recombinant substitution line.



6646 Plant Biology: Dubcovsky et al.

losomic 1AL X T. monococcum ssp. aegilopoides G1777 and
was five times backcrossed to CS monotelosomic (Mt) 1AL
(29). A disomic recombinant substitution line (RSL) was
ultimately produced, RSL1A"™¢. The substituted chromosome
was largely 1A™ which had a distal region of the long arm
recombined with CS1A within a 7-centimorgan (cM) interval
between Xmwg984 and Xmwg710. All backcross plants since
BC; had the same recombined chromosome. Ditelosomic
substitution lines for both arms of 1A were developed.

Six mapping populations were developed (Table 1). Except
for the T. monococcum ssp. aegilopoides population used to
construct a genetic map of 7. monococcum 1A™, the mapping
populations were monosomic RSLs in the isogenic background
of CS (Table 1). A modified procedure of targeted homoe-
ologous recombination (30) was used to develop a population
of RSLs from recombination between RSL1A™¢ and CS1A in
the ph1 background (Fig. 1). Chromosome 1A was replaced by
IE of Lophopyrum elongatum (Host) Love during the produc-
tion of triple-monosomic phlb in which phlb induced homoe-
ologous recombination between CS1A and 1A™¢. In the Phl
plants, 1E does not pair with 1A. Four triple-monosomic
plants, designated 6, 7, 16, and 17, each hemizygous for phlb,
were used in crossing with monotelosomic 1AL to produce
monosomic RSLs (Table 1). Since phlb was available only in
the CS genetic background, and since 1A in the triple-
monosomic phlb plants was contributed by the phlb stock,
the chromosomes targeted for homoeologous recombination,
1A™¢ and 1A, were heterozygous for the 1A™ segment but
homozygous (CS) for the 1A segment. The same was true for
the Phl control populations [1A™¢ X CS and 1A™ X CS
double-ditelosomic 1A (henceforth DDt1A)] (Table 1). MI
chromosome pairing was investigated by determining the
percentages of pollen mother cells (PMCs) in which CS1A and
1A paired with CS telosomes 1AS and 1AL in progeny from
crosses of CS and RSL1A™* with DDt1A.

DNA Hybridization. Southern hybridization of DNAs with
probes listed in Figs. 2 and 4 was done as described (31). Probes
were prepared either by excising inserted DNA fragments with
arestriction endonuclease or by PCR amplification followed by
purification with a Magic PCR purification kit (Promega).

Map Construction and Statistical Comparisons. The good-
ness of fit of segregation of each pair of alleles was tested with
X°- Linkage maps were constructed with MAPMAKER/EXP 3.0
(32, 33) and JOINMAP 1.4 (34) using the Kosambi function (35).
Distances presented in Figs. 2—-4 were obtained with MAP-
MAKER/EXP 3.0. The significance of the differences of the
recombination fractions in the same intervals in different maps
was determined by the Z test.

RESULTS

Polymorphism. Restriction fragment length polymorphism
(RFLP) between RSL1A™¢ and CS and between disomic
substitution line Cheyenne 1A in CS (68) (DSCnn1A) and CS
was investigated with 558 (75 probes) and 615 (42 probes)
probe-enzyme combinations, respectively. A mean of 62.1%
probe—enzyme combinations showed a polymorphism in the

Table 1. Mapping populations

Cross Phi Type No.
T.m.a. G2528 X T.m.a. G1777 - F3 families 76
RSL1Ar¢ x CS - RSLs 96
RSL1A"c x CS + RSLs 36
RSL1A™¢ X CS DDt1A + RSLs 59
DSCnnlA X CS + RSLs 101
RSL21 X DSCnnlA + RSLs 147

T.m.a., T. monococcum ssp. aegilopoides; DDt, double ditelosomic;
DS, disomic substitution line; Cnn, wheat cv. Cheyenne.
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Mono-5B x DS1E(CS1A)
Select

Triple-mono-1E-1A-5B x DS1A (CS1A)
Select

Nulli-1A-double-mono-1A-5B x phlb
Select

Monotelo-1AL x Triple-mono-1A-1A-5B(ph1b)

!

Monosomic RSLs lAm/CSlA

FIG. 1. Scheme for development of monosomic RSLs in the phlb
background. Monosomic, monotelosomic, and nullisomic are abbre-
viated as mono, monotelo, and nulli, respectively.

former comparison and 12.5% in the latter comparison (P <
0.01).

Recombination and MI Pairing Frequencies Between 1A
and 1A. In the presence of Phl, only 2 of 59 chromosomes
derived from the cross involving DDt1A and only 1 of 36
chromosomes from the cross involving CS were recombined in
the homoeologous region (Fig. 2). Since both chromosomes
with recombined short arm were derived from the cross
involving DDt1A as the male parent, the inferred length of 2.2
cM for the short arm (Fig. 2) is an overestimate because of the
selection for pollen grains from the PMCs in which the 1AS
telosome paired at MI (59). The recombination was adjusted
for this bias to 1.1 cM (Fig. 3) by use of a formula for a
backcross employing a monotelodisomic as a male (59), which
is applicable to the backcross progeny of both a monotelodi-
somic and a double monotelotrisomic.

CS telosomes 1AS and 1AL paired at MI with CS1A in
86.2% and 100.0% of PMCs, respectively, and with 1A in
0.76% and 91.8% of PMCs, respectively (Fig. 3). In the short
arm, the crossover frequency of 0.38% calculated from MI
chromosome pairing (0.5 X MI pairing frequency) did not
significantly differ from the genetic length based on recombi-
nation (1.1 cM). However, there was a great discrepancy
between these two estimates in the long arm, indicating a high
incidence of crossovers in the homologous segment (Fig. 3).

In the absence of Phl, 70 monosomes were recombined due
to one or more crossovers in a total of 96 monosomic RSLs.
Sixteen RSLs derived from triple-monosomic phlb plant 6
showed restriction fragments only for 1A™ alleles at the loci
distal to X55Dnal in the short arm; the restriction fragments
for 1A alleles were absent. These 1A nulls were always
accompanied by increased signal levels of 1D restriction
fragments. Obviously, triple-monosomic ph1b plant 6 acquired
a recombined 1D/1A chromosome instead of 1A from the
phlb stock. The remaining three triple-monosomic phlb
plants, nos. 7 (62 RSLs), 16 (6 RSLs), and 17 (12 RSLs),
acquired an intact 1A from the phlb stock. In the phl state, the
presence of a distal 1D region in 1A of plant 6 reduced
recombination in the proximal region by 62% in comparison
with plants 7, 16, and 17. The short-arm markers of the sixteen
plants were, therefore, excluded from the data. The recombi-
nation in the long arm in family 6 did not significantly differ
from that in the remaining three families.

The segregation at all loci fit the expected 1:1 ratio. Re-
combination was found along the entire homoeologous region
(Fig. 2). Eighty-two markers were mapped in the 123.3-cM
interval between XNor in the short arm and Xmwg984 in the
long arm. Among the 70 recombined monosomes, 1A was
recombined with a chromosome other than 1A™¢ in only 3
(nos. 12, 16, and 19). Both alleles distal to Xmwg706 (RSL12)
and Xbcd808 (RSL16), and the entire region from XNor to
Xmwg733 (RSL19), were absent. Chromosome numbers and
allele dosages were determined from 7-10 F; progeny of these
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FiG. 2. Linkage maps constructed from recombination between
1A™ region of 1A and CS1A in the genetic background of CS in the
presence (Phl) or absence (phl) of the Phl locus. The positions of the
centromere, inferred by telocentric mapping, are indicated by arrows.
Centromeric markers that showed no recombination in the short arm
are listed in the upper box and those in the long arm are listed in the
lower box to the left of the phl map. The A group of the short-arm
markers is distal to the B group, which was determined by the mapping
of a deletion—duplication in RSL37 (see Results). The morphological
loci were Hg (hairy glume) and Bg (black glume). The remaining loci
were mapped by hybridization of DNA probes: XNor [pTa750.15 (36)],
XGlu3 [pTdUCDI1 (37)], XGli3 and XGlil [pcP387 (38)], XChs3 (39),
X58Dnal [pTa794 (40)], XTri [Tri25-11 (41)], XEsi47 [pESI47 (42)],
XEm [p1015 (43)], XDor2 [pMA1959 (44)], XGIbI (45), XPgk (46),
XGlul [pDY10A/KS~ (47)], XLec [pNVR20 (48)], XCab2 [pKG1490
(49)], XAdh3 [p3'NTR (50)]. Other loci were mapped with probes
developed as described: Xabg and Xabc (51); Xmwg (52); Xbed, Xcdo,
and Xwg (53); Xglk (54), Xtam (55), Xksu (56), XcsiH69 (57), and Xpsr
(58). Note that 3.3 cM in the Phl map equals 2.2 cM after the
adjustment for selection favoring euploid pollen grains.

RSLs. Complete agreement was found between the number of
chromosomes present (nulli-, mono-, or disomy) and the
increased dosage of the 1D alleles, indicating that CS1A was
recombined with CS1D in all three RSLs. Hence, 95.7% of the
recombined chromosomes originated from recombination be-
tween 1A and 1A™¢, and 4.3% from recombination between
1A and 1D; 1A™¢ did not recombine with any other chromo-
some except for 1A.

In one RSL (no. 37), markers Xtam52, Xcdol188, Xpsr937,
Xpsr381, and Xbcd249 were heterozygous and all markers
distal to XGli3 were nulls. This allelic arrangement of the short
arm cosegregated in eight progeny plants. A likely possibility
is that the monosome of RSL37 originated from an unequal
crossover in the inverted orientation distal to XG/i3 between
1A and 1A™¢, followed by formation of a dicentric bridge and
breakage proximal to the 1A™ centromere, resulting in a
duplication—deletion.

Colinearity of 1A and 1A™ Chromosomes. Linkage maps of
1A™ in T. monococcum and 1A in T. aestivum based on the CS
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F1G. 3. The structure of wheat chromosome 1A and recombined
1A/1A™ chromosomes in RSL1Arc and RSL21. Chromosome 1A™
segments are black and those of 1A are white. Genetic lengths (cM)
of the 1A intervals are from the CS1A X CnnlA Phl map (see Fig. 4)
and are shown to the left of the chromosomes. Genetic lengths (cM)
of the 1A™ intervals are from the RSL1A™c X CS1A phl map (Fig. 2)
and are also shown to the left of the chromosomes. Genetic lengths
(cM), if determined, of these intervals based on recombination
between chromosome 1Ar¢ and CS1A and between 1A/1A™ of
RSL21 and Cnn1A in the presence of Phl are shown to the right of the
chromosomes. Pairing frequencies, in terms of the percentages of cells
in which a chromosome paired with CS telosomes 1AS and 1AL, are
shown to the right of the chromosomes. The MI pairing frequencies
with CS telosomes of wheat 1A were determined in 51 cells, and those
of 1A in 1118 cells for the short arm and 61 cells for the long arm.

X DSCnnlA mapping population were compared to deter-
mine the relative order of markers in the two chromosomes.
The two maps were colinear for 19 common loci (Fig. 4).
Except for XAga7 in T. monococcum (P = 0.03), all loci
segregated in the expected 1:2:1 ratio. In only two intervals,
XEm-XGlul (P < 0.01) and XGlil-Xmwg60 (P < 0.05) were
the maps significantly different; the T. monococcum map was
shorter in both intervals. These findings indicated that 1A™
and 1A have the same linear arrangement of loci and, except
for two regions, show a similar distribution of crossovers.

Recombination of RSL21 Monosome with CnnlA. In mono-
somic RSL21, derived from triple-monosomic phlb plant 17,
the recombined monosome was CS1A except for a short region
distal to XGlil in the short arm, which was 1A™ (Fig. 3).
Among 147 monosomes from the cross Mt1AL X (RSL21 X
DSCnnlA), no recombination was found in the terminal
homoeologous region, but recombination was observed in all
intervals in the juxtaposed homologous region (Fig. 3). How-
ever, compared with recombination between CnnlA and
CS1A (Fig. 4), recombination in the homologous region was
reduced (Fig. 3). The greatest reduction (P < 0.05) was in the
interval closest to the homoeologous region (Fig. 3). The
reductions in the other two intervals were not statistically
significant (Fig. 3). No reduction in the homologous recom-
bination occurred in the long arm (Fig. 3).

Pattern of Recombination Between Homoeologues. Twenty-
two intervals in the map based on homoeologous (phl)
recombination between CS1A and 1A™° were compared with
the map based on recombination between T. aestivum homo-
logues CS1A and CnnlA. Only the intervals Xcdo105-Xwg983,
Xpsr162-Xbcd808, and XGlu3-Xmwg60 were significantly dif-
ferent (P < 0.01, 0.05, and 0.05, respectively). In the first and
second intervals, the CS1A X 1A™ map was longer, whereas
in the third it was shorter. The existence of a closely linked
locus that is paralogous to Xbcd808 in 1A (61) makes the
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FiG. 4. Linkage map of 1A™ constructed with T. monococcum
mapping population G1777 X G2528 and that of 1A constructed with
mapping population of DSCnnlA X CS1A RSLs. Probes and their
sources are described in Fig. 2 except for X4ga7, which was mapped
with probe WE:AGA7 (60). Distances are given (cM).

second difference questionable. The intervals Xcdol05-
Xwg983 and XGlu3-Xwmg60 are within intervals—XEm-—
XGlul and XGlil-Xmwg60, respectively—in which the T.
aestivum 1A map differed from the T. monococcum 1A™ map
(Fig. 4). The interval lengths in the homoeologous region near
its border with the homologous region in the ph1 CS1A X 1Are*
map were not shorter than the same intervals in the map based
on recombination between CnnlA and CS1A in the presence
of Phl.

DISCUSSION

Although recombination occurred in the homoeologous re-
gion between 1A™° and 1A in both the presence and the
absence of Phl, it was 56 times higher, 123.3 cM vs. 2.2 cM, in
the absence of Phl than in its presence. While recombination
in the presence of Phl was dramatically reduced in the
homoeologous region of the 1A’ long arm, crossing-over had
to be present in the homologous region. This is indicated by
high MI pairing between the long arm of 1A™¢ and CS
telosome 1AL. The agreement between the genetic lengths of
the short arm of 1A estimated from homoeologous recom-
bination and homoeologous MI chromosome pairing shows
that there was a reasonably good agreement between MI
chromosome pairing and crossovers. That crossovers fre-
quently occur in homologous regions bordering homoeologous
regions in the presence of Phl was directly shown by the
investigation of recombination between the 1A/1A™ mono-
some of RSL21 and CnnlA.

Poor homoeologous recombination in the presence of Phl
could not be due to a genetic background that was foreign to
the T. monococcum chromosome; when Phl was absent, the T.
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monococcum segment recombined in this background as in its
own background. The poor recombination was also not caused
by structural differences between 1A™ and 1A; they were
found to be colinear. Also, no evidence was found for cryptic
structural differences, since the two chromosomes recombined
as if they were undifferentiated once Phl was removed.

Feldman and collaborators (19, 21-23) hypothesized that
Phl suppressed recombination between homoeologues by
altering a fixed spatial relationship between homologues and
homoeologues in the nucleus via interaction of chromosomes
with spindle proteins; this fixed spatial relationship was argued
to persist throughout the entire life cycle. The present results
contradict this hypothesis. In the presence of Phl, crossing-
over between 1A and CS1A efficiently occurred in the distal
homologous region, as indicated by almost complete MI
pairing between telosome 1AL and 1A, even though the two
chromosomes had homoeologous centromeres. Recombina-
tion precipitously ceased in the juxtaposed homoeologous
region even when the chromosomes shared homologous telo-
meres and a homologous distal region. Observations on the
synapsis of chromosomes in the presence and absence of Phl
also argue against the possibility that Ph1 prevents synapsis and
recombination between homoeologues by altering some fixed
arrangements of chromosomes in the nucleus (27). Moreover,
no differences could be found in the distribution of homolo-
gous chromosomes in the root tips of plants in which Phl was
active and inactive (24, 25). Analysis of PMCs somatically
reduced by premeitotic multipolar divisions has revealed that
wheat homologues are not associated in premeiotic cells (26).

It could be argued that the observation that recombination
did not reach the normal levels in the homologous region
bordering homoeologous region in the short arm of 1A/1A™
of RSL21 in the presence of Phl supports the somatic-
association hypothesis. However, the association would have to
be mediated by the telomeres, since the centromeres were
homologous in this case. That there was virtually no recom-
bination in the long-arm homoeologous region between 1A
and CS1A in the Ph1 state, although the arms had homologous
telomeres, shows that the telomere cannot be the site where
homoeology is distinguished from homology by Phl. While it
is not clear why 1A homologous recombination was reduced in
the vicinity of the homoeologous segment in the presence of
Ph1, our data consistently show that Pk distinguishes homoe-
ology from homology along the entire chromosome.

Reduction of proximal homologous recombination also
occurred in triple-monosomic plant 6, in which 1A had a distal
region replaced by 1D. This plant was, however, phl, and the
reduction in recombination of 1D/1A with 1A was most likely
caused by pairing of the 1D segment of 1D/1A with 1D.

The MI chromosome pairing in hybrids between different
wheat cultivars is reduced in the A and B genomes in com-
parison to that in the inbred parental lines; for some chromo-
some arms, such as the short arms of 1B and 6B, MI pairing
can be reduced by as much as 40% (16). These MI pairing
reductions were shown to be caused by factors along the entire
lengths of chromosomes rather than a single factor in a specific
region, such as the telomere or the centromere (17, 18, 62).
RFLP between CS1A and 1A is 5-fold higher than that
between CS1A and CnnlA. It should, therefore, not be
surprising to find poor recombination between 1A and 1A™¢in
the presence of Phl if Phl would recognize substructural
polymorphism between chromosomes.

The extensive polymorphism between 1A and 1A™* did not
markedly reduce recombination once Pkl was removed; only
1 of the 22 investigated intervals was significantly shorter (2
were significantly longer) in the map based on recombination
between homoeologous chromosomes in the absence of Phl
than in the map based on recombination between homologous
chromosomes CnnlA and CS1A. It is likely, therefore, that the
reductions in MI pairing between homologous chromosomes
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from different wheat cultivars, as well as 1A and 1A™™¢, are
caused by Phl. Since genes with strong activity such as Phl
have not been detected in diploids, except for B chromosomes
(63), it is not surprising that crossover frequencies are not
usually affected by intraspecific substructural polymorphism at
the diploid level (18).

Except for several major translocations involving a few of the
21 wheat chromosomes (64), comparative mapping has not
revealed structural differences between homoeologous chro-
mosomes of the wheat A, B, and D genomes (61, 65, 66). It
could be argued that these chromosomes do differ structurally
but the differences are cryptic (15)—i.e., too small to be
detected in low-density comparative maps. However, in the
absence of Phl, recombination between 1A and 1A™¢ was
significantly lower in only one interval than that between wheat
homologues, arguing against the possibility that the poor
recombination along the entire 1A™ segment in the presence
of Phl was caused by structural differences. Since the sub-
structural differentiation was sufficient to almost eliminate
crossing-over in the homoeologous region of 1A™¢ in the
presence of Phl, the same form of differentiation may be able
to preclude crossing-over between the homoeologous chro-
mosomes of the wheat A, B, and D genomes in the presence
of Phl.

The A, A™, B, and D genomes exemplify genomes consti-
tuting the chromosome complements of segmental allopoly-
ploids (15). As shown here for chromosomes 1A and 1A™, the
chromosomes are not mosaics of homologous and homoeolo-
gous segments, as assumed by the segmental-allopolyploidy
concept, but show a uniform differentiation along their entire
lengths. Hence, the concept of segmental differentiation and
segmental allopolyploidy appears to have no factual basis and
should be abandoned, as has already been argued on the basis
of other evidence (67).

We thank Ronda Bransteitter and Amrita Desai for excellent technical
assistance and Dr. R. S. Kota for providing us with seeds of the 1A
substitution line. This project was supported by Operating Grant CA-D-
ARS-5717-CG from the U.S. Department of Agriculture-National Re-
search Initiative Competitive Grants Program. J. Dubcovsky also thanks
the Argentinian Research Council (CONICET) for a fellowship.

1. Nishikawa, K. (1983) Proc. Int. Wheat Genet. Symp. 6th (Univ. of
Kyoto), 59-63.

2. Dvordk, J., McGuire, P. E. & Cassidy, B. (1988) Genome 30, 680-689.

3. Dvoiék, J., di Terlizzi, P., Zhang, H.-B. & Resta, P. (1993) Genome
36, 21-31.

4. Sarkar, P. & Stebbins, G. L. (1956) Am. J. Bot. 43, 297-304.

S. Dvorék, J. & Zhang, H.-B. (1990) Proc. Natl. Acad. Sci. USA 87,
9640-9644.

6. Kihara, H. (1944) Agric. Hortic. 19, 13-14.

7. McFadden, E. S. & Sears, E. R. (1946) J. Hered. 37, 81-89.

8. Kimber, G. & Riley, R. (1963) Can. J. Genet. Cytol. 5, 83-88.

9. Riley, R. & Law, C. N. (1965) Adv. Genet. 13, 57-114.

0. Okamoto, M. (1957) Wheat Inf. Serv. 5, 6 (abstr.).

1. Sears, E. R. & Okamoto, M. (1958) Proc. Int. Congr. Genet. 10th,
258-259. .

12. Riley, R. & Chapman, V. (1958) Nature (London) 182, 713-715.

13.  Secars, E. R. (1977) Can. J. Genet. Cytol. 19, 585-593.

14.  Giorgi, B. & Cuozzo, L. (1980) Cereal Res. Commun. 8, 485-590.

15. Stebbins, G. L. (1971) Chromosomal Evolution in Higher Plants (Ar-

nold, London).

16. Dvorék, J. & McGuire, P. E. (1981) Genetics 97, 391-414.

17. Crossway, A. & Dvorak, J. (1984) Genetics 106, 309-324.

18. Kota, R.S., McGuire, P.E. & Dvoiik, J. (1986) Genetics 114,
579-592.

19. Feldman, M., Mello-Sampayo, T. & Scars, E. R. (1966) Proc. Natl.
Acad. Sci. USA 56, 1192-1199.

20. Sears, E. R. (1976) Annu. Rev. Genet. 10, 31-51.

21.  Feldman, M., Mello-Sampayo, T. & Avivi, L. (1973) Chromosoma 37,
209-222.

22. Feldman, M. (1993) Crop Sci. 33, 894-897.

23.
24.
25.
26.
27.
28.
29.

30.
31.

32.
33.
34.
35.
36.
37.
38.
39.

40.
41.

42.
43.

44,
4s.
46.
47.
48.
49.
50.
51.

52.

53.

54.
55.

56.
57.
58.
59.
60.
61.
62.
63.
64.

65.
66.

67.
68.

Proc. Natl. Acad. Sci. USA 92 (1995) 6649

Mello-Sampayo, T. (1973) Theor. Appl. Genet. 43, 178-181.
Darvey, N. L. & Driscoll, C. J. (1971) Chromosoma 36, 140-149.
Dvorék, J. & Knott, D. R. (1973) Can. J. Genet. Cytol. 15, 411-416.
Geng, S., Dvoidk, J. & Scheeman, P. (1979) Genetics 91, 565-573.
Holm, P. B. & Wang, X. (1988) Carlisberg Res. Commun. 53, 191-208.
Johnson, B. L. & Dhaliwal, H. S. (1976) Am. J. Bot. 63, 1088-1094.
Dvordk, J., Zhang, H.-B., Kota, R. S. & Lassner, M. (1989) Genome
32, 1003-1016.

Dvorak, J. & Gorham, J. (1992) Genome 35, 639-646.

Dubcovsky, J., Galvez, A. F. & Dvotak, J. (1994) Theor. Appl. Genet.
87, 957-964.

Lander, E.S., Green, P., Abrahamson, J., Barlow, A., Baly, M,
Lincoln, S. E. & Newburg, L. (1987) Genomics 1, 174-181.
Lincoln, S., Daly, M. & Lander, E. (1992) Whitehead Institute Tech-
nical Report (Whitehead Inst. Biomed. Res., Cambridge, MA), 3rd Ed.
Stam, B. (1993) Plant J. 5, 739-744.

Kosambi, D. D. (1943) Ann. Eugen. 12, 172-175.

Appels, R. & Dvorik, J. (1982) Theor. Appl. Genet. 63, 337-348.
Cassidy, B. G. & Dvoftak, J. (1991) Theor. Appl. Genet. 81, 653-660.
Forde, B. G., Kreis, M., Williamson, M. S., Fry, R. P., Pywell, J,,
Shewry, P. R., Bunce, N. & Mifflin, B. J. (1985) EMBO J. 4, 9-15.
Rohde, W., Dorr, S., Salamini, F. & Becker, D. (1991) Plant Mol. Biol.
16, 1103-1106.

Gerlach, W. L. & Dyer, T. A. (1980) Nucleic Acids Res. 8, 4851-4865.
Singh, N. K., Donovan, G.R., Carpenter, H. C., Skerritt, J. H. &
Langridge, P. (1993) Plant Mol. Biol. 22, 227-237.

Gulick, P.J. & Dvotadk, J. (1990) Gene 95, 173-177.

Williamson, J. D., Quatrano, R.S. & Cuming, A. C. (1985) Eur. J.
Biochem. 152, 501-507.

Morris, C. F., Anderberg, R. J., Goldmark, P. J. & Walker-Simmons,
M. K. (1991) Plant Physiol. 95, 814-821.

Litts, J. C., Simmons, C. R, Karrer, C. F., Huang, R. L. & Rodriguez,
R. L. (1990) Eur. J. Biochem. 194, 831-838.

Longstaff, M., Raines, C. A., McMorrow, E. M., Bradbeer, J. W. &
Dayer, T. A. (1989) Nucleic Acids Res. 17, 6569-6580.

Anderson, O. D., Greene, F. C., Yip, R. E., Halford, N. G., Shewry,
P. R. & Malpica-Romero, J.-M. (1989) Nucleic Acids Res. 17,461-462.
Reikhel, N. V. & Wilkins, T. A. (1987) Proc. Natl. Acad. Sci. USA 84,
6745-6749.

Barkardottir, R. B,, Jensen, B. F., Kreiberg, J. D., Nielsen, P.S. &
Gausing, K. (1987) Dev. Genet. 8, 495-511.

Mitchell, L. E., Dennis, E. S. & Peacock, W. J. (1989) Genome 32,
349-358.

Kleinhofs, A., Kilian, A., Saghai, M. A, Biyashev, R. M., Hayes, P., et
al. (1993) Theor. Appl. Genet. 86, 705-712.

Graner, A., Jahoor, A., Schondelmeier, J., Siedler, H., Pillen, K.,
Fischbeck, G., Wenzel, G. & Herrman, R. G. (1991) Theor. Appl.
Genet. 83, 250-256.

Anderson, J. A., Ogihara, Y., Sorrells, M. E. & Tanksley, S. D. (1992)
Theor. Appl. Genet. 83, 1035-1043.

Liu, Y.-G. & Tsunewaki, K. (1991) Jpn. J. Genet. 66, 617-633.
Devey, M. E. & Hart, G. E. (1989) in Development and Application of
Molecular Markers to Problems in Plant Genetics, eds. Helentjaris, T.
& Burr, B. (Cold Spring Harbor Lab. Press, Plainview, NY), pp.
25-28.

Gill, K. S., Lubbers, E. L., Gill, B. S., Raupp, W. J. & Cox, T. S. (1991)
Genome 34, 362-374.

Lagudah, E.S., Appels, R. & Brown, A. D. H. (1991) Genome 36,
913-918.

Wang, M. L., Atkinson, M. D., Chinoy, C. N., Devos, K. M., Harcourt,
R.L, Liu, C.J., Rogers, W.J. & Gale, M. D. (1991) Theor. Appl.
Genet. 82, 174-178.

Dvotak, J. & Appels, R. (1986) Genetics 113, 1037-1056.

Olive, M. R,, Ellis, R. J. & Schuch, W. W. (1989) Plant Mol. Biol. 12,
525-538.

Van Deynze, A. E., Dubcovsky, J., Gill, K. S., Nelson, J. C., Sorrells,
M. E., Dvorik, J., Gill, B.S., Lagudah, E.S., McCouch, S.R. &
Appels, R. (1995) Genome 38, 45-59.

Dvordk, J. & Chen, K.-C. (1984) Genetics 106, 325-333.

Evans, G. M. & Macefield, A. J. (1972) Nature (London) New Biol.
236, 110-111.

Naranjo, T., Roca, A., Goicoechea, P. G. & Giraldez, R. (1987)
Genome 29, 873-882.

Devos, K. M. & Gale, M. D. (1993) Theor. Appl. Genet. 85, 649-652.
Devos, K. M., Milan, T. & Gale, M. D. (1993) Theor. Appl. Genet. 85,
784-792.

Dvotdk, J. (1981) Can. J. Genet. Cytol. 23, 287-303.

Morris, R., Schmidt, J. W., Mattern, P.J. & Johnson, V. A. (1966)
Crop. Sci. 6, 119-122.



