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Abstract An isochromosome has identical arms at-
tached to the same centromere. At the pachytene stage of
meiosis, it has four isochromatids and recombination can
occur either between cis isochromatids (attached to the
same half-centromere) or trans isochromatids (attached
to different half-centromeres). Normally such recombi-
nation cannot be detected because all four chromatids are
homogenetic (arose from misdivision of a centromere to
which genetically identical sister chromatids were at-
tached). We isolated an isochromosome of wheat that is
heterogenetic for the distal 64% of the long arm. The
heterogenetic isochromosome was recovered from the
progeny of a cross between Triticum aestivum cv. Chi-
nese Spring containing an isochromosome for the long
arm of chromosome 5B (i5BL) and a disomic substitu-
tion line of Triticum turgidum ssp. dicoccoides chromo-
some 5B in Chinese Spring wheat. New recombinants
were produced when the two arms of i5BLec paired at
metaphase | of meiosis. Only trans isochromatid ex-
changes led to some homozygous loci in i5BL'ec, where-
as exchanges between cis isochromatids resulted in het-
erozygosity at all loci similar to the parental type. There
was an average frequency of 0.87 chiasmata per pollen
mother cell for the heterogenetic iSBL, which will result
in 0.44 cis and 0.44 trans isochromatid exchanges, as-
suming that both are occurring at the same frequency.
The average crossover frequency based on recombina
tion between trans isochromatid exchange detected by
restriction fragment length polymorphism analysis in
98 plants was 0.29. This observed value is significantly
lower (P<0.01) than the value of 0.44 as expected from
chiasmata counts. Our study provides the first experi-
mental evidence that crossovers preferentially occur be-
tween cis isochromatids rather than trans isochromatids.
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Introduction

Bread wheat, Triticum aestivum L. (2n=6x=42, AABBDD),
is an allohexaploid species in which the three chromo-
some pairs of a homoeologous group genetically com-
pensate for one another. The genetic buffering capacity
of wheat was exploited to isolate a series of whole-chro-
mosome, chromosome-arm, and sub-arm (deficiencies)
aneuploids in the cultivar Chinese Spring (CS) (Sears
1954; Endo and Gill 1996). The development of aneu-
ploid stocks has greatly facilitated mapping of phenotyp-
ic and molecular markers (Werner et al. 1992; Kota et al.
1993; Gill KS et al. 1993a, b, 1996; Hohmann et al.
1994; Delaney et al. 1995a, b; Mickelson-Young et al.
1995). Furthermore, aneuploid stocks permit the study of
meiotic metaphase | pairing behavior of individual chro-
mosomes. Combining metaphase | pairing and genetic
mapping data can provide unique insights into the meiot-
ic process, as reported here for an isochromosome of
wheat.

Isochromosomes (i) consist of two homologous arms
connected by the same centromere and result from cen-
tromere misdivision or fusion of homologous telocentric
chromosomes at meiosis (Fig. 18). A pseudo-isochromo-
some induced by X-ray was described by Caldecott and
Smith (1952). In this case, the distal regions of the two
arms of the isochromosome were identical, whereas the
proximal regions were different. Lukaszewski (1997) de-
veloped asymmetrical isochromosomes with identical
proximal regions, but one arm was deficient for a termi-
nal segment. |sochromosomes were used to study the
mechanisms of chromosome pairing and sSynapsis in
wheat (Feldman 1966; Driscoll and Darvey 1970; Kato
and Yamagata 1982; Lukaszewski 1997), centromere
structure (Kaszés and Birchler 1996), and molecular
mapping of centromeres in genetic maps of rice (Singh
et a. 1996), tomato (Frary et a. 1996), and maize
(Schreerman et al. 1998).

Recently, we developed a recombinant (rec) isochro-
mosome for the long arm of chromosome 5B (i5BL ") of
common wheat. In this paper, we report on the identifi-



Fig. 1 Origin of an isochromo-
some (a), and the origin of the
recombinant isochromosome
5BLrec (b). a A break at the
centromere of a bibranchial
chromosome followed by the
fusion of the sister chromatids
at the breakpoint resultsin an
isochromosome that, after
DNA replication, consists of
four genetically identical chro-
matids; chromatids connected
by the same half-centromere
are termed cis isochromatids,
whereas those with different
half-centromeres are termed
trans isochromatids. b Cross-
over between a Chinese Spring
isochromosome 5BLCS and a
Triticum dicoccoides chromo-
some 5BT dic results in a recom-
binant isochromosome 5BL e
in which one arm and the prox-
imal region of the other arm are
of CSorigin, whereas the re-
maining part of the latter arm is
derived from 5BLT dic, |oci
present in the proximal region
are homogenetic, whereas loci
distal to the crossover event are
heterogenetic
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cation, meiotic metaphase | pairing behavior and cross-
over frequencies of i5BLec. The implications of these re-
sults for the recombination process are discussed.

Materials and methods

Cytogenetic stocks

Various cytogenetic stocks in a CS background were employed in
this study, including aline diisosomic for 5BL (Di5BLCS) (normal
chromosome pair 5B is replaced by two isochromosomes consist-
ing of the long arm of 5B of CS origin), a disomic substitution
(DS) of Triticum turgidum ssp. dicoccoides (2n=4x=28, AABB,
referred to as Triticum dicoccoides from here on) chromosome 5B
for chromosome 5B of CS, DS5BTdic (5BCS) (disomic substitution
line where the norma chromosome pair 5B of CS origin is re-
placed by a 5B pair of T. dicoccoides origin) and a nullisomic
5B-tetrasomic 5D (N5BT5D) line (line is lacking chromosome
pair 5B and this loss is compensated by four copies of chromo-

some 5D). All the lines were developed by Dr. E.R. Sears (Sears
1954), and are maintained by the Wheat Genetics Resource Center
at Kansas State University. The 5BL chromosomes of CS and T.
dicoccoides are designated as 5BLCS and 5BLTdic, and the 5BL
isochromosomes of CS and the CS-T. dicoccoides recombinant as
i5BLCS and i5BLrec, respectively.

Cytogenetic analysis

Chromosome identification is based on the N- and C-banded stan-
dard karyotypes as described (Gill BS and Kimber 1974; Gill BS
et al. 1991). Anthers at meiotic metaphase | were fixed in a 3:1 so-
lution of absolute ethanol:glacial acetic acid for 5-7 days,
squashed in 45% acetic acid, and C-banded.

DNA probes

Twenty-one wheat homoeologous chromosome group 5-specific
probes were used for restriction fragment length polymorphism
(RFLP) analysis. These clones were BCD (barley cDNA), CDO
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(oat cDNA), and WG (wheat genomic DNA) obtained from Dr.
M.E. Sorrells, Ithaca, NY, USA; PSR (wheat cDNA or genomic
DNA) obtained from Dr. M.D. Gale, Norwich, UK; KSU,
Aegilops tauschii genomic DNA as described in Gill KS et a.
(1991); MWG (barley genomic DNA) obtained from Dr. A.
Graner, Grinbach, Germany; RZ (rice cDNA) obtained from Dr.
S.R. McCouch, Ithaca, NY, USA; and FBA (wheat genomic DNA)
obtained from Dr. F. Quetier, Paris, France.

Restriction fragment length polymorphism analysis

Ninety-eight plants with an i5BL"™c and lacking a norma 5BCS
were selected by N-banding analysis from the cross
N5BT5D/Mi5BLrecTri5D and the self-pollinated progeny of
Mi5BLecTri5D, and were used as a mapping population. The
DNA of these plants was digested with four different restriction
enzymes (EcoRI, EcoRV, Hindlll, and Dral) and screened with
RFLP clones that hybridize within the fraction length (FL)
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sBLCS dic.
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Fig. 2 C-banding patterns of chromosomes 5BCS (left), 5BT- dic
(right), i5BLCS (second from left), and i5BLec (second from right).
Note the polymorphic C-bands on 5BL of T. dicoccoides origin
that are clearly observed in one arm of the recombinant isochro-
mosome i5BL e

spLT dic.
58LCS >

Fig. 3 a Southern hybridization of probe PSR360 to HindllI-di-
gested genomic DNA of Chinese Spring (CS) and various cytoge-
netic stocks. Lane 1 CS; lane 2 Di5BLCS (norma chromosome
pair 5B is replaced by two isochromosomes consisting of the long
arm of 5B of CS origin); lane 3 DS5BT dic (5BCS) (disomic substi-
tution line where the normal chromosome pair 5B of CS origin is
replaced by 5B of T. dicoccoides origin); lane 4 Mi5BLTri5D
(line has three copies of chromosomes 5D and one recombined

0.37-1.00 interval of 5BL. Methods for gel-blot DNA hybridiza-
tion were as previously described by Qi et al. (1997).

Statistical analysis
All data were subjected to a z statistic test to determine the proba-

bility of getting a sample proportion as divergent as another one
(Ott 1993).

Results

Development and identification of the heterogenetic
isochromosome 5BL

Line Di5BLCS was crossed with DS5BT dic (5BCS). The
long arm of chromosome 5BL Tdic differs from 5BLCS by
additional proximal and telomeric C-bands (Fig. 2). The
F, was crossed as afemale to CS N5BT5D. Thirty-seven
progeny plants were analyzed by C-banding, and one 42-
chromosome plant monosomic for i5BL" and trisomic
for 5D was identified. One arm of the i5BL'e is of CS
origin and most of the other arm is derived from T. di-
coccoides (Fig. 1b, Fig. 2).

The crossover site in the recombinant chromatid of
i5BL'ec was identified by molecular marker analysis.
Three DNA markers, XksuA3, Xpsr360, and Xbcd204,
previously mapped within the proximal region of the
long arm of chromosome 5B (FL 0.26-0.36) (Gill KS et
al. 1996), detected homozygous loci of CS in i5BLe,
Heterozygotes were detected by the probes Xbcd926 and
Xpsr128 (Fig. 3), which were closely linked on the ge-
netic map and mapped in the FL 0.37-0.43 interva (Gill
KS et al. 1996). The results indicated that the i5BL'e
arose from genetic recombination between i5BLCS and
5BTdic (Fig. 1b). The crossover site is located between
markers Xbcd204 and Xbcd926 at FL 0.36.

isochromosome i5BL"ec replacing normal chromosome pair 5B).
Only the CS pattern was detected by PSR360 in i5BL'c (lane 4),
showing that both arms of i5BL' in this region are derived from
CS. b Southern hybridization of probe PSR128 to Dral-digested
genomic DNA; lanes 1-4 are the same asin a. Both CSand T. di-
coccoides 5BL bands were detected by PSR128 in plants with
i5BLrec (lane 4), indicating that, in this region, one arm of i5BLrec
isof CSorigin and other is derived from T. dicoccoides



Fig. 4 Consequences of cisand
trans isochromatid exchanges
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Meiotic pairing of the iSBLrec

In monosomic i5BL'e¢ plants, a ring univalent resulting
from intrachromosomal pairing between the two arms of
i5BLrec was observed in 86.8% of the 174 pollen mother
cells (PMCs) analyzed. The i5BL"c was unpaired and
formed arod univalent in the 13.2% PMCs. The i5BLCS
control formed a ring univalent in 95% (38 out of 40 an-
alyzed PMCs). The frequency of ring univalents formed
by i5BL" was not significantly (P=0.05) different from
the control i5BLCS.

Trans isochromatid exchanges detected
by RFLP markers

The meiotic metaphase | pairing analysis revealed that
the isochromosome i5BLc preferentially paired as a

Recombinant types

Homogenetic
for some loci

Recombinant types
Homogenetic
for some loci

ring univalent, allowing for genetic recombination be-
tween the 5BL arms of CS and T. dicoccoides in asingle
cycle of meiosis. The homozygous i5BLec |oci observed
in derived progenies result from trans isochromatid ex-
changes. Cis isochromatid exchanges lead to heterozy-
gous loci similar to the parental type (Fig. 4). Homozy-
gous i5BL'ec|oci were detected in 22 of the 98 plants an-
alyzed (Figs. 5, 6). Thus, the average crossover frequen-
cy based on recombination resulting from trans isochro-
matid exchanges was 0.29.

Physical distribution of crossovers
The physical position of the RFLP markers used to assay

recombination is known from previous studies (Gill KS
et al. 1996; Faris et a. 2000). Combined physical-genet-
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Fig. 5 Southern hybridization of probe PSR580 to Dral-digested
genomic DNA. Lane 1 CS, lane 2 Di5BLCS, lane 3 DSHBT dic
(5BCS), lane 4 Mi5BL'Tri5D; lanes 5-30 part of the i5BLrec
mapping population, all with i5BLrec but lacking 5BCS. Plants in

=

lanes 8, 24, and 27 are homozygous for the T. dicoccoides allele,
and plants in lanes 11 and 16 are homozygous for the CS-type a-
lele. All these plants resulted from a trans isochromatid exchange
(seeFig. 4)
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Fig. 6 Distribution of crossovers along the physical length of
chromosome arm 5BL. The physical map of chromosome arm
5BL showing the deletion breakpoint intervals and the restriction
fragment length polymorphism (RFLP) loci located in these inter-
vals are shown on the left. The mapping data of the i5BLecpopul a
tion showing the distribution of crossovers are given on the right.
Homozygous loci were detected by RFLP markersin 22 plants. A

triangle represents the T. dicoccoides type, a square represents the
CS type, and a circle represents a heterozygote. The C-banding
pattern of 5BL was taken from Gill BS et a. (1991). The orders of
markers on the physical map of 5BL is according to Gill KS et al.
(1996) and Faris et a. (2000). Note that most crossovers are dis-
tributed in the RFLP marker-rich region (deletion interval
0.75-0.82)s



ic mapping and haplotype analysis were used to calculate
the number of crossovers per meiosis and to determine
the physical distribution of crossovers (Fig. 6). Eighteen
plants had one crossover, three plants had two cross-
overs, and one plant (31-71) had four crossovers during
meiosis (Fig. 6). Of the 28 total recombination events
detected, 24 crossovers were in the distal 25% of the arm
(FL 0.75-1.00) and only four crossovers occurred in the
middle (38%) of the arm (FL 0.37-0.75). More than half
(16/28) of the crossovers occurred in the FL 0.75-0.82
interval and about one-third in the distal FL 0.82-1.00
interval of 5BL. Three double crossovers occurred in the
distal FL 0.75-1.00 interval. One plant (column 1 in
Fig. 6) had one double crossover in the FL 0.37-0.59 in-
terval, and one gene conversion-type recombination
event was detected by probe Xbcdl427 in the FL
0.75-0.82 interval, where the alternate allele was detect-
ed by only one marker.

Discussion

Distinction between cis and trans isochromatid
exchanges

Genetic recombination results from nonsister chromatid
exchanges at meiotic prophase. In a recombined isochro-
mosome, recombination can result either from cis or
trans isochromatid exchanges as shown in Fig. 4. Only
trans isochromatid exchanges lead to homozygousity at
some loci, whereas cis isochromatid exchanges result in
parental patterns with heterozygousity at al loci (Fig. 4).
Our combined meiotic metaphase | pairing and molecu-
lar mapping data indicate that crossover occurs preferen-
tially between cis rather than trans isochromatids. There
was an average of 0.87 chiasmata for i5BL"™c based on
metaphase | pairing data. If trans and cis isochromatid
exchanges occur at equal frequencies, as expected, half
of the chiasmata (0.44) were contributed by trans iso-
chromatid exchanges. In this case, one chiasma repre-
sents one crossover because trans isochromatid exchang-
esin i5BLre produce only recombinant gametes (Fig. 4).
Of 98 plants tested by RFLP markers in the present
study, 28 recombination events arising from trans iso-
chromatid exchanges were detected in i5BLec. The aver-
age crossover frequency based on recombination was
0.29 for i5BL'ec, which is significantly (P<0.01) less
than 0.44 crossovers estimated from chiasmata counts.
At present, it is not clear why there is a preference for cis
over trans isochromatid exchanges. Two mutually non-
exclusive possibilities can be suggested. One could be
steric hindrance that makes alignment and pairing more
difficult between trans isochromatids as they are at-
tached to different half-centromeres. The second possi-
bility could be that, in addition to steric hindrance, cen-
tromere activity promotes cis isochromatid recombina
tion.
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Physical distribution of crossovers

Both physical and genetic linkage maps of chromosome
5B have been constructed in T. aestivum (Gill KS et al.
1996; Faris et al. 2000). The data indicate that most of
the DNA markers in the long arm of 5B occupy four
distinct locations in regions between FLs 0.26-0.37,
0.55-0.59, 0.75-0.79, and 0.82-telomere. Marker-rich
regions apparently account for most of the recombina-
tion in the 5B long arm (Gill KS et al. 1996; Faris et al.
2000). Our data further reinforce these results. Of the
21 informative RFLP markers, 10 were mapped in the
physically small interval of FL 0.75-0.82, which also
accounted for more than 50% of the recombination
events. This supports the hypothesis that recombination
is mainly restricted to gene-rich regions (Schnable et al.
1996).

Singletons, where the switch in data type is only for
one marker, have been observed in molecular mapping
exercises in several crop plants (for review see Gill BS
et al. 1997) and are thought to be artifacts or arise from
novel recombination mechanisms that may involve gene-
conversion type events. We observed one definite single-
ton involving marker Xbcd1427 in the high-recombina
tion FL 0.75-0.82 interval. This particular plant had two
other recombination events in the proximal region also.
Sybenga (1996) has hypothesized that because highly di-
vergent parents were used in mapping, high heterozygos-
ity may lead to breakdown of interference and, hence,
abnormal patterns of recombination. However, as point-
ed out earlier, if recombination is restricted to genes then
high rates of recombination including singletons would
appear as chromosome regions where interference has
broken down.
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