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Abstract After two selfing generations of two different
Triticum turgidum — Aegilops ovata amphiploids carry-
ing the Phl gene, or lacking it (phlc mutant), karyotypes
of their offspring were scored by GISH (genomic in situ
hybridization). On average, the chromosome number
was lower than expected (56 chromosomes) on the
basis of the parental constitutions (T. turgidum, AABB,
2n=4x=28; Ae. ovata, MeMoUoUo°, 2n=4x=28). The lost
chromosomes belonged to the wild Aegilops species. The
two families differed greatly by their number of interge-
nomic translocations, also detected by GISH. The phlc
family showed nine translocations over 12 plants while
only one translocation was observed in the Phl family.
All exchanges involved either the M© and U° chromo-
somes or the M° and wheat chromosomes, the size of the
exchanged segment ranging from 3% to 36% of the total
chromosome length. The results suggest an epistatic
effect of the phlc deletion over the genetic diploidizing
system that operatesin Ae. ovata since translocated chro-
mosomes are most-likely derived from homoeologous
recombination. The potential of these results for wheat
breeding programmes is also considered.
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Introduction

The use of interspecific hybridization is of primary im-
portance in plant breeding in order to transfer genes of
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particular agronomic interest from wild species into
domesticated crops. The success of such introgression
programmes is entirely dependent on, first, the ability to
obtain fertile hybrids and, then, the occurrence of inter-
genomic recombination between the chromosomes of
wild and cultivated species. Duplication of interspecific
hybrids (which can be spontaneous) leads to amphiploids
with two complete sets of homologous chromosomes.
While hybrids are often sterile because of the unbalanced
segregation of homoeologues, amphiploids possess a
relatively good level of fertility since homologous chro-
mosomes can pair in aregular meiosis. Therefore, it can
be expected that amphiploids remain stable in their chro-
mosome number and structure after several generations
of selfing, and thus are a suitable intermediate material
for the further development of distinct introgression pro-
grammes with different breeding purposes (e.g. Simon-
enko et al. 1998). Nevertheless, the chromosomal stabili-
ty of newly synthesised amphiploids can be questioned
since rapid genomic changes at the molecular level, such
as elimination or modification of certain DNA sequences
from one of the constituent genomes in early selfing
generations, have been documented in a number of
cases (Song et a. 1995; Feldman et al. 1997; Liu et al.
19984, b).

The diploid-like meiotic behaviour of wheat is
ensured by the Ph-pairing homoeologous multigenic
system (for a review see Sears 1976), which includes
the major-effect Phl locus localised on the long arm of
chromosome 5B (Riley and Chapman 1958; Sears and
Okamoto 1958). Some studies suggest that Phl could act
during interphase by controlling the pre-meiotic align-
ment of homologous and homoeologous chromosomes
and spatially separating the genomes, leading to exclu-
sive homologous pairing (Feldman 1993; Vega and
Feldman 1998), while other studies point out that Phl
acts at meiotic prophase by affecting the stringency of
crossing-over which is thus confined to homologous
chromosomes (Holm and Wang 1988; Dubcovsky et al.
1995; Luo et al. 1996). Mikhailova et al. (1998) have
proposed that these apparently contradictory functions,
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as well as the altered centromeric structure shown in
phlb material (Aragon-Alcaide et al. 1997), are actually
the pleiotropic consequences of some primary effect of
Phl on chromosome condensation and organization.
Concerning allotetraploid Aegilops species, the mecha-
nisms controlling meiotic chromosome pairing have
been proposed to act on initial synapsis, leading to the
achievement of exclusive bivalent formation at zygotene
of prophase-l (Cufiado et al. 1996). In wheat, the loss of
the Phl locus because of a deletion in the 5BL chromo-
some arm, namely mutation phlb for hexaploid wheat
(Sears 1977) and phlc for tetraploid wheat (Giorgi
1978), induces homoeol ogous recombination. These mu-
tants have been widely exploited for breeding purposes
because they allow the wheat chromosomes to pair with
homoeologues from wild related species in monosomic
hybrids and/or aneuploid backcrosses (see Jauhar and
Chibbar 1999, and references therein).

This paper deals with the early genomic evolution of
Triticum turgidum ssp. durum - Aegilops ovata amphi-
ploids. Ae. ovata is widespread around the Mediterra-
nean Basin and can spontaneously cross with durum
wheat. Moreover, it represents a reservoir of interesting
genes for breeding wheat in the western part of Europe
involving agronomic traits related to disease and abiotic
stress resistances (e.g. Rekika et al. 1997). Ae. ovata
is considered to be an allotetraploid of Aegilops umbel-
lulata and Aegilops comosa with modified U and M
genomes (Kimber et a. 1988). Thus wheat and Ae. ovata
constitute a model of interest to study the evolution of
amphiploids and, in particular, to exploit their properties
in introgression programmes for wheat breeding. The
aim of the present study was to compare the karyotypical
constitution of the descendants of two T. turgidum ssp.
durum — Ae. ovata amphiploids which differ from each
other by the presence either of the active Phl gene or of
the phlc mutation after two selfing generations. We have
used genomic in situ hybridization (GISH) to examine
the chromosomal composition for each of the constituent
genomes, and to characterise the number, genomic origin
and length of the intergenomic transl ocations which have
eventually occurred.

Material and methods

Plant material

Two T. turgidum ssp. durumxAe. ovata hybrids (2n=28; genome
constitution ABU°M?©) obtained in 1995 gave rise to two amphi-
ploids (2n=56) in 1996 either by spontaneous doubling (P21) or
by colchicine treatment (C45). Primadur, a french commercial
cultivar homozygous Ph1l/Phl, was the wheat parent of P21,
the mutant line Creso philc/phlc (kindly provided by J. Jahier,
INRA, Rennes) was the wheat parent of C45. The corresponding
Aegilops parents were two different accessions both of Moroccan
origin. The original amphiploids were selfed, S; grains were
bulked and nine P21 and 12 C45 individuals of the second
generation of selfing have been cytologically examined in this
study.

For GISH on the parental Aegilops species (see Results sec-
tion) a Bulgarian accession of Ae. ovata was used.

Preparation of cells

Plants were grown in the glasshouse and pots were laid on sand to
alow good draining. Once roots were out of the pot, they were cut
off between 1 and 2.30 p.m. (solar zenith) and immediately placed
in melting ice until the following morning to synchronise cell divi-
sions. Tips were then fixed in ethanol:acetic acid (3:1) and stored
at 4°C for 24 months. Then root tips were heated in 1% acetic
carmine and squashed in 45% acetic acid. Slides were stored at
4°C prior to genomic in situ hybridization.

DNA extraction, probe labelling and GISH

U, M and AB genomic DNAs were isolated from young leaves of
Ae. umbellulata (2n=2x=14, genome constitution UU), Ae. comosa
(2n=2x=14, genome constitution MM) and T. turgidum ssp. durum
cv. Langdon (2n=4x=28, genome constitution AABB), respective-
ly, following standard protocols. Then U- and M-genome DNAsS
were mechanically sheared into 10-12-kbp pieces and labelled
with digoxigenin-11-dUTP (Ugg, and Mg, probes) or biotin-
16-dUTP (U, and My;, probes) by nick translation (Boehringer
Mannheim).

Hybridization mixtures contained differentially labelled Ae.
umbellulata and Ae. comosa (Uq, and My, or Uy, and Mgq0) ge-
nomic probes, to a final concentration of 8 ng/pl each. Uniabelled
sonicated durum wheat genomic DNA (60-fold in excess of the
labelled probe concentration) was also added in order to block
the DNA sequences common to the A and B genomes. The GISH
protocol was as described in Sanchez-Moran et al. (1999).

Immunological detection and visualisation

Digoxigenin-labelled probes were revealed with 5 ng/ul of goat
anti-digoxigenin antibody conjugated with fluorescein isothiocy-
anate (FITC, Boehringer Mannheim) whereas biotinylated probes
were detected with 5 ng/ul of avidin conjugated with Cy3 dye
(Amersham). Slides were screened using an Axiophot epifluores-
cent microscope (Zeiss) equipped with different sets of filters and
photographed with Kodak Ektachrome film ASA/ISO 400. The
films were scanned and processed for brightness before printing.

Phenotypical study of S, individuals

After 8 weeks of vernalization (4°C, 12 h-day-! light), young
plantlets were grown in 3-I pots in a glasshouse (16°C/25°C,
16 h-day-1 light). The plant height was noted on the tallest tiller.
The number of spikes per plant as well as their spikelet number
were recorded. Fertility was computed as the number of kernels
per spikelet which was recorded only on bagged spikes (3-5 per
plant). The two families (P21 and C45) were compared for their
variance (F-test) and their average (Student t-test with a different
variance).

Results

Hybridization mixtures containing differentially labelled
Ae. umbellulata and Ae. comosa DNA probes and unla-
belled durum wheat genomic DNA allowed identifica-
tion of U°, M° and AB chromatin in mitotic cells of P21
(Ph1/Phl) and C45 (phlc/phlc) S, plants (Fig. 1). As
shown in Table 1, chromosomes were lost in both Phl
and phlc families. In P21 the chromosome number was
between 53 and 55, while in C45 the range was 54-56.
Chromosome elimination seemed not to be random but
genome-dependent. Thus, only two out of the 21 plants
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Fig. la—e GISH identification of U°, M° and wheat (w) parental
genomes in mitotic cells (a, €) and intergenomic exchanges (b—d)
from T. turgidum —Ae. ovata amphiploid descendants. The hybrid-
ization mix contained Uy, and My, (&, b, €) or Uy, and Mg,
(c, d) genomic-DNA labelled probes and unlabelled durum wheat
genomic DNA. a Mitotic metaphase of individual C45#5 (2n=55).
Asterisks indicate U° NOR chromosomes with unlabelled satel-
lited chromatin (see text). b Wheat/Mo translocation in individual
C45#2. ¢ Uo/Mo translocation in individua C45#4. d Mo/wheat
translocation in individual C45#3. e Partial mitotic metaphase
illustrating biotinylated (M©) and unlabelled (w) partners with con-
spicuous FITC dot signals

(9.5%) counted less than 28 wheat chromosomes where-
as 17 plants (81%) showed an incomplete Ae. ovata
chromosome complement. Comparison between the U°
and Mo genomes revealed no differences in C45 descen-
dants, while a greater loos of M°-genome chromosomes
was observed in P21 (13.9 U° vs 12.3 M° chromosomes
per plant; Student test t=5.96, df=11, P<0.001). Thisin-
dicates that, on average, P21 had less chromosomes than
C45 (54.2 vs 55.2; Student test t=3.4, df=16, P<0.05).
The reason for such a genotype-dependent selective
elimination of M° chromosomes will be considered later.

GISH revealed several intergenomic translocations
(Fig. 1b—d). The frequency of chromosomal exchanges
was remarkably different between the two progenies ex-
amined (Table 1). Thus, only one out of the nine P21
plants showed a small translocation whereas nine trans-
located chromosomes were found in the 12 C45 plants
examined (0.11 and 0.75 exchange events per plant, re-
spectively). According to their size and genomic struc-
ture, all exchanges seemed to be different from each oth-
er. Six of them had occurred between the two genomes
of Ae. ovata, the remaining four involving wheat and M°
genomes. No wheat-U° translocation was detected in the
sample examined. All exchanges were terminal and none

was in a homozygous state. Estimations on the length of
the exchanged segments relative to the total length of the
transdocated chromosome, based on measurements of
6-8 mitotic figures, have been included in Table 1. Most
translocations did not exceed 15% of the total chromo-
some length. There did not seem to be any relation be-
tween the relative size of the exchanged segment and the
genomic origin of the chromosomes involved. Hence,
one of the two large exchanges, representing more than
30% of the translocated chromosome, involved wheat
and M° genomes whereas the two Ae. ovata genomes
were involved in the other one.

Either with digoxigenin-labelled U (Uq,) and biotin-
labelled M (My,;,) genomic probes or W|th the opposite
combination of labelled probes (Uy,, and Mgig,), small
green-yellow fluorescein signals were observed on sev-
eral biotinylated and unlabelled chromosomes in some
experiments (Fig. 1€). Whereas on wheat unlabelled
chromosomes these dots were quite abundant and mainly
pericentromeric, on Ae. ovata chromosomes they also
appeared at interstitial and telomeric locations. Such pat-
terns resembled the heterochromatin distribution report-
ed in the wheat B genome (Gill et al. 1991) and in Ae.
ovata (Friebe et al. 1999), respectively. It is likely that
these signals reveal hybridization sites of Ae. umbellul-
ata or Ae. comosa repeated DNA sequences present in
both the Ae. ovata genomes as well as in wheat. This is
why the observation of such fluorescein dots was not
considered in the scoring of translocations.

In some cells of P21 and C45 individuals, the chro-
matin beyond the secondary constriction of the nucleolus
organiser region (NOR)-chromosomes 1U and 5U
either appeared less intensely labelled or was even visu-
alised as the wheat unlabelled chromatin (Fig. 1a). This
observation was particularly remarkable in cells with
long chromosomes and when the U°-genome chromatin
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Table1 Chromosomal constitution of the descendants of the two amphiploids examined

Amphiploid Individuals 2n uo Mo Wheat Translocations?
P21
(Ph1 family) 1,9 55 14 13 28
2,4,5,8 54 14 12 28
3 53 14 11 28
6 54 13 13 28
7 55 14 13 28 Mo/Uo (L, 5%)
C45
(ph1c family) 1 55 14 13 28 Mo/Uo (L, 3%)
2 56 13 14 29p Wheat/Me (L, 36%)
3 55 13 14 28 Mo/wheat (L, 12%)
4 56 14 14 28 Uo/Mo (L, 31%) Mo/wheat (L, 11%)
5,9 55 13 14 28
6 55 14 13 28 Uo/Mo (L, 3%) Mo/Uo (L, 4%)
7 56 14 14 28 Mo/wheat (L, 5%)
8 55 14 13 28
10 55 13 14 28 Uo/Mo (S, 7%)
11 54 14 14 26
12 55 14 14 27

a The centromeric genome is noted first. The chromosome arm
affected (L: long arm; S: short arm) and the relative size of the
exchanged segment are in brackets

b Including the wheat/M° translocated chromosome

Table 2 Morphological de-

scription of the Phl and phic Trait Plant height Number of Spikelets/ Kernels/
amphiploid descendants (cm) spikes spike spikelets
P21 (Ph1)
Mean (n=15) 56.5 12.3 6.13 1.73
SE 45 3.6 0.39 0.22
C45 (phlc)
Mean (n=19) 55.8 219 5.80 0.29
SE 9.1 59 0.32 0.22
aThe Student test and the
F-test give the P values for the hPA\églnueSa 0.80 3.10-6 0.013 3.10-19
null hypothesis of equality in SE 4103 0.03 0.22 017
mean and variance i i i
was detected by means of FITC. To determine whether  piscussion

this pattern of hybridization corresponded to U%wheat
translocations, we hybridized root cells of Ae. ovata with
amix containing Ugq, and My, probes as well as durum
wheat blocking-DNA. It was then noted that the U° NOR
chromosomes in Ae. ovata also showed the |abelling pat-
tern occasionally found in the amphiploids P21 and C45.
Whatever the molecular or technical reason for such a
special GISH behaviour of the U°-genome satellited
chromatin, none of these differentially labelled U° NOR
chromosomes was taken as evidence of a U%/wheat chro-
mosomal exchange.

The phenotypic analysis reveaed that the two fami-
lies significantly differed by a number of morphological
traits, except for height (Table 2). This was surely due to
genetic differences between the parents of the two proge-
nies. But, the phlc alele could be directly responsible
for the lower fertility level observed in C45 (0.29 kernels
per spikelet in C45 vs 1.73 in P21). The variances be-
tween plants within each family also differed, C45 seem-
ing to be more variable than P21. This trend was appar-
ent for plant height and the number of spikes per plant.

Genomic changes in early generations after chromosome
doubling have been reported in newly synthesized
amphiploids of Triticum (Feldman et al. 1997) and Bras-
sica (Song et al. (1995). The former authors found non-
random elimination of certain DNA sequences at the S;
generation which could not be related to chromosome
loss as deduced from RFLP pattern analysis, although no
karyological analysis was attempted. In the present study
we have cytologically demonstrated chromosomal insta-
bility in S, plants which seems to affect mainly the Ae.
ovata chromosomes. In both P21 and C45 amphiploids
the female parent was T. turgidum which suggests the
possibility of a cytoplasmic influence on chromosome
loss. Nuclear-cytoplasmic interaction resulting in greater
genomic changes of the paternally donated nuclear ge-
nome has been documented in Brassica reciprocal syn-
thetic amphiploids (Song et al. 1995). However, Liu
et a. (1998b) could not find differences between T. aes-
tivum — Ae. longissima reciprocal amphiploids. As T. tur-
gidum — Ae. ovata amphiploids on ovata cytoplasm are



not yet available this question remains open to further
investigation.

Within the Phl family, M°-genome chromosomes
have been lost at a higher rate than U° chromosomes. In
fact, none of the P21 individuals examined counted for
the expected number of 14 Mo-genome chromosomes
(Table 1). Xu and Dong (1992) reported meiotic abnor-
malities in Triticum x Aegilops hybrids leading to unbal-
anced unreduced gametes which could result in aneu-
ploid amphiploid descendants. Therefore, it cannot be
excluded that one chromosome belonging to the M ge-
nome was lost during the spontaneous doubling process
which produced the initial P21 seed.

Song et al. (1995) had suggested that intergenomic
recombination could be a major factor contributing to
genome change in newly synthetic allopolyploids. How-
ever, Feldman and coworkers (Liu et a. 1998ab) re-
jected this possibility since they found a similar variation
ratio between T. aestivum — Ae. kotschyi amphiploids
carrying and lacking the wheat homoeologous pairing-
control gene Phl. Their results are in major disagree-
ment with those presented here, where the frequency of
intergenomic translocations is remarkably different in
both amphiploid offspring (Table 1) and a trend towards
higher variation for morphological traits has been de-
tected within the phlc family (Table 2). Furthermore, the
low fertility level of C45 amphiploids is surely due to
meiotic irregularities either directly induced by the phlc
mutation or as a consequence of their level of chromo-
somal rearrangement. Song et al. (1995) and Liu et al.
(19983, b) inferred genomic changes occurring during
the earlier evolution of amphiploids from a comparison
of RFLP patterns between S; progenies and the corre-
sponding parental species. The cytological approach fol-
lowed in our study provides very confident information
on gross genome changes, i.e. chromosome elimination
or intergenomic exchanges. Molecular markers such as
RFLPs are undoubtedly more accurate for monitoring
genome variations at the DNA sequence level but they
are restricted to cover only a small fraction of the ge-
nomic content and, at least to some extent, this could ac-
count for the discrepancies noted here with the Triticum
— Aegilops amphiploids examined by Feldman and co-
workers. Cytological analysis should be routinely carried
out to complement and contrast results obtained by mo-
lecular approaches on the genomic evolution of complex
genetic structures such as amphiploids.

By C-banding Fernandez-Calvin and Orellana (1992)
analyzed homoeologous meiotic pairing at metaphase-|
(M1) in T. aestivum x Ae. ovata hybrids (2n=35, genome
constitution ABDU°M©) carrying the phlb mutation.
These authors distinguished neither A- from D-, nor
Uo- from Mo-genome chromosomes, but were able to de-
tect differential M1 pairing affinities among the genomes
in competition. They found that M1 homoeologous pair-
ing between both Ae. ovata genomes was slightly lower
than that between the A and D wheat genomes. The
least-frequent types of M1 association were those involv-
ing B-genome chromosomes, i.e. A or D with B and U°
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or Mo with B. Homoeol ogous pairing-results in the phlb
hybrids support the conclusion that translocated chromo-
somes in the phlc amphiploids arose from homoeolog-
ous recombination and that A-genome chromosomes are
more-frequently involved in wheat-M° exchanges (e.g.
Fig. 1b, d) than B-genome homoeologues. The absence
of Uo-wheat transocations suggests that U° chromo-
somes paired rarely with wheat chromosomes or that this
type of combination was lethal for the gametes or the zy-
gotes. On this point, it must be noted that the genomes of
wheat and Ae. umbellulata differ by a minimum of 11
chromosomal rearrangements (reciprocal translocations
and inversions) which affect al the seven groups of
homoeology (Zhang et al. 1998) and that structura dif-
ferences hinder homoeologous pairing between chromo-
somes of wheat and related species (see Maestra and
Naranjo 2000, and references therein). If chromosomal
modifications are maintained in the U° genome of Ae.
ovata from its diploid ancestor, such a high degree of
structural differentiation could account for the lack of re-
combinants involving wheat and U° genomes in the
amphiploid.

The analysis of synaptonemal complex formation by
means of spreading techniques reveals striking differ-
ences in the synaptic behaviour between tetraploid wheat
and allotetraploid Aegilops species, including Ae. ovata.
In durum wheat carrying the Phl gene, multivalents
are quite frequent at zygotene but are corrected to biva-
lents prior to chiasma formation at the pachytene stage
(Martinez et al. 2000), whereas almost exclusive bivalent
formation is achieved in Aegilops early at the zygotene
stage (Cufiado et al. 1996). Our results provide further
information on the interaction between the genetic sys-
tems controlling the diploid-like meiotic behaviour of
these two allotetraploid species. The observation of
tranglocations in C45 amphiploids (phlc/phlc) confirms
that the diploidization mechanism of Ae. ovata cannot
functionally replace that of wheat (McGuire and Dvorak
1982), and that removing Phl alows homoeologous
pairing and recombination to take place not only in
hybrids but also when complete homologous pairing is
possible, as in amphiploids. Furthermore, the consider-
able number of Mo-Upo translocations found in the phlc
family provides evidence that the mechanism that
ensures a diploid-like behaviour in Ae. ovata by imped-
ing meiotic pairing between its two constituent genomes
is not efficient when in a ph mutant background. Such an
epistatic effect could give some clue to deciphering the
mode and timing of action of Phl.

A final comment can be made on the breeding poten-
tial of the findings reported here. If selfing an initial
amphiploid for successive generations leads to chromo-
somal elimination (and translocations, if phl mutant
lines are used as parents), an original way of using
amphiploids before backcrossing onto the crop species
could be to increase the number of generations after the
origina doubling event in order to create highly out-
crossing populations from variants of the amphiploid,
thus obtaining many different translocated or substituted
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lines. To settle such an introgressive strategy, there is a
need to quantify the rate of interspecific exchanges ac-
cording to the dynamics of the chromosome composition
as well as to characterise the translocations events in
terms of length and frequencies, in addition to the specif-
ic genomes and chromosomes involved. Technical limi-
tations of GISH, such as those described above in terms
of the discrimination of small-sized exchanges or artifac-
tual labelling of specific chromatin regions, have to be
kept in mind for accurate interpretation of the results but
do not invalidate the great advantages of molecular cyto-
genetic tools for the genomic characterization of amphi-
ploids and complex derivatives.
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