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Abstract

The morphological, yield, cytological and molecular characteristics of bread wheat X tritordeum F; hybrids (2n = 6x = 42;
AABBDH®) and their parents were analysed. Morphologically, these hybrids resembled the wheat parent. They were slightly
bigger than both parents, had more spikelets per spike, and tillered more profusely. The hybrids are self-fertile but a reduction
of average values of yield parameters was observed. For the cytological approach we used a double-target fluorescence in
situ hybridization performed with total genomic DNA from Hordeum chilense L. and the ribosomal sequence pTa71. This
technique allowed us to confirm the hybrid nature and to analyse chromosome pairing in this material. Our results showed
that the expected complete homologous pairing (14 bivalents plus 14 univalents) was only observed in 9.59% of the pollen
mother cells (PMCs) analysed. Some PMCs presented autosyndetic pairing of H" and A, B or D chromosomes. The average
number of univalents was higher in the wheat genome (6.8) than in the H" genome (5.4). The maximum number of univalents
per PMC was 20. We only observed wheat multivalents (one per PMC) but the frequency of trivalents (0.08) was higher than
that of quadrivalents (0.058). We amplified 50 RAPD bands polymorphic between the F, hybrid and one of its parents,
and 31 ISSR polymorphic bands. Both sets of markers proved to be reliable for DNA fingerprinting. The complementary
use of morphological and yield analysis, molecular cytogenetic techniques and molecular markers allowed a more accurate
evaluation and characterization of the hybrids analysed here.

[Lima-Brito J., Carvalho A., Martin A., Heslop-Harrison J. S. and Guedes-Pinto H. 2006 Morphological, yield, cytological and molecular

characterization of a breed wheat X tritorderm F hybrid. J. Genet. 85, 123-131]

Introduction

Interspecific hybridization has been used by plant breeders in
order to interchange genetic material between different plant
species or to produce new species (see Gupta and Priyadar-
shan 1982; Fedak 1992; Martin et al. 1999). In the tribe
Triticeae of family Poaceae, different hybrid combinations
of Triticum, Hordeum and Secale have been produced (Lima-
Brito et al. 1996; Martin et al. 1996). These materials could
be interesting as starting material for the production of ad-
dition and/or substitution lines, widening the genetic basis
of crops, and allowing the study of the interaction between

*For correspondence. E-mail: jbrito@utad.pt.

different genomes in the same cytoplasmic background.
However, most of the interspecific hybrids are sterile, re-
stricting their direct use in plant breeding programmes. Usu-
ally, this sterility is correlated with irregular meiotic be-
haviour owing to the absence of chromosome pairing during
metaphase (Anamthawat-Jonsson and Bodvarsdéttir 1998).
Characterization and identification of true hybrids at an
early stage is mandatory in studies involving interspecific
hybridization. Morphological and cytological analyses are
used to ascertain hybridity in many crop species, includ-
ing Triticeae (Fernandez-Escobar and Martin 1985; Lima-
Brito et al. 1996). While the sensitivity of morphological
markers to environmental and developmental variations lim-
its their applicability, molecular markers can be profitably
utilized to screen and identify true hybrids at an early stage.

Keywords. bread wheat X tritordeum hybrid; chromosome pairing; in situ hybridization; ISSR; morphology; RAPD.
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Fluorescence in situ hybridization using both repetitive DNA
sequences and total genomic DNA as probes is a valu-
able method for identifying genomes or alien and recombi-
nant chromosomes (Schwarzacher et al. 1992; Anamthawat-
Jonsson and Heslop-Harrison 1993) and to discriminate the
parental origin of all chromosomes in multigeneric hybrids
(Lima-Brito et al. 1996, 1997).

In the last few decades, new DNA molecular markers,
based on the PCR technique, such as random amplified poly-
morphic DNA (RAPD; Williams et al. 1990; Welsh and Mc-
Clelland 1990) and inter simple sequence repeats (ISSRs;
Zietkiewicz et al. 1994), among others, have become excel-
lent tools for plant breeders (Herndndez and Martin 2003).
When there is insufficient information about the genome se-
quence of a wild species, or there are economic constraints,
one of the most adequate marker systems is RAPD amplifica-
tion (Herndndez and Martin 2003). This technique gives fast
results but also has limitations, such as dependence on the
genetic background, low reproducibility, and level of poly-
morphism obtained (Zietkiewicz et al. 1994; Godwin et al.
1997, Fernandez et al. 2002).

In contrast to RAPD amplification, the ISSR markers are
more feasible and reproducible (Godwin et al. 1997), and
the distribution of ISSRs in the eukaryotic genome makes
them highly informative (Tautz and Renz 1984). They are
also highly polymorphic and their use is cost effective, re-
quiring no prior information of the sequence (Bornet et al.
2002). In cereals, ISSR markers have been used to study ge-
netic diversity and phylogenetic relationships (Kantety et al.
1995; Nagaoka and Ogihara 1997; Pejic et al. 1998; Blair
et al. 1999; Joshi et al. 2000; Qian et al. 2001; Matos et al.
2001; Fernandez et al. 2002), for gene mapping (Kojima et
al. 1998), for gene tagging in molecular assisted selection
(Akagi et al. 1996; Kaushik et al. 2003), and for DNA fin-
gerprinting (Carvalho et al. 2005).

The Hordeum chilense x wheat amphiploid, named tri-
tordeum (2n = 6x = 42; AABBH"H"), is one of the ba-
sic materials for the genetic breeding of wheat through in-
terspecific crosses, since it contains the genetic variability
of H. chilense (Martin et al. 1996). In this study, we eval-
uate the morphological and yield characters and analyse the
meiotic behaviour of the F| hybrid between the Portuguese
bread wheat (Barbela) and tritordeum. We also characterize
these F; hybrids using RAPD and ISSR markers, and com-
pare them to the parental lines.

Materials and methods

Plant material and chromosome preparations

The F; hybrids of bread wheat (female parent) X tritordeum
(male parent) 2n = 6x = 42; AABBDH) were pro-
duced at the University of Tras-os-Montes and Alto Douro
(UTAD) after crossing the Portuguese bread wheat ‘Bar-
bela’ 2n = 6x = 42; AABBDD), selected at UTAD,
Portugal, with the tritordeum advanced line HT9 (2n =

6x = 42; AABBH"H"), selected at Instituto de Agricultura
Sostenible (CSIC), Spain. For preparing meiotic chromo-
some spreads, anthers containing pollen mother cells (PMCs)
at metaphase I previously fixed in ethanol: acetic acid (3:1)
were used. A total of 105 PMCs were analysed.

Morphological characterization

The following morphological and yield characters were eval-
uated for 15 F; hybrid plants at maturity stage: length of
main culm, spike length, number of spikelets, number of
seeds, number of seeds per spikelet, and weight of seeds of
the main spike. The tiller number was also scored. The val-
ues given are averages for the plants analysed.

The statistical analyses of the data were made by using
the StatView program. The F values significance, due to
the different effects and their interaction, was established for
probabilities higher than 5% (P > 0.05), between 1% and
5% (P < 0.05), between 0.1% and 1% (P < 0.01), and lower
than 0.1% (P < 0.001).

Probe preparation and fluorescence in situ hybridization

For in situ hybridization, we followed the methods de-
scribed by Fernandez-Calvin et al. (1995) and Lima-Brito
et al. (1996). Chromosome pairing analysis was done af-
ter in situ hybridization performed with total genomic DNA
from H. chilense and the ribosomal sequence pTa7l, a 9-
kb EcoRI fragment isolated from Triticum aestivum L. em.
Thell (Gerlach and Bedbrook 1979). Both were labelled by
nick translation with biotin-16-dUTP and digoxigenin-11-
dUTP (Roche, Basel, Switzerland), respectively, and used as
probes. Unlabelled total genomic DNA from bread wheat
‘Chinese Spring’ was sheared by autoclaving for use as
DNA blocker. The antibodies used for probe detection were
sheep anti-digoxigenin conjugated to rhodamine (Roche)
and avidin-D conjugated with fluorescein (FITC; Vector,
Burlingham, USA). Slides were mounted with Vecta Shield
with DAPI (4’, 6’-diamidino-2-phenylindole; Vector) and ob-
served on a Zeiss Axioplan 2 epifluorescence microscope
equipped with appropriate light filters. The images were cap-
tured by an AxionCAM (Zeiss, Gottingen, Germany) with
AxionVision software and prepared for printing with Adobe
Photoshop.

RAPD and ISSR amplification

Total genomic DNA from the F; hybrid and its parents
was extracted from young leaves with the DNA extrac-
tion kit NucleoSpin Plant (Macherey-Nagel, Diiren, Ger-
many). The RAPD amplification reactions were carried out
in 50l containing 20 ng/ul of template DNA, 10x buffer
(NH4),SOy; Fermentas, St. Leon-Rot, Germany), 2.5 mM
MgCl, (Fermentas), 2.5 mM dNTPs, 0.25uM primer and
0.025 U Taqg DNA polymerase (Fermentas). A total of twenty
10-mer oligonucleotides from set E (Operon Technologies,
Alameda, USA) were tested. The RAPD amplifications oc-
curred under the following conditions: an initial denaturation
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step at 94°C for 6 min and 40 cycles at 94°C for 1 min, 36°C
for 1 min and 72°C for 2 min; the final elongation step was at
72°C for 6 min.

The ISSR amplification reactions were carried out in
20ul containing 20 ng/ul of template DNA, 5uM primer,
104 of Tag-PCR master mix (Qiagen, Hilden, Germany)
and 8 ul of ultra-pure distilled water (Qiagen). Twenty ISSR
primers from the set 100/9 (University of British Columbia,
Vancouver, Canada) were tested. For ISSR amplifications
we used the following conditions: an initial denaturation step
of 94°C for 5 min, followed by 45 cycles of denaturation at
94°C for 30 s, a primer annealing step at 52°C for 45 s, and an
extension at 72°C for 2 min; then a final extension was car-
ried out at 72°C for 5 min. Both RAPD and ISSR amplifica-
tion reactions were carried out on a Biometra Thermocycler
UNOII, and each reaction was repeated twice.

Amplification products were analysed on 1.5% agarose
gels. The gels were stained with ethidium bromide, and then
photographed with 667 Polaroid films under UV light and
scored for presence/absence of polymorphic bands. Each
amplification product (band) was considered an RAPD or
ISSR marker, and only reproducible bands were considered
for the presence (1) / absence (0) analysis.

Results

Morphological and yield characterization

Table 1 summarizes the average and range values scored for
the different morphological and yield characters in the F hy-
brids from the ‘Barbela’ x HT9 cross, and their parents. The
F hybrids showed an average value of main culm length very
similar to but slightly higher than that observed in wheat and

tritordeum parents (table 1). Our data revealed that the hy-
brids tillered profusely, presenting an average value of sec-
ondary culms higher than that observed in its parents (ta-
ble 1). The spike morphology of the F; hybrids was wheat-
like (figure 1,a). The average main spike length was also
significantly higher than that of both parents. Spikelet num-
ber in the main spike was significantly higher than that of the
female parent. The F; hybrid spikelets (figure 1,b) and seeds
(figure 1,c) had a wheat-like morphology. In the yield char-
acters, namely number of seeds, number of seeds per spikelet
and weight of seeds of main spike of the hybrids, the hybrids
had significantly lower values compared to both parents.

Chromosome pairing analysis

We analysed 105 PMCs of the hybrid at metaphase I after
fluorescence in situ hybridization performed with genomic
DNA from H. chilense and the rDNA sequence pTa71, simul-
taneously, as probes (figure 2). This technique allowed dis-
crimination of the parental genomes, identification of seven
rDNA loci (chromosome pairs 1B and 6B, chromosomes 5D,
5H and 6H), and analysis of the meiotic behaviour of the
parental genomes separately (figure 2; table 2).

Only 9.59% of the PMCs presented complete homol-
ogous chromosome pairing: 14 bivalents (AABB) and 14
univalents (seven from D genome and seven from H!
genome). The total average number of bivalents was
higher than 14, and some PMCs presented an average
number of univalents higher than expected (figure 2,a; ta-
ble 2). This high frequency of univalents at metaphase I
induced secondary arm-to-arm chromosome associations of
two types: wheat-H" (figure 2,b) and H"~H" (not shown).

Figure 1. Morphological comparison of the F; hybrid AABBH and the parent species: (a) spikes
from bread wheat ‘Barbela’ (left), F; ‘Barbela’ x HT9 hybrid (centre), and tritordeum HT9 line (right);
(b) spikelets, in the same order; (c) seeds, in the same order.
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Figure 2. PMCs at metaphase I of F; ‘Barbela’ x HT9 (2n = 6x = 42; AABBDH®") after counter-
staining with DAPI and fluorescence in sifu hybridization presenting: (a) 20 univalents (seven from H.
chilense in green and 13 from wheat in blue); (b) a closed wheat quadrivalent (arrow) and a wheat —
H. chilense secondary chromosome association. In both PMCs seven rDNA loci (red) were detected by

pTa71 probe.

A small number of wheat multivalents (figure 2,b) were de-
tected, but never exceeded one per PMC (table 2). The least
average values of chiasmata per PMC (1.5) and percentage of
chromosome arm associations (35.17) were observed in the
H" genome (table 2).

RAPD and ISSR analysis

The total number of amplified bands, number of polymor-
phic bands, percentage of polymorphism and number of ex-
clusive bands obtained per each RAPD and ISSR primer are
shown in table 3. Among the 20 RAPD primers tested, only
11 produced bands polymorphic between the F; hybrid and
one parent (table 3). An average of 10.8 bands per primer
were amplified (ranging from 400 to 3000 bp) and 41.2%
were polymorphic (table 3). The oligonucleotide ES pre-
sented the highest percentage of RAPD polymorphism (fig-
ure 3; table 3). All oligonucleotides, except E15, presented
RAPD polymorphic bands specific for the F; hybrid and for
the female parent ‘Barbela’ (table 3). Nine oligonucleotides
amplified a total number of 16 exclusive polymorphic bands,
ranging from 400 to 3000 bp, in the F hybrid and one of its
parents (table 3).

Among the tested ISSR primers, only six amplified poly-
morphic ISSR loci (table 3). An average number of 6.5 bands
per primer were amplified (ranging from 1750 to 450 bp) and
the mean percentage of ISSR polymorphism was 81.51% (ta-
ble 3). The oligonucleotide 856 amplified the highest num-
ber of ISSR loci but it was primer 825 that gave the highest
percentage of polymorphism (table 3). Most of the polymor-
phic ISSR bands amplified were common and specific to the
F; hybrid and the male parent (table 3). All the polymor-
phic ISSR loci amplified by the oligonucleotides 825 and 888
were common and specific to the F; hybrid and the male par-

ent (table 3). Also, all the polymorphic ISSR exclusive bands
(ranging from 1450 to 450 bp) were specific to the F | hybrid
and the male parent.

Figure 3. RAPD (left) and ISSR (right) amplification products from
the F; ‘Barbela’ X HT9 hybrid and its parents, visualized on 1.5%
agarose gel stained with ethidium bromide. M, Molecular weight
marker Gene Ruler 100 bp Plus (Fermentas).

Discussion

Alloploidy, the result of fusion of two species through inter-
specific hybridization, followed by chromosome doubling,
has been considered a successful and revolutionary mecha-
nism of plant evolution (Ozkan et al. 2001). This process
could induce genetic effects like structural heterosis, which
can result in bigger size and wide adaptation of the result-
ing polyploid species (Ferndndez-Escobar and Martin 1985;
Stoinova 1994; Martin et al. 1999).

In the F; hybrid of ‘Barbela’ x HT9 analysed here, the
average values of the morphological characters were higher
than those of their parents, and there were statistically sig-
nificant differences among them (table 1), confirming the
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Table 3. RAPD and ISSR markers in ‘Barbela’ x HT9 F; hybrid and the parents.

P

Marker type Primer 5" — 3’ N U F% F& Total %P NEB
RAPDs E3 CCAGATGCAC 12 7 4 1 5 41.66 1
E4 GTGACATGCC 9 8 1 0 1 11.11 2

E5 TCAGGGAGGT 10 2 8 0 8 80 1

E6 AAGACCCCTC 11 4 6 1 7 63.63 3

E7 AGATGCAGCC 15 11 3 1 4 26.66 1

E11 GAGTCTCAGG 13 6 6 1 7 53.85 1

E12 TTATCGCCCC 10 5 5 0 5 50 1

E14 TGCGGCTGAG 14 9 4 1 5 35.71 4

E15 ACGCACAACC 6 5 0 1 1 16.66 0

E18 GGACTGCAGA 11 7 3 1 4 36.36 2

E20 AACGGTGACC 8 5 2 1 3 37.5 0

Total 119 69 42 8 50 M =41.20 16

ISSRs 825 (AC)sT 7 1 0 6 6 85.71 3
827 (AC)sG 50 1 4 5 100 1

830 (TG)sG 6 3 1 2 3 50 0

856 (AC)sYA* 10 3 1 6 7 70 4

888 BDB(CA);* 5 0 0 5 5 100 2

889 DBD(AC),* 6 1 3 2 5 83.33 1

Total 39 8 6 25 31 M=28151 11

N, Total number of bands; U, number of monomorphic bands; P, number of polymorphic bands
common to F; hybrid and female parent (F,Q) or F; hybrid and male parent (F,3); %P, percent-
age of polymorphism; NEB, number of exclusive bands; M, mean percentage of polymorphism.
*Type of degenerate nucleotide: B=C,Gor T; D = A, Gor T; Y = pyrimidine (C, T).

data reported by Ferndndez-Escobar and Martin (1985) and
Stoinova (1994). Morphologically, the spikes, spikelets and
seeds of the F; hybrids resembled those of the wheat par-
ent (figure 1). The hybrids were self-fertile, as reported by
Martin and Cubero (1981). There was statistically signifi-
cant reduction in the average values of the yield parameters
number and weight of seeds and number of seeds per spikelet
(table 1). The same was found in F; hybrids from a durum
wheat ‘Candial’ X tritordeum cross (Carvalho et al. 2003).

Use of fluorescence in situ hybridization with H. chilense
genomic DNA and pTa71 probes allowed discrimination of
parental genome in all PMCs of the hybrids (figure 2), as well
as their chromosome pairing analysis (table 2). This tech-
nique was also successfully employed in the study of chro-
mosome pairing of multigeneric hybrids involving wheat, rye
and H. chilense (Lima-Brito et al. 2002) and in H. chilense
X Aegilops tauschii amphiploid (Carvalho et al. 2005).

The F; hybrid of ‘Barbela’ x HT9 (AABBDH") in-

Journal of Genetics, Vol. 85, No. 2, August 2006

vestigated here constitutes an interesting material for study-
ing the possibility of recombination between the D and H"
genomes. Analysis of chromosome pairing in these hybrids
revealed instability and some meiotic irregularities. Most
of the PMCs observed did not show complete homologous
chromosome pairing, which can probably explain the re-
duction in yield parameters referred to above. The maxi-
mum number of bivalents per PMC reached 14.7 owing to
the autosyndetic pairing between H. chilense chromosomes
(table 2). This result and the presence of wheat multiva-
lents (figure 2,b) demonstrated that chromosome pairing be-
tween different homology groups had occurred. Addition-
ally, the reduced percentage of PMCs with complete homol-
ogous chromosome pairing suggests ineffective action of the
wheat genetic system Ph, probably owing to interactions of
the different genomes present in this hybrid. The two types
of secondary arm-to-arm chromosome associations (wheat—
H*" and H"-H*") or pseudobivalents observed are not related
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to intergenomic recombination since they do not involve chi-
asma production. However, the presence of a high frequency
of univalents at metaphase I (figure 2,a) could induce Robert-
sonian translocations after centric breakage and fusion. In-
deed, the absence of chromosome pairing between Hordeum
and Triticum has been considered an obstacle to the intro-
gression of H. chilense chromosomes into wheat (Martin and
Séanchez-Monge 1980).

Our molecular characterization revealed 41.2% polymor-
phism of RAPD markers and 81.51% polymorphism of ISSR
markers between the F; hybrid of ‘Barbela’ x HT9 and
one of the parents (table 3). The difference is perhaps ex-
plained by the difference in the DNA segments targeted by
the two methods, and is consistent with some previous stud-
ies which reported that ISSR markers are more polymorphic
than RAPD markers (Zietkiewicz et al. 1994; Godwin et al.
1997; Nagaoka and Ogihara 1997; Fernandez et al. 2002).
All the RAPD primers, except E15, amplified more poly-
morphisms specific for the F| hybrid and for the female par-
ent (table 3), which means that the RAPD primers used here
were more appropriate to amplify polymorphic bands in the
wheat parent. In contrast, most of the polymorphic ISSR loci
amplified in this study were specific for the F; hybrid and for
the male parent, tritordeum HTO.

This result contradicts some of our previous work (Car-
valho et al. 2005), where we used oligonucleotides with
[(AG)g] and [(GA)sg] repeats in their sequence and found that
most polymorphic ISSR loci amplified were specific for the
F; hybrid and for the female parent, ‘Barbela’ wheat. This
discrepancy can be explained because the sequences of the
ISSR primers used in the present work have [(AC)g] and
[(CA)g] repetitions which are probably more appropriate for
amplification of ISSR regions in the male parent tritordeum.
Given that the F; hybrid and its male parent share the A and
B wheat genomes, we suggest that the oligonucleotides used
here were more specific for the H" genome, and even the ex-
clusive bands (NEB, see table 3) were also amplified in the
male parent. Oligonucleotides with the [(AG)g] and [(GA)g]
repetitions may be more suitable for amplification of ISSR
markers polymorphic between the F hybrid and the female
parent, which share the A, B and D wheat genomes. Also
in the RAPD analysis we observed that primer E15, whose
sequence is rich in CA, did not amplify polymorphic bands
in the female parent. In general, a good oligonucleotide for
DNA fingerprinting must amplify polymorphisms in the F;
interspecific hybrid and in both parents. In this study, the
primers E4, ES, E12, 825 and 888 did not fit this situation.

The exclusive polymorphic RAPD and ISSR bands are
interesting, since they could be converted to STS (sequence
tagged site) markers which could have great value for de-
tection of mixes between cultivars and for DNA fingerprint-
ing (Ferndndez et al. 2002). Fernindez et al. (2002) used
RAPD and ISSR markers for DNA fingerprinting, because
they provide a quick, reliable and highly informative system
and can also be used to establish genetic relationships. Al-

though in our work the ISSR markers showed higher percent-
age of polymorphism than RAPD markers, we believe that
both could be useful for DNA and genomic fingerprinting.

Previous studies have reported analysis of amphiploids
and interspecific hybrids belonging to the tribe Trit-
iceae using morphological and/or cytological approaches
(Fernandez-Escobar and Martin 1985; Stoinova 1994; Lima-
Brito et al. 1996). Martin et al. (1999) used the genomic
in situ hybridization (GISH) technique in combination with
morphological and RAPD analyses for characterization of
the amphiploid Agropyrum cristatum and its parents. Car-
valho et al. (2005) used ISSR markers to characterize three
different hybrid combinations. In this work, we have demon-
strated that complementary use of morphological and yield
analysis, molecular cytogenetics techniques and molecular
markers allows a more accurate evaluation and characteriza-
tion of F; hybrids, and this could be useful for studies on
other agriculturally important plant species.
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