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Abstract

Trigeneric hybrids in Triticeae may help to establish evolutionary relationships among different genomes present in the same
cellular genetic background and to transfer different alien characters into cultivated wheat. In the present study, a trigeneric
hybrid involving species of Triticum, Secale, and Thinopyrum was synthesized by crossing hexaploid triticale with hexaploid
trigopiro. The meiotic behaviour of chromosomes belonging to different genomes was analyzed, using routine and in situ
hybridization techniques in F1, F2, and F3 generations of the trigeneric hybrid. The purpose of this study was to determine
the chromosome number and genomic constitution and to discuss the mechanisms involved in the stabilization of the artifi-
cial tricepiro hybrids. The chromosome number of the trigeneric F1 hybrid was 2n=42. Between 12 and 16 bivalents were
observed in the central zone of the equatorial meiotic plate and between 9 and 18 univalents were found in the periphery
of the MI equatorial plate. Seven of these univalents showed hybridization signals with rye DNA. Lagging rye and non-rye
chromosomes and separation of sister chromatids were found in anaphase I. Tetrads with a maximum of six micronuclei,
with and without hybridization signals of rye DNA, were observed. After three generations, meiotic cells revealed the pres-
ence of 42 chromosomes and 21 bivalents in diakinesis cells. The presence of 14 rye (Secale cereale) chromosomes and the
complete pairing of chromosomes in F3 hybrids suggest that rye chromosomes would be preferentially transmitted to the
progeny and that an elimination mechanism would act on chromosomes of Thinopyrum and wheat D genome.
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Introduction

Wheat (Triticum sp.) is one of the most important crops in
the world and increasing its productivity and genetic vari-
ability became objective for the breeding plans. Artificial
hybridization between wheat and wild-related species is a
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valuable method that allows improving agronomic charac-
teristics (Wulff and Moscou 2014; Baker et al. 2020).
During 1972, an artificial hybrid of trigeneric origin
(Triticum, Secale, and Thinopyrum) was obtained in Argen-
tina for the first time, by crossing a hexaploid triticale
(2n=6x=42, AABBRR; A, B from Triticum and R from
Secale) with an octoploid trigopiro (2n=8x =56, AABBD-
DIJ; with A, B, D from Triticumand J fromThinopyrum).
This hybrid was named “tricepiro”, was characterized by
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agronomic abilities superior to those of their parents, and
its chromosome number was stabilized in 2n=42 chromo-
somes (Covas 1976). After several generations of selection,
in 1994, one of the most promising lines was registered
as a cultivar called “Don René INTA”. In situ hybridiza-
tion techniques GISH (genomic in situ hybridization) and
FISH (fluorescence in situ hybridization) have shown that
the genomic constitution of this allopolyploid (2n =42) was
AABBRR, with introgression of a Thinopyrum region into a
pair of wheat chromosomes belonging to A genome and that
the R genome was completely retained (Ferrari et al. 2005).

The productive potential, rusticity, and nutritional value of tri-
cepiros have generated significant researches and developments
(Covas 1976, 1985, 1989; Frecentese and Covas 1985; Ferreira
and Szpiniak 1994; Brizuela et al. 1997; Tosso et al. 1997; Ruiz
et al. 2000). In the 1990s, the Facultad de Agronomia y Veteri-
naria of Universidad Nacional de Rio Cuarto (UNRC), Cérdoba,
Argentina, began to develop tricepiro germplasm using different
hexaploid triticale lines (2n=6x=42) and trigopiro lines with
different ploidy levels (2n=6x=42 and 2n=_8x=56) (Ferreira
et al. 1994, 1998; Galvan et al. 2015). After seven generations
of selection, tricepiros of different origin were all hexaploid (6x)
and presented some meiotic irregularities, such as the presence
of univalents and synapse failures, which would contribute to
the formation of micronuclei in the microspores (Tosso et al.
2000; Ferreira et al. 2007).

Fradkin et al. (2009), using cytogenetic techniques, stud-
ied cells in meiotic metaphase I of some tricepiro F1 hybrids
(triticale Don Santiago x trigopiro Don Noé). They found
the presence of 49 chromosomes and the most frequent con-
figuration was 14 bivalent and 21 univalent, suggesting the
absence of homoeologous pairing.

In the F3 generation of tricepiros, some authors observed
the presence of a high number of bivalents in the metaphase
I cells (Covas 1976; Fradkin et al. 2009). Using molecular
techniques, Fradkin et al. (2009) also determined the pres-
ence of the complete R genome (14 rye chromosomes) and
almost all chromosomes formed bivalents (18 to 23).

The study of mitotic cells in advanced generations of tri-
cepiros showed that they all have the same chromosome num-
ber (2n=42 chromosomes) (Ferrari 2004; Ferrari et al. 2005;
Ferreira et al. 2007; Fradkin et al. 2009). Molecular techniques
showed retention of the complete R genome and loss of the
D and J genomes. Tricepiros, like triticales, seem to tolerate
the hexaploid level better (Ferreira et al. 2007; Li et al. 2015).

Different authors observed changes in chromosome
behaviour and genomic composition during the first gen-
erations of some tricepiros (Ferrari et al. 2005; Ferreira et al.
2007; Fradkin et al. 2009).

In the present work, a tricepiro hybrid was synthesized by
crossing triticale Kettu, as a maternal parent and trigopiro
SH16, as a pollen donor. Previous studies indicated that both
parents have 2n=42 chromosomes (Fradkin et al. 2011; Estévez
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et al. 2016). In triticale Kettu, GISH using total genomic DNA
of Secale indicated the presence of 14 rye chromosomes, and
FISH, using the pSc119.2 probe, confirmed and identified the
complete genome of rye. The use of specific microsatellites
made it possible to recognize some introgressions of the D
genome (Estévez et al. 2016). Fradkin et al. (2012) analyzed the
artificial hybrid, trigopiro SH16, employing hybridization tech-
niques and concluded that the chromosome number was 2n=42
and the genome composition would be: 14 chromosomes of the
B genome, 14 chromosomes of the J genome, 2 pairs of the D
genome (the 2D and 4D), and the remaining 10 chromosomes
probably belong to the A genome of wheat.

The aim of the present work was to analyze the meiotic
behaviour of the first three generations of triticale Kettu x tri-
gopiro SH16 INTA in order to discuss putative mechanisms
involved in the stabilization of this artificial triticale hybrid.

Materials and methods
Plant materials

The F1 hybrids were obtained at the Universidad Nacional
de Rio Cuarto (UNRC), Argentina, by crossing triticale
Kettu as female parent with trigopiro SH16 INTA as male
parent. F1 and F2 plants were grown in the UNRC green-
house controlling irrigation and fertilizers. F3 also grew in
the UNRC but under field conditions.

Hybrid seeds were obtained by emasculating 32 flowers
belonging to the same spike of a triticale Kettu and insemi-
nating them with pollen of trigopiro SH16. In total, four
small hybrid seeds were produced, sown in a germination
chamber, and then transplanted into a phytotechnical cage.
The four F1 hybrids obtained were grown under optimal
irrigation and fertilization conditions and self-pollinated.
It was possible to harvest 3 g of seeds from the F1 plants
(approximately 90 seeds). Only 50 of these seeds were sown
and 28 of them germinated.

The F2 hybrid plants were kept in adequate water and
fertility conditions, and 15 g of seeds (about 450 seeds) was
obtained. Approximately 200 seeds were sown, and the F3
plants were maintained under field conditions (without irri-
gation and fertilization). These F3 hybrids produced a total
of 38 g of seeds (about 1200 seeds).

Chromosome preparations

Routine and molecular meiotic studies were done in a pool
of immature flowers from each generation (F1, F2, and F3
hybrids). Flowers were fixed in absolute ethanol:acetic acid
(3:1 vol/vol) and stored at — 20 °C until use.

For molecular cytogenetic analysis of mitosis, 1-cm-long
roots of F3 hybrid seeds were pre-treated in ice-cold water
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for 48 h and fixed in absolute ethanol:acetic acid (3:1 vol/
vol) for 24 h at room temperature and stored at — 20 °C until
use.

Cytogenetic analysis of meiosis and mitosis

For routine meiotic studies, immature anthers were squashed
in 2% propionic hematoxylin and 1% ferric citrate as mor-
dant (Nufiez 1968).

Probes and labeling

GISH was carried out in F1, F2, and F3 hybrids using rye
genomic DNA labeled as a probe and unlabeled DNA of hexa-
ploid wheat as blocking agent. Rye genomic DNA was isolated
from adult leaves of Secale cereale cv. Quehue, and wheat
genomic DNA from adult leaves of Triticum. aestivum cv.
Klein Estrella. Genomic DNAs were obtained using Wizard®
Genomic DNA Purification Kit (Promega, USA. Cat#A1620).

According to Fradkin et al. (2013), rye genomic DNA
probes were labeled with digoxigenin DIG High Prime
(ROCHE, Germany. Cat #11585606910) or biotin nick-
translation kit (Invitrogen, USA.Cat#18247-015). To
detect digoxigenin-labeled probes, slides were treated with
sheep antidigoxigenin FITC (fluorescein isothiocyanate)
(Anti-digoxigenin AP-conjugate. ROCHE, Germany.
Cat#11093274910) (green); for biotin-labeled probes, they
were treated with conjugate streptavidine—Cy3 (GE Health-
care, UK. Cat#PA53022) (red).

FISH study was done in meiotic F2 cells, using pTa71
probe in order to be detected rDNA zone. This probe con-
tains 9 kilobases (kb) EcoRI repeated unit of 18S-5.85-25S
rDNA genes and spacer and is isolated from wheat, Triticum
aestivum (Gerlach and Bedbrook 1979). In the present work,
pTa7l probe was labeled with biotin using the biotin nick-
translation kit (Invitrogen, USA), and slides were treated
with conjugate streptavidine-Cy3.

For molecular cytological analysis of mitotic cells, cells
were obtained from roots of F3 hybrids seeds, and GISH and
FISH techniques were used. Rye genomic DNA labeled with
digoxigenin DIG High Prime (ROCHE, Germany) was used
as a probe and unlabeled wheat genomic DNA as a block for
GISH. The pSc119.2 probe from Secale cereale (Mclntyre
et al. 1990) was used for FISH, labeled with biotin using the
biotin nick-translation kit (Invitrogen, USA).

Both probes pTa71 and pSc119.2 were kindly supplied
by A. Cuadrado Department of Cell Biology and Genetics,
University of Alcala de Henares, Spain.

Fluorescence in situ hybridization

Fixed roots and anthers were washed in 0.01 mol/L citric
acid sodium—citrate buffer (pH 4.6) to remove the fixative

and transferred to an enzyme solution containing 2 mL of 2%
(w/v) cellulase Onozuka RS (Yakult pharmaceutical, Japan)
and 20% (v/v) liquid pectinase (Sigma, USA and Canada.
Cat#P4716). The incubation was performed at 37 °C dur-
ing 3 h, and then the sample was squashed in a drop of 45%
acetic acid. Slides were selected by phase-contrast light
microscopy. After removal of coverslips by freezing, the
slides were air dried. Slide preparations were incubated in
100 mg/mL DNase-free RNase in 2x SSC (100 g /mL) for
1 h at 37 °C in a humid chamber and then washed three
times in 2 X SSC for 5 min at room temperature. The slides
were post-fixed in freshly prepared 4% (w/v) paraformalde-
hyde in water for 10 min, washed three times in 2 X SSC for
5 min, dehydrated in a graded ethanol series, and air dried.
The hybridization mixture consisted of 50%w/w deionized
formamide, 10% w/v dextran sulphate, 0.1% w/v SDS, and
salmon sperm DNA 0.3 ng /mL in 2 X SSC. A volume con-
taining 50 ng of the labeled probe was then added to 30 uL.
of this hybridization mixture for each slide. The hybridiza-
tion mixture was denatured for 15 min at 75 °C, loaded onto
the slide preparation, and covered with a plastic coverslip.
The slides were placed on a thermocycler for 7 min at 75 °C
(denaturation), 10 min at 45 °C, and 10 min at 38 °C, and
subsequently incubated overnight at 37 °C to allow hybridi-
zation. Following this hybridization step, coverslips were
carefully floated off by placing the slides in 2 x SSC for
3 min at 42 °C. The slides were then given a stringent wash
in 20% formamide (v/v) in 0.1 X SSC for 10 min at 42 °C.
The slides were washed in 0.1 X SSC for 5 min at 42 °C,
followed by 2 x SSC for 5 min at 42 °C, transferred to detec-
tion buffer (4 X SSC/0.2% v/v Tween 20) for 5 min at 42 °C,
and finally treated in detection buffer for 1 h at room tem-
perature. Slides were treated with 2.5% w/v bovine serum
albumin (BSA) in detection buffer, incubated in a solution
of 1/20 of the corresponding antibody in detection buffer
containing 2.5% w/v BSA for 1 h at 37 °C, and washed three
times in detection buffer for 10 min at room temperature.
Slides were counterstained with 1 mg/mL 4', 6-diamidino-
2-phenylindole (DAPI) in distilled water for 15 min at room
temperature and then mounted in antifade.

The images were captured with a Leica LMDB epifluo-
rescence microscope equipped with a digital camera (Leica
DFC 350 FX) using the Leica IM50 version 4.0 program
(Leica Microsystem, Cambridge, UK). Images were ana-
lyzed using Adobe Photoshop CS6 software.

Analysis statistics
The Kruskal-Wallis test (p <0.05) was used to evaluate
the differences in the number of univalents present in

meiotic metaphase I of the F1 hybrid and the F2 and F3
segregants. Statistical analyses were performed using the

@ Springer



M. Fradkin et al.

Infostat program, FCA, National University of Cérdoba,
Argentina (Di Rienzo et al. 2020).

Results

To obtain a trigeneric hybrid combining the Triticum-
Secale-Thinopyrum genomes, tetraploid triticale (cv.
Kettu), used as maternal material, was crossed with hexa-
ploid trigopiro (cv. SH16 INTA), as male parental, as
shown in Table 1 where the number of chromosomes and
genomic composition in the parental and in the expected
F1 is represented.

F1 routine cytogenetic studies

Meiotic metaphase I showed the presence of open and
closed bivalents ranging from 10 to 16. These bivalents
had a compact distribution, and their identification was
difficult in some cases. Univalents were present in the 66
metaphases I studied and were found outside the equa-
torial plate (Fig. 1a and b). The number of univalents
per cell ranged from 10 to 18 and 97% of the meiotic
metaphases I found a number of univalents greater than
or equal to 10 (Fig. 2, Table 2). The presence of a quad-
rivalent (IV) was observed at a low frequency of around
4% (Fig. 1b).

At meiotic early anaphase I, the chromosome number
was determined as 2n =42 (Fig. 1c¢) and was corroborated
in metaphase mitotic cells present in the anther, probably
in the tapetum (Fig. 1d). In meiotic anaphase I, delayed
univalents could be observed in almost all the cells ana-
lyzed, and some of them showed early disjunction of their
two chromatids (Fig. 1e). The presence of a bridge, which
was not associated with a fragment, was observed in some
meiotic late anaphase I cells (Fig. 1f).

At the beginning of meiotic telophase I, the number of
delayed chromosomes decreased (Fig. 1g).

F1 molecular cytogenetic studies

GISH detection was performed to know the genomic com-
position of the F1 hybrid Kettu x SH16, using total genomic
DNA labeled of rye as a probe and unlabeled total genomic
DNA of hexaploid wheat as blocking. Meiotic metaphase
I showed that seven univalents corresponded to rye chro-
mosomes, and the number of non-rye univalents was vari-
able, reaching a maximum of eleven univalents (Fig. 3a
and b). A polar view of metaphase I showed univalents in
the periphery of the equatorial plate (Fig. 3b). As can be
seen in early telophase I, some rye chromosomes began to
migrate to the poles while the rest of the rye chromosomes
remained behind (Fig. 3d). Many univalents, which showed
no signs of rye hybridization, also remained close to the
equatorial plate (Fig. 3c). Some univalents from different
genomes were observed to separate their sister chromatids
at the beginning of telophase I (Fig. 3c and d).

F2 routine cytogenetic analysis

F2 progeny exhibited that most of the 108 diakinesis studied
showed 21 bivalents (Fig. 1h and i), and the presence of a
quadrivalent was detected very infrequently (Fig. 1h). Based
on these observations, we can infer that the F2 progeny has
a 2n=42 chromosomes. The 16 meiotic metaphase I ana-
lyzed showed between O and 4 univalents. The frequency
of cells without univalents was 12.50%, and the frequency
of univalents equal to or less than 3 was observed in 87.5%
of metaphase I cells (Figs. 1j and 2, Table 2). Late telo-
phase I showed a drastic reduction in lagging chromosomes
(Fig. 1k).

F2 molecular cytogenetic analysis

GISH analysis using labeled rye genomic DNA as a probe
and unlabeled genomic DNA of hexaploidy wheat as a
blocking agent was performed on diakinesis and metaphase
I cells of the F2 hybrids Kettu x SH16, and it showed 7 biva-
lents with hybridization signals (Fig. 3e and g). The use of

Table 1 Genomes and number

; Material Genome
of chromosomes present in the
parents and in the expected F1 A B D R J Reference
Triticale Kettu (2n=42) ITITIIT TITIIIIIT * ITTIIII Fradkin et al. (2011)
ITITIIT TIIIIIII ITITIII Estévez et al. (2016)
Trigopiro SH16 2n=42) 11111 1111111 11 1111111 Fradkin et al. (2012)
11111 1111111 11 1111111
F1 (expected) IT111y 111y 71 1111111 1111111
11111 1111111

A, B, D, wheat genomes; R, rye genome; J, Thinopyrum genome

*Putative introgression of the D genome
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the pTa71 probe in this generation allowed us to observe the
presence of 3 bivalents with hybridization signals, indicating
that there were three nucleolar organizer regions in the F2
hybrid. One of them was a rye bivalent recognized by GISH
(Fig. 3e and g).

Micronuclei with and without rye material were observed
with GISH using rye DNA as a probe (Fig. 3j and 1).

F3 routine cytogenetic analysis

The analysis of 20 diplotene cells and 16 diakinesis cells
of the F3 hybrid showed the presence of 21 bivalents and
none univalent was presented, while in 45 metaphase I cells,
there were between 0 and 4 univalents (Fig. 1 1-0). Besides,
22.22% of metaphase I did not show univalents while only
2.22% of the cells showed 4 univalents (Fig. 2, Table 2).
Figure 2 compares the presence of univalents in metaphase
I of three generations, F1, F2, and F3.

F3 molecular cytogenetic analysis

GISH analysis using rye genomic DNA as a probe and wheat
genomic DNA as a blocking agent was performed, confirm-
ing the presence of 7 rye bivalents in metaphase I cells
(Fig. 3n and o). With the same probe, in early anaphase I, 14
rye chromosomes showed hybridization signals, suggesting
a correct distribution of chromosomes (Fig. 3p).

The statistical analysis showed a significant difference
(»<0.0001) between F1, F2, and F3 in the number of uni-
valents present in metaphase I. F1 was significantly different
from F2 and F3, whereas the last two generations did not
differ from each other.

Mitotic analysis in seeds of F3 hybrid

We confirmed the chromosome number of 2n =42 in mitotic
metaphase cells, and the presence of 14 rye chromosomes
(Fig. 3q). FISH study with pSc119.2 probe allowed us to
identify the seven chromosome pairs of rye in F3 genera-
tion (Fig. 3r). Mitotic cells were observed separately in the
images given by FISH and DAPI to confirm each signal and
each chromosome. DAPI + bands also contributed to the rec-
ognition of rye chromosomes because they are characterized
by showing a prominent intensity in the telomeric zones and,
in addition, the size of rye chromosomes is usually a little
larger than that of wheat chromosomes.

Discussion

Synthetic tricepiros (2n=6x =42) are forage crops with val-
uable characteristics of Secale, Triticum, and Thinopyrum;
they have a marked resistance to disease and high tolerance

to freezing and drought (Ferreira et al. 2007). By crossbreed-
ing different accessions of hexaploid triticales (2n=6x=42,
AABBRR) and octoploid trigopiros (2n=8x=56, AABBD-
DIJJ), previous studies showed that the F1 hybrids had
2n =49 chromosomes, and in advanced generations, the
chromosome number was 2n =42, retaining the R genome
and completely losing all chromosomes of J and D genomes
(Ferrari et al. 2005; Ferreira et al. 2007; Fradkin et al. 2009).

In this work, we analyzed for the first time, using routine
and molecular cytogenetic techniques, a tricepiro whose par-
ents, triticale Kettu and trigopiro SH16, both have the same
ploidy level (2n=6x=42). Mitotic and meiotic observations
in this work indicated that the chromosome number of this
F1 hybrid was 2n=42 as it was expected, according to the
chromosome number of their parents. When crossing dif-
ferent genera and/or species, the F1 hybrids usually have a
chromosome number that is the mean value of the chromo-
some number of their parents (Lima-Brito et al. 1996; Li
et al. 2006; Kang et al. 2016; Dai et al. 2017).

Routine and molecular cytogenetic analysis carried out
in the present work allowed us to recognize, in metaphase I
cells of the F1 generation, the presence of univalent chromo-
somes in a range from 10 to 18 and bivalent chromosomes
from 10 to 16. However, the number of univalents theo-
retically expected would be 18, and the number of bivalents
would be 12 as was show in the Table 1. The presence of
meiotic cells with a number of univalents lower than 18 and
bivalents higher than 12 suggested the presence of homoe-
ologous associations.

GISH results, using DNA from rye as a probe, provided a
reliable approach to discriminate Secale chromosomes from
Triticum and Thinopyrum chromosomes in the F1 hybrids
Kettu x SH16. Seven univalents of rye were clearly recog-
nized in all the cells, and they were distributed outside the
equatorial plate in metaphase I cells. Therefore, chromo-
somes belonging to R genome would not be involved in the
homoeologous pairing but, J, A, and D genomes could be
associated.

Extensive studies made in polyploid wheat showed that
mainly the Phl gene, located on chromosome 5B, deter-
mine the exclusive homologous pairing by suppressing the
homoeologous pairing (Dvorak et al. 2006; Naranjo and
Benavente 2015). However, homoeologous chromosome
pairing can be achieved if the chromosome 5B is absent or
if the mutant phl gene is present (Koebner and Shepherd
1985; Aghaee-Sarbarzeh and Dhaliwal 2000).

Numerous F1 hybrids of wheat and related species have
been studied by several authors, and some of them showed
the presence of homoeologous associations during the mei-
otic process (Rey et al. 2021; Aghaee-Sarbarzeh and Dhali-
wal 2000). Epistatic genes with Phl were found in Ae. spel-
toides and homoeologous mating was observed in F1 plants
of Ae. speltoides x wheat crosses (Aghaee-Sarbarzeh and
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«Fig. 1 Meiotic and mitotic chromosome configurations. Multivalents,
univalents, and abnormal configurations in three generations of trige-
neric hybrid (triticale Kettu x trigopiro SH16-INTA). a-h Analysis
of F1 trigeneric hybrid. a Meiotic metaphase I with 18 univalents. b
Meiotic metaphase I. Arrowhead shows a quadrivalent. ¢ Early mei-
otic anaphase I. d Mitotic metaphase of tapetum cell, observed 42
chromosomes. e, f Later meiotic anaphase I, observed lagging chro-
mosomes. e Arrows show sister chromatid separation precociously. f
Arrowhead shows the presence of a bridge not associated with frag-
ment. g Meiotic telophase I with lagging chromosomes. h-k Meiotic
cells of F2 trigeneric hybrid. h, i Diakinesis. h Arrowhead shows a
quadrivalent. j Meiotic metaphase 1. k Meiotic telophase I with lag-
ging chromosomes. Arrow shows sister chromatid separation preco-
ciously. I-o Meiotic analysis of F3 trigeneric hybrid. 1, m Diakinesis.
n, o0 Metaphase 1. Scale bar=10 um

46.67%

37.5%

31.25%

22.22%

15.56%

13.33%
12.5%

univalents percentage

12.5%

| 6.25%
0 1

2.22%

2 3 4 5 6 7

8

Dhaliwal 2000). According to Jauhar (1995), the homoe-
ologous pairing in F1 hybrids between Thinopyrum ponti-
cum and Triticum aestivum showed associations that could
involve wheat and wheatgrass chromosomes, and he pro-
posed that a high homoeologous pairing would be obtained
if Phl was somehow inactivated. We hypothesize that the
presence of the J genome in the trigopiro SH16 parent (Frad-
kin et al. 2012) would be related to the homoeologous asso-
ciation phenomena observed in the F1 hybrid studied in the
present work.

The F1 tricepiros obtained in previous works, crossing
octoploid trigopiro with hexaploid triticale, did not show
homoeologous pairing in the meiotic cells (Ferrari 2004;
Fradkin et al. 2009). We suggest that the presence of different

31.82%

18.18%

12.12% 12.12%

7.58% 7.58%

6.06%

3.03%
1.52% I

9 10 11 12 13 14 15 16 17 18

N° of univalents

Fig. 2 Graphic representation of the univalents percentage and number of univalent in each generation in metaphase I

Table 2 Presence of univalents

. = Generation Number of univalent per metaphase I cells Number
in metaphase I of three triticale number of cells
X thinopyrum generations.
Different letters indicate 0o 1 2 3 4 6 7 8 9 10 11 12 13 14 15 16 17 18
significant differences (p<0.05) 0 0 000 001 1 3 204 8 5 121 2 66
between generations

F28 2 1 5 6 2 o00O0OO O O O O O O0 O 16

F3B 10 21 7 6 o00O0OO O O O O O O O o0 45
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alleles of a Phl gene could generate tricepiro F1 plants with Distribution of univalents and separation of sister chromatids
and without homoeologous pairing, as was suggested in stud-  in meiotic anaphase I of the F1 hybrids were random phenom-
ies carried out on hybrids between wheat and species of the  ena, not limited to a single species, according to observations
genus Aegilops (Ozkan et al.2001; Dvorak et al.2006). made in cells hybridized with a labeled rye genomic DNA.
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«Fig.3 Meiotic and mitotic analysis in three generations of trigeneric
hybrid (triticale Kettu x trigopiro SH16-INTA) by in situ hybridiza-
tion (FISH — GISH). a—d F1 generation. a, b Metaphase 1. Arrow-
heads show seven rye univalents with hybridization signal of labeled
rye DNA probe. ¢ Anaphase I. Seven rye univalents with hybridiza-
tion signal of labeled rye DNA probe. Arrowheads indicate that two
univalents of rye showed early separation sister chromatids. d Early
telophase I. Arrowheads show chromosomes with hybridization sig-
nal of labeled rye DNA probe. e-m F2 generation. e, g Diakinesis.
Bivalents of rye showed hybridization signal with rye DNA probe
(yellow arrowheads) and pTa71 probe of wheat (red arrowheads).
f Same cell as image (e) counterstained with DAPIL. h, i Metaphase
I. h Arrowheads show chromosomes hybridization signal with rye
DNA labeled probe. i DAPI counterstaining. Arrowheads indicate
the presence of prominent telomeric heterochromatic DAPI+ bands
corresponding to rye chromosomes. j-m Tetrads with micronu-
clei. j, 1 Micronuclei show hybridization signal with the labeled rye
DNA probe. k, m Same cells of j and 1 counterstaining with DAPI.
Asterisks and starts marks micronuclei. Yellow asterisks correspond
to micronuclei with hybridization with labeled rye DNA probe and
yellow star corresponds to micronuclei without hybridization signal.
n-r F3 generation. n, 0 Meiotic metaphase I. Arrowheads show seven
hybridized chromosomes with labeld rye DNA probe. p Early mei-
otic anaphase I. Arrowheads show chromosomes with hybridization
signal with labeled rye DNA probe. q Mitotic metaphase of tapetum
cell arrowheads shows 14 chromosomes with hybridization signals of
labeled rye DNA probe. r Mitotic metaphase of root tip hybridized
with pSc119.2 probe of rye. Scale bar=10 um

Statistically significant differences between F1 and F2 and
F3 hybrids in the number of univalents in meiotic metaphase
I suggest rapid changes in genomic organization. Although
the chromosome number was the same in all generations
(2n=42), the chromosome composition was very different.
GISH technique indicated the presence of seven chromosomes
of rye in F1 hybrids. F2 and F3 generations showed 14 rye
chromosomes forming seven bivalents, while the remaining
28 chromosomes formed a maximum of 14 bivalents with no
signs of hybridization. These results suggest the loss of seven
chromosomes and the duplication of rye chromosomes.

The use of the pSc119.2 probe allowed the recognition
of the entire rye genome in mitotic cells, confirming the
retention of this genome in the F3 hybrids studied in the
present work. The pattern of hybridization signals we found
with this probe is specific to recognize the seven rye chro-
mosomes pairs in hybrids (Ferrari et al. 2005; Fradkin et al.
2009, 2013) Likewise, the use of the pTa71 probe allowed
the recognition of a rye bivalent, in the F2 generation, with
two nucleolar organizer regions (NOR). This result con-
firmed the presence of chromosomes 1R, since NOR regions
are characteristic of this chromosome (Sdnchez-Moran et al.
1999; Fradkin et al. 2016).

The trend towards normalization of the meiotic process
observed in the F3 generation in the present study has been
suggested by previous work in which were observed high
seed fertility (Covas 1976) and high number of bivalents in
metaphase I (Fradkin et al. 2009). Also, in advanced genera-
tions, preferential retention of rye chromosomes and total

elimination of the D and J genomes was observed (Ferrari
et al. 2005; Fradkin et al. 2009).

The loss of entire genomes of interspecific hybrids was
analyzed by different authors (Brasileiro-Vidal et al. 2005;
Sanei et al. 2011; Evtushenko et al. 2019). Several mecha-
nisms were suggested to explain chromosome elimina-
tion in interspecific and intergeneric hybrids (Hao et al.
2013; Moreno et al. 2014). Now, the incompatibility of
centromeres from different species seems to be the main
cause of chromosome elimination from one of the paren-
tal genomes in hybrids (Sanei et al. 2011; Xie et al. 2013;
Evtushenko et al. 2019). The stability of the wheat genome
could be altered by the presence of the R genome in hybrids
of wheat and rye and, according to Evtushenko et al. (2017),
the stability of the D genome is more strongly affected by
the R genome than A and B genomes. The differences in the
molecular structure of the centromeric histone CENH3 could
account for differences in the stability of hybrid genomes in
triticales (Evtushenko et al. 2017; 2019). We suggest that
the loss of non-rye chromosomes observed in F2 and F3
generations could be related to centromere incompatibility
as described for triticales (Evtushenko et al. 2017; 2019).

We do not have a clear understanding of the mechanism
that could explain such an abrupt retention of the R genome
in tricepiro. We have not found explanations in the literature.
However, different authors observed a preferential transmis-
sion of rye chromosomes in hybrids involving different species
of the tribe triticeae (Li et al. 2006; Kang et al. 2012, 2016).
Bernardo et al. (1988) propose the behaviour of the rye chro-
mosome in the progeny of AABBR hybrids and proposed that
there was elimination of rye chromosomes when they were
present individually, but the whole genome was retained.

Micronuclei can have different origins. They can be gen-
erated in acentric fragments resulting from double-strand
breaks that are incorrectly repaired or they could also be pro-
duced from whole chromosomes that do not bind to the spin-
dle in metaphase (Kang et al.; 2016). Fluorescence in situ
hybridization is a useful technique to analyze the origin of
micronuclei (Kwasniewska and Bara 2022). In the present
work, GISH using rye genomic DNA allowed us to observe
in F2 tetrads and micronuclei with and without rye genetic
material. Therefore, the origin of these micronuclei was not
restricted to a single genome.

The presence of quadrivalents in metaphase I and bridges
not associated with fragments in late anaphase I were
observed with a very low frequency in the hybrid studied in
the present work. Quadrivalents are related to chromosomal
rearrangement (Kang et al. 2012; He et al. 2017) and bridges
not associated with fragments were described in many ani-
mal and plant species as “side-arm bridges” (Palermo et al.
2001). These bridges would be the product of spontaneous
breaks during recombination and subsequent incorrect reso-
lution (Stockert 1994), but we do not discard that the lack
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of fragments observed could be due to oversquashing. Both
anomalies can be related to “genomic shock”, and according
to many authors, following interspecific or intergenic hybridi-
zation, genomic changes may occur, including gain and loss
of chromosomal segments, gene activation and repression,
changes in the epigenome, and activation of transposons (Li
et al. 2015; Wang et al. 2014).

In the present study, we conclude that the hybrid obtained
crossing two tetraploid parents showed 2n =42 chromosomes
in all generations analyzed. In F3 generation, the complete
conservation of R genome of rye was observed. These results
are like those obtained in previous studies, crossing different
tetraploid triticales and octoploid trigopiros.

Analysis of the meiotic behaviour of the F1 hybrid indi-
cated the presence of pairing of homoeologous chromo-
somes, suggesting the presence of an inhibitor of Ph gene
activity. Previous studies of tricepiros from different origins
did not show homoeologous chromosome pairing. Allelic
differences in a Ph inhibitor gene could be the origin of the
variability in the homoeologous paring between tricepiros
with different origins.

The genomic and chromosome composition of triticale
Kettu x trigopiro SH16 hybrids has relevance in establishing
evolutionary relationships among different genomes sharing
the same genetic background. Furthermore, it turns out to
be a potential material to enrich the genetic base in wheat
breeding programs.
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