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Artificial allopolyploids derived from the genera Triticum and Aegilops have been used
as genetic resources for wheat improvement and are a classic example of evolution
via allopolyploidization. In this study, we investigated chromosomes and subgenome
transmission behavior in the newly formed allopolyploid of wheat group via multicolor
Fluorescence in situ hybridization (mc-FISH), using pSc119.2, pTa535, and (GAA)7
as probe combinations, to enabled us to precisely identify individual chromosomes
in 381 S3 and S4 generations plants derived from reciprocal crosses between Ae.
ventricosa (DvDvNvNv) and T. turgidum (AABB). A higher rate of aneuploidy, constituting
66.04–86.41% individuals, was observed in these two early generations. Of the four
constituent subgenomes, Dv showed the highest frequency of elimination, followed
by Nv and B, while A was the most stable. In addition, structural chromosomal
changes occurred ubiquitously in the selfed progenies of allopolyploids. Among the
constituent subgenomes, B showed the highest number of aberrations. In terms of
chromosomal dynamics, there was no significant association between the chromosomal
behavior model and the cytoplasm, with the exception of chromosomal loss in the Dv

subgenome. The chromosome loss frequency in the Dv subgenome was significantly
higher in the T. turgidum × Ae. ventricosa cross than in the Ae. ventricosa × T. turgidum
cross. This result indicates that, although the D subgenome showed great instability,
allopolyploids containing D subgenome could probably be maintained after a certain
hybridization in which the D subgenome donor was used as the maternal parent at
its onset stage. Our findings provide valuable information pertaining to the behavior
patterns of subgenomes during allopolyploidization. Moreover, the allopolyploids
developed here could be used as potential resources for the genetic improvement
of wheat.
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INTRODUCTION

Common wheat, or bread wheat, (Triticum aestivum L,
AABBDD) is one of the most important food crops worldwide,
with extensive reports on its speciation. To date, it has
been widely accepted that two sequential allopolyploidization
events occurred during evolution. The first allopolyploidization
occurred about 0.3–0.5 million years ago, involving interspecific
hybridization between Triticum urartu (AA) and an unknown
Aegilops species, possibly related to Aegilops speltoides (SS),
which led to the formation of emmer wheat (AABB) (Dvorak
and Zhang, 1990; Huang et al., 2002; EI El Baidouri et al.,
2017). Subsequently, allopolyploidization between tetraploid
wheat (AABB) and Aegilops tauschii (DD) occurred about
10,000 years ago, which gave rise to the speciation of modern
bread wheat (AABBDD) (Kilian et al., 2007; Marcussen et al.,
2014). As a classical sample for the survey of evolution
via allopolyploidization, several studies exist on chromosomal
behavioral patterns in nascently synthesized allopolyploids of
the Triticum tribe, including the crossing of tetraploid or
hexaploid wheat with Aegilops and Secale species. For example,
Zhao et al. (2011) observed that an individual plant harbored
50 chromosomes in the S2 generation that were derived
from a newly formed allohexaploid wheat line (2n = 42,
AABBDD). Various frequencies of aneuploidy were detected in
the S1 and S2 generations derived from the crosses between
several genotypes of Triticum durum (AABB) and Ae. tauschii
(DD) (Mestiri et al., 2010), and persistent aneuploidy was
found to be associated with nascent allohexaploid wheat
(AABBDD) in the S1 to >S20 generations (Zhang et al.,
2013a). In addition to variation in chromosome numbers
(chromosome loss/gain), extensive chromosome rearrangements,
scale genomic changes of repetitive DNA, and copy-number
variations in gene homologs were detected in four newly
synthesized allotetraploid wheat lines (genome compositions
were SshSshAmAm, SlSlAA, SbSbDD, and AADD, respectively)
(Zhang et al., 2013b). Telosome mutations were also observed
in a newly formed hexaploid wheat derived from a cross
between Triticum turgidum ssp. dicoccum MY3478 (AABB)
and Ae. tauschii SY41(DD) (Li H. et al., 2016). Among the
constituent subgenomes, chromosomal instability exhibiting
obvious subgenome-bias was observed. Most of the previous
studies demonstrated a preferential elimination of the D
subgenome compared to the A and B subgenome, and even
the R, S, U, and Ns genome (Tiwari et al., 2010; Xie et al.,
2012; Hao et al., 2013; Li et al., 2015; Guo et al., 2018). Mestiri
et al. (2010) proposed that genome stability was dependent
on the genotypes of both A, B, and D genome donors.
Nonetheless, chromosomal alterations in the D subgenome,
which are not directly contributed by wheat or Ae. tauschii,
have not been investigated in detail, and it remains uncertain
whether the chromosome behavior pattern exhibits cytoplasm-
dependence.

Aegilops ventricosa Tausch (2n = 28, genome DvDvNvNv)
has potential as a genetic source of germplasm due to
its ability to tolerate biotic stresses and may be useful
for wheat improvement. In recent decades, two sets of

Ae. ventricosa introgression lines, H-93 and VPM1 derived
from the interspecific hybridization of T. aethiopicum with
Ae. ventricosa (accession AP-1) and T. persicum with Ae.
ventricosa (accession #10), respectively (Maìa, 1967; Dosba
et al., 1978), have been studied using cytogenetic methods
and widely used in wheat improvement. Until this, H-93,
VPM1, and their derivative lines have demonstrated resistances
against several wheat pathogens, such as powdery mildew
(Delibes et al., 1987), eyespot (Pch1) (Doussinault et al.,
1983), rust (Lr37, Yr17, and Sr38) (Bariana and McIntosh,
1993, 1994; Bonhomme et al., 1995; Tanguy et al., 2005),
cereal cyst nematode (Cre2, Cre5, and Cre6) (Delibes et al.,
1993; Jahier et al., 2001; Ogbonnaya et al., 2001; Tanguy
et al., 2005), and Hessian fly (H27) (Delibes et al., 1997).
In order to effectively exploit the genetic value originating
from Ae. ventricosa, novel Ae. ventricosa accessions are needed
to be employed in the development of wheat-Ae. ventricosa
introgression lines.

In this study, we used multicolor FISH (mc-FISH) to
investigate 381 experimental plants, covering S3 and S4
generations derived from reciprocal crosses between Ae.
ventricosa (DvDvNvNv) and T. turgidum (AABB). Our aim
was to characterize the chromosome alterations in nascent
wheat allopolyploids for use as novel genetic resources of Ae.
ventricosa. As a result, chromosome alterations were found to
be accompanied by the formation of the new allopolyploids.
Subgenome and chromosome biases were also observed. No
association was observed between chromosomal dynamics and
cytoplasm, with the exception of the chromosomal loss in the
Dv subgenome.

MATERIALS AND METHODS

Plant Materials
Aegilops ventricosa cv. RM271 (D subgenome of Ae. ventricosa,
or Dv) was supplied by Prof. Lihui Li (Institute of Crop
Sciences, Chinese Academy of Agricultural Sciences). Aegilops
tauschii SQ 665 (D subgenome of Ae. tauschii, or Dt) was
provided by International Maize and Wheat Improvement
Center (CIMMYT). T. turgidum var. durum cv. Langdon and
common wheat Chinese Spring (CS) (D subgenome of bread
wheat, or Db) were conserved by our library. These four
experimental lines were used to develop a standard FISH
karyotype of A, B, Dv, Dt, Db, and Nv subgenomes. Spontaneous
amphidiploids of T. turgidum–Ae. ventricosa were obtained from
fertile F1 generations of Ae. ventricosa cv. RM271 (as female or
male) crossed with T. turgidum cv. Langdon (T. turgidum × Ae.
ventricosa; Ae. ventricosa × T. turgidum) via chromosome
autoduplication. The seeds of S3 [derived from T. turgidum×Ae.
ventricosa (group 1, or G1) and Ae. ventricosa × T. turgidum
(group 2, or G2)] and S4 [derived from T. turgidum × Ae.
ventricosa (group 3, or G3) and Ae. ventricosa × T. turgidum
(group 4, or G4)] generations were collected. Then, 124, 53,
103, and 101 seeds (381 seeds in total) were randomly selected
from G1, G2, G3, and G4, respectively, for analysis of the FISH
karyotype (Figure 1).
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FIGURE 1 | Schematic of strategy used to obtain the experimental seeds (G1,
G2, G3, and G4) using hybridization between T. turgidum and Ae. ventricosa.

mc-FISH Procedures
The root tips used for karyotype analyses were collected
from germinating seeds and treated with nitrous oxide. The
protocol was conducted as described by Zhang J. et al.
(2018) The chromosomal preparation of mitotic metaphases
was performed as reported by Kato et al. (2004). To identify
every pair of chromosomes originating from T. turgidum and
Ae. ventricosa, oligo-nucleotide probes Oligo-pSc119.2, Oligo-
pTa535, and Oligo-(GAA)7 were labeled on the 5′-end with
6-carboxyfluorescein (6-FAM), 6-carboxytetramethylrhodamine
(Tamra), and Cy5, respectively, and used as described by Tang
et al. (2014) and Li G. et al. (2016) (Invitrogen, Shanghai, China).
FISH protocols were adapted from the methods described
by Han et al. (2006). The slides were stored in a moist
box at 37◦C for 4 h and washed in 2 × SSC at room
temperature. The slides were mounted with VECTASHIELD
mounting medium with 4′,6-diamidino-2-phenylindole (DAPI)
(Vector Laboratories, CA, United States). Images were captured
using a Leica DM2500 fluorescence microscope (Leica, Wetzlar,
Germany) equipped with a cooled charge-coupled device camera
(Leica, Wetzlar, Germany) operated with LAS Live software
(version 4.6) (Leica, Wetzlar, Germany). Signal pattern images for
the same metaphase cell were taken over two rounds. The first

round was used to capture the signals of probes labeled with 6-
FAM (Oligo-pSc119.2) and Tamra (Oligo-pTa535), which were
displayed green and red and the chromosomal background stain,
DAPI, which was displayed as blue; the three resulting images
(Oligo-pSc119.2, Oligo-pTa535 and DAPI) were merged. In the
second round, the signals of Oligo-(GAA)7 labeled with Cy5
and the chromosomal background stain, DAPI, which displayed
yellow and red, respectively, were obtained; the two resulting
images (Oligo-(GAA)7 and Cy5) were merged.

Statistics Analysis
Statistical analyses were performed using SPSS version 19.0 (IBM,
United States) and GraphPad Prism version 8.01 (GraphPad
Software, United States). Chi-square test or Student’s t-test were
used to estimate the statistical significance for each comparison
with a p-value 0.05 as the threshold.

RESULTS

Amphiploid Plant Morphology (S1
Generation)
Phenotypically, amphiploids exhibited a spike-shape similar
to that of their parents Ae. ventricosa. The spike-lengths of
amphiploids were clearly longer than those either of the parents,
T. turgidum and Ae. ventricosa. The short awns of the spikes
in the progenies were likely inherited from Ae. ventricosa
(Figure 2A). In addition to the spikes, the length and width of
the amphiploids seeds were higher than those of either of the
parents. Moreover, the amphiploids had tough glumes similar to
those of the parent Ae. ventricosa, which made the spikes difficult
to thresh (Figure 2B).

FISH Karyotypes of A, B, Dv, Nv

Subgenomes Were Established Using the
Probe Combination of Oligo-pSc119.2,
Oligo-pTa535, and Oligo-(GAA)7
The chromosomes of the parents T. turgidum and Ae. ventricosa
were analyzed by mc-FISH using a combination of probes
Oligo-pSc119.2, Oligo-pTa535, and Oligo-(GAA)7. As shown in
Figures 3A–D, I, Oligo-pSc119.2 was mainly localized to the B
and Nv genomes, while high levels of Oligo-pTa535 signal were
observed on A and Dv genomes. Oligo-(GAA)7 exhibited strong
signals in the centromeric regions of all the B chromosomes
and large parts of the Dv and Nv chromosomes. The integrated
use of probes allowed for the identification of the individual
chromosomes of the A, B, Dv, and Nv genomes. Ae. ventricosa
is a tetraploid originating from of Ae. tauschii and Ae. uniaristata
(NN). The Dv genome of Ae. ventricosa (DvDvNvNv) is similar to
that ofAe. tauschii (DD) (McNeil et al., 1994), which allowed us to
precisely identify each pair of Dv and Nv chromosomes according
to the FISH karyotype of Ae. tauschii and the descriptions
reported by Badaeva et al. (2011). Comparison of the FISH
karyotypes of the Dv genome with that of Dt genome revealed
significant differences in terms of the microsatellite sequence
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FIGURE 2 | Spike (A) and seeds (B) morphology. 1–3 are T. turgidum var. turgidum cv. Langdon, amphiploid, and Ae. ventricosa cv. RM271, respectively.

distribution patterns, based on the signal distribution of Oligo-
(GAA)7. For example, 1Dv harbored strong and weak signal
bands at the end of long and short arms, respectively, while 1Dt

showed weak signal bands at both ends of the long and short
arms; 3Dv carried signals at the centromeric region and the end
of short arm, while 3Dt carried signals at the centromeric region
and the end of the long arm; 4Dv showed a stronger signal than
4Dt; 6Dv had an obvious signal at the centromeric region and
sub-terminal region of the long arm. Conversely, 6Dt showed the
extremely low levels of signal along the chromosome; 7Dv showed
signal at the centromeric region, whereas 7Dt showed signal at
the terminal region of the chromosome. Compared to the Dv

and Dt genomes, extremely low levels of signal of Oligo-(GAA)7
was detected along the all chromosomes from the Db genome of
bread wheat, Chinese Spring (CS) (Figures 3C–I). These results
indicated that the signal patterns of Oligo-(GAA)7 of Dv and Dt

were similar to those of Db (Figure 3I).

High Levels of Whole-Chromosome
Aneuploidy in Early Generations
The chromosome composition of the 381 individuals from the
four groups were analyzed via mc-FISH. All of the mitotic
cells investigated showed the same FISH karyotype, indicating
that no somatic alteration existed among the cells from the
same individuals. A small proportion of euploids were identified
(Figure 4), and high levels of whole-chromosome aneuploidy
were observed in all groups, with frequencies varying from
67.74 to 86.41% (Figure 5A). The frequency of aneuploids was

significantly higher than that in euploids (t-test, p = 0.000)
(Figure 5B). All four groups showed variable chromosome
numbers and the chromosome numbers of the experimental
plants ranged from 46 to 57 (Figure 6 and Supplementary
Figure S1). Of the 381 plants, the frequency of plants exhibiting
chromosomal loss was prominent compared to those exhibiting
chromosomal gain, with rates of 72.23 and 4.46%, respectively.

We observed a special type of aneuploidy in G2, and G3. This
type of aneuploidy contained 56 chromosomes, as in euploids,
but exhibited chromosome loss and gain, which was denoted as
hidden aneuploidy by Zhang et al. (2013a). Of the 381 plants,
two plants (0.52%) were classified as having “hidden aneuploidy,”
17Y-44-95 (in G2) and Y1701-1-2 (in G3) (FISH signal patterns
are shown in Figures 7 A–D). Y1701-1-2 involved 7N loss/1D
gain, while 17Y-44-95 showed a complex “hidden aneuploidy”
pattern involving 1A, 6A, 7N loss/7A, 3A, 1B gain. Notably, the
two “hidden aneuploidy” lines involved chromosomes (loss/gain)
originating from different homologous groups.

These results indicate a large incidence of aneuploidy in
the early generations of the neoallopolyploids resulting from
the T. turgidum × Ae. ventricosa cross. Subsequently, we
explored whether chromosome loss/gain events were associated
with genome biases. Dv subgenome was found to show the
highest frequency of chromosomal loss (50.27%) (Chi-square
test, p = 0.00). The Nv subgenome (30.59%) showed a significantly
higher frequency of chromosomal loss than the B (13.81%) or A
(11.61%) subgenomes (Chi-square test, p = 0.017, Nv vs. B; Chi-
square test, p = 0.02, Nv vs. A), while no significant differences
were detected between the A and B subgenomes (Chi-square test
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FIGURE 3 | FISH analysis of T. turgidum cv. Langdon (A,B), Ae. ventricosa cv. RM271 (C,D), Ae.tauschii SQ 665 (E,F), common wheat Chinese Spring (CS) (G,H),
and the karyograms of the A, B, Dv, Dt, Db, and Nv subgenomes (I). (A,C,E,G) chromosomes stained by DAPI (blue), oligo-nucleotides Oligo-pSc119.2 (green), and
Oligo-pTa535 (red). (B,D,F,H) Chromosomes staining with DAPI (red) and Oligo-(GAA)7 (yellow). A, B in panel (I) are the subgenomes of T. turgidum cv. Langdon; Dv

and Nv are the subgenomes from Ae. ventricosa cv. RM271; Dt is the genome originated from Aegilops tauschii cv. SQ 665; Db is the subgenome from bread wheat
Chinese Spring (CS).

p = 0.415) (Figure 8). In terms of chromosome gain, A and Dv

showed the highest frequency, 3.48 and 3.29%, respectively, while
Nv showed the lowest frequency of chromosomal gain (0.99%).
However, no significant differences related to chromosomal
gains were found among the four subgenomes (Chi-square test,
p > 0.05) (Figure 8).

Incidence of Chromosome Structural
Variations and Different Propensities
Among Constituent Genomes
Compared to variations in chromosome numbers, variations in
chromosome structures occurred in a smaller proportion. Among
the 381 plants, changes in chromosome structures were observed
in 39 individuals, with a rate of 10.24%, including 47 events of

chromosomal breakage. Among these 39 plants, two types of
chromosomal structural variation were detected: chromosomal
breakage (including 1AS. 1AL-, 3AL, -4AS.4AL, 6AL, 1BL, 2BS.
2BL-, 4BL, 5BS, -6BS.6BL, 7BS. 7BL-, 2DvL, 3DvL, 6DvS.6Dv

L-, 1NvL, 3NvS.3Nv L-, and 6NvS) and translocation (including
3BL.3BL, 5NvL.5NvL, 7A.7D, 5AL.5AL, and 7NvL.3BL).

All four subgenomes (A, B, Dv, and Nv) underwent
chromosome structural variation, and 11 (2.89%, A subgenome),
23 (6.04%, B subgenome), five (1.31%, Dv subgenome), and
eight (2.10%, Nv subgenome) plants carrying chromosomal
structural change, respectively, were observed in 381 plants
(Figure 9A). Similar to the variation in chromosome numbers,
chromosomal structural variations were accompanied by genome
bias. Among the four constituent subgenomes, B subgenome
showed significantly higher frequency of structural variations
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FIGURE 4 | The FISH pattern from euploids. (A) Chromosomes staining with DAPI (blue) oligo-nucleotides Oligo-pSc119.2 (green), Oligo-pTa535 (red).
(B) chromosomes staining by DAPI (red) and Oligo-(GAA)7 (yellow).

FIGURE 5 | Aneuploid distribution (A) in four groups and frequencies of
aneuploids and euploids (B). P-values labeled with asterisks denote significant
difference at ***P < 0.001.

(Chi-square test, p = 0.048, B vs. A; p = 0.005, B vs. Dv;
p = 0.016, B vs. Nv). A large proportion of chromosomes
were observed to exhibit structural variations from all four
subgenomes, while no visible structural variations were detected
on chromosomes 2A, 1Dv, 4Dv, 5Dv, 2Nv, and 4Nv (Figure 9B
and Supplementary Figure S2).

Significant Differences in Chromosomal
Behavior Model Between Progenies
From Reciprocal Crosses Observed Only
in the Chromosome Loss of the Dv

Subgenome
In terms of the aneuploidy frequency and subgenome bias
of chromosomal numerical/structural variation, no significant

differences were found between the tetraploid wheat cytoplasm
and Ae. ventricosa cytoplasm (Figures 10A–F,H). Interestingly,
a significant difference was detected for chromosome loss in Dv

subgenome between the reciprocal crosses (t-test, p = 0.006 for
T. turgidum × Ae. ventricosa vs. Ae. ventricosa × T. turgidum)
(Figure 10G). However, because the frequencies were low, we
were unable to conduct a statistical analysis for chromosome
gain and chromosomal structural variations of the four
constituent subgenomes.

DISCUSSION

Repetitive sequences have significantly contributed to our
understanding of genome organization and recombination
during the evolution of plants (Friesen et al., 2001). Numerous
FISH probes have been developed based on repetitive sequences
(Cuadrado and Jouve, 2010; Tang et al., 2014, 2016, 2018; Fu
et al., 2015; Lang et al., 2018; Liu et al., 2018), which are widely
used for the identification of chromosomes of the Triticum genus
(Badaeva et al., 2011; Zhang et al., 2013b; Delgado et al., 2016;
Zhao et al., 2018; Ren et al., 2019). In this study, we established the
FISH karyotypes of the A, B, Dv, and Nv subgenomes using Oligo-
pSc119.2, Oligo-pTa535 and Oligo-(GAA)7. As expected, these
probes distinguished between the A, B, Dv, and Nv subgenomes.
Moreover, the signal patterns on the chromosomes of the A
and B subgenomes were consistent with the results reported
by Tang et al. (2014). Since Ae. ventricosa originated from the
hybridization of Ae. tauschii (DD) and Ae. uniaristata (NN)
(McNeil et al., 1994), each individual chromosome from Dv

subgenome could be identified according to the FISH signal
patterns of D genome of Ae. tauschii.

In the present study, we compared the FISH karyotypes
of the three types of D genomes (Dt genome of Ae. tauschii,
Dv of Ae. ventricosa, and Db of T. aestivum), and we found
that the three D genomes showed slight differences within
themselves. These results indicated that D genome present in
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FIGURE 6 | Distribution of the number of chromosomes in the four experimental groups.

Ae. ventricosa (Dv) and T. aestivum (Db) underwent small
modifications compared to the ancestral D genomes of Ae.
tauschii, which is in agreement with the results reported by
Mirzaghaderi and Mason (2017). Notably, we found that the
three D genomes showed similar FISH signal patterns for the
Oligo-pSc119.2 and Oligo-pTa535 probes compared to the Oligo-
(GAA)7 probe, which indicated that the tandem repeat sequences
of pSc119.2 (KF719093) and pTa535 (KC290894.1) were likely to
be more conserved than simple repeat sequences (GAA)n over
evolutionary time. Interestingly, the 1Dv–7Dv, 2Dt–5Dt, and 7Dt

chromosomes showed observable levels of Oligo-(GAA)7 signal
patterns. Specifically, 2Dv and 2Dt, 4Dv and 4Dt, and 5Dv and
5Dt shared similar Oligo-(GAA)7 signal patterns. However, the
chromosomes of Db subgenome showed fewer and lower levels
of Oligo-(GAA)7 signals compared to the chromosomes of the
Dv and Dt subgenomes. The FISH signal patterns of Oligo-
(GAA)7 on the chromosomes of the Dv and Dt subgenomes
were more similar than those of the chromosomes of the Db and
Dt subgenomes. These results showed a burst of simple repeat
sequences occurred on both Dv and Dt subgenomes rather than
Db subgenome, implying that the divergence between the Dt of
Ae. tauschii and Dv of Ae. ventricosa most likely occurred later
than between Dt of Ae. tauschii and Db of bread wheat, indicating
that intraspecific hybridization of Ae. tauschii and Ae. uniaristata
(NN) may have occurred later than the intergeneric hybridization
of Ae. tauschii and emmer wheat.

Studies on the behavior of subgenomes and single
chromosomes concerning the last post-allopolyploidization
timescale are valuable to improve our understanding of the
formation and evolution of allopolyploids. Recently, many
studies have demonstrated that allopolyploidization in the
wheat group triggered extensive genomic shocks, which led to
karyotype changes, including changes in chromosome structure
and numbers (Hao et al., 2013; Zhang et al., 2013a; Li G. et al.,
2016; Guo et al., 2018). Large and frequent whole chromosome
loss/gain events and chromosome/subgenome biases resulting
from aneuploidy in the neoallopolyploids of the wheat group
have been described in detail in the literature (Tiwari et al., 2010;
Zhou et al., 2012; Hao et al., 2013; Zhang et al., 2013b; Li et al.,
2015). However, the majority of the literature is only concerned

FIGURE 7 | FISH analysis of two types of “hidden aneuploidy” using
Oligo-pSc119.2 (green), Oligo-pTa535 (red) and Oligo-(GAA)7 (yellow) as
probes. (A,B) 17Y-44-95; (C,D) Y1701-1-2. Green denotes chromosome loss
and yellow denotes chromosome gain.

with neoallopolyploids harboring the D subgenome originating
from Ae. tauschii or T. aestivum. As a result, neoallopolyploids
carrying other types of D subgenome originating from Aegilops
genus have not been fully investigated; whether the maternal
parent effect the chromosomal behavior remains unknown.

We addressed these issues using two sets of newly formed
T. turgidum-Ae. ventricosa allopolyploidy (AABBDvDvNvNv)
lines derived from reciprocal crosses between Ae. ventricosa and
T. turgidum. Many aneuploids were observed in the S3 (G1 and
G2) and S4 (G3 and G4) generations, with frequencies of 67.74,
67.92, 86.41, and 72.28%, respectively, which correlate with the
results of several recent studies (Zhang et al., 2013b; Guo et al.,
2018). It is widely believed that aneuploidy generally occurs in
newly formed allopolyploid wheat lines. However, natural wheat
varieties show a much lower frequency of aneuploid individuals
(1–3%) (Riley and Kimber, 1961). Recently, several studies have
attempted to address the underlying mechanisms of stability that
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FIGURE 8 | The frequencies of subgenome loss and gain. P-values labeled
with asterisks denote significant differences at *P < 0.05 and ***P < 0.001.

give rise to the formation of allopolyploid in wheat. For example,
Zhang et al. (2013b) found that persistent aneuploidy is generally
associated with nascent allohexaploid wheat over multiple
generations (S1–S20) and further proposed that karyotypic
stabilization could not be achieved even by consecutive screening
for euploidy. Mestiri et al. (2010) demonstrated that the stability
of synthetic allohexaploids in wheat was dependent on the
variability of genotypes of T. turgidum and Ae. tauschii. Our
findings showed that the cytoplasm of the maternal parent did
not affect the frequency of euploidy in the wheat group, which
suggests that many aneuploids would occur in early generations
no matter which plant was used as the maternal parent. Thus,
the key constituent affecting the stabilization of allopolyploids
in natural wheat also warrants further investigation. Given the
much higher rate of the plants harboring chromosome loss
(72.23%) compared to chromosome gain (4.46%), it was obvious
that chromosome loss would occur more easily than chromosome
gain, which most likely depends on the capacity of cell nucleus
per se.

Chromosomal aneuploidy is known to exhibit preferential
chromosome elimination. Our results demonstrated that the
Dv subgenome showed a higher frequency of loss (50.27%)
and gain (3.29%) than the other three constituent subgenomes,
suggesting that Dv is the most unstable subgenome of our
newly formed allopolyploids. The result is in agreement with
a significant number of previous studies, such as wheat-Secale
(RR) allopolyploids (A, B, D, and R) (Dou et al., 2006;
Zhou et al., 2012; Hao et al., 2013; Li et al., 2015), wheat-
Ae.kotschyi (UkUkSkSk) allopolyploids (A, B, D, Uk, and Sk)
(Tiwari et al., 2010), newly formed wheat allotetraploids (AADD)

(Guo et al., 2018), and trigeneric hybrids (A, B, D, R, and Ns)
of wheat–Secale (RR)–Psathyrostachys huashanica (NsNs) (Xie
et al., 2012), but contrary to the “pivotal-differential genome
evolution hypothesis”(Mirzaghaderi and Mason, 2017), which
proposed that D, A, and U were pivotal genomes, and underwent
little modifications. Thus, they were considered to be more
stable than under-dominant subgenomes (the other subgenomes
harbored in the wheat group with the exception of A, D, and U).
Possibly, this mechanism may have given rise to the formation
of allohexaploid wheat over evolutionary time (Zhang et al.,
2013a). There is significant evidence that has supported pivotal-
differential genome patterns as a common phenomenon during
the evolutionary process of wheat group via allopolyploidization.
For example, allotetraploids Ae. crassa (DM), Ae. cylindrica (DC),
and Ae. triuncialis (UC) showed lower amounts of sequence
loss in their pivotal subgenomes (D and U) than in their
differential subgenomes (M and C) (Senerchia et al., 2014); in
terms of allohexaploid bread wheat, the higher sequence order
conservation was detected in the A genome relative to B and
in the D genome compared to A and B (Pont et al., 2013); in
allohexaploid Ae. neglecta (2n = 6 × = 42, UnUnMnMnNnNn),
U (pivotal subgenome) has remained mostly intact relative
to M and N (differential subgenome) (Badaeva et al., 2004).
Integrating our findings with the previous results, we propose
that in early generations of newly resynthesized allopolyploids
of wheat group, chromosomal behavior pattern probably may
not strictly follow this rule. The D subgenome is likely to be
more easily “shocked” than other subgenomes (including pivotal
subgenomes, A, B, and U, even the differential subgenomes S,
R, N, and Ns) once they are merged with other genomes, which
leads to its preferential elimination. The preferential elimination
or stability of D subgenome in the genetic background of the
newly formed allopolyploids may depends on its genotypes
(Mestiri et al., 2010), which accounts for why the D subgenome
exhibited preferential elimination, while in another research,
the D subgenome showed the highest stability as reported by
Zhang et al. (2013a). Additionally, we found that the frequency of
chromosome loss in the Dv genome from the T. turgidum × Ae.
ventricosa cross was significantly higher than that observed in the
Ae. ventricosa × T. turgidum cross. This may be due to the fact
that the cytoplasm of the maternal parent gas different effects
on different subgenomes. This finding suggests that although
the D subgenome showed the greatest instability, allopolyploids
containing D subgenome are likely to be maintained when
the D subgenome donor was used as the maternal parent at
its onset stage.

Small proportions of “hidden aneuploids” (0.78%) exhibiting
the expected chromosomal number of parental euploids (2n = 56)
with no discernible chromosomal structural alterations, but with
loss and gain of chromosomes, were found. In the current
study, none of the “hidden aneuploids” were found to involve
homologous chromosomes, and the events of chromosomal
loss/gain likely occurred randomly, which was consistent with the
results described by Zhang et al. (2013a). The possible reason for
this phenomenon is the allopolyploid nature of the wheat group.

We also observed large chromosomal structural changes,
which is in line with the results reported by several studies
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FIGURE 9 | The distribution of chromosomal structural variations of four subgenome (A), and the FISH karyotype of chromosomal structural changes (B) by use of
chromosomal structural variations. ∗1, 3BL.3BL; ∗2, 5NvL.5NvL; ∗3, 7AS.7DvL; ∗4, 7NvL.3BL; ∗5, 5AL.5AL; ∗6, 7DvS.7AL. Circles denote chromosomes with
breakages occurring in non-centromeric region.

FIGURE 10 | Chromosomal behavior biases in reciprocal crosses. (A) Frequencies of aneuploids; (B) Frequencies of chromosome loss; (C) Frequencies of
chromosome gain; (D) Frequencies of chromosomal structural variation; (E–H) Frequencies of chromosome loss in A, B, Dv, and Nv subgenome.

(Hao et al., 2013; Fu et al., 2015; Su et al., 2015; Li G. et al.,
2016; Guo et al., 2018). In contrast, few or no chromosomal
structural changes have been identified in other studies (Mestiri
et al., 2010; Zhao et al., 2011; Zhang et al., 2013a). In terms
of the possible reasons for this discrepancy, it is possible that
there was incompatibility between the subgenomes of the wheat
group and the alien genomes (such as R genome), which would
have led to the disorganization of meiotic pairing and given rise
to chromosomal structural alterations. In addition, our findings
revealed that the B subgenome showed the highest frequencies
of chromosomal structural variation (6.04%), which was likely

due to its high heterochromatin content and large genome size
(Zhang et al., 2015).

In this study, we characterized the chromosomal behavior
of early generations of the newly formed T. turgidum-
Ae. ventricosa allopolyploids. Plants carrying numerical and
structural chromosomal variations were found, indicating that
genetic variations may occur on the post-allopolyploidization
timescale. These variations are likely to confer rich adaptive
abilities to individuals in various natural habitats, thus, fueling
the establishment of new species (Han et al., 2015). As
such, our results provide insight into the possible reasons for
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the existence of aneuploidy in the early generations of
allopolyploidization in wheat group. Chromosome loss in the Dv

subgenome showed cytoplasm-dependence, indicating a possible
mechanism of allopolyploids harboring D subgenome. The
synthetic amphiploids of the wheat group could also be used
as a “bridge” for the transfer of valuable alien genes to wheat
(Zhang et al., 2017; Zhang D. L. et al., 2018). In this respect, our
T. turgidum-Ae. ventricosa amphiploids, possessing appealingly
large seeds, could be used as a potential genetic resource for
wheat improvement.
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FIGURE S1 | FISH analysis for metaphase spreads with chromosomal numerical
variations. (A–L) Metaphase spreads with 46, 47, 48, 49, 50, 51, 52, 53, 54, 55,
56, and 57 chromosomes, respectively. 1s: Metaphase spread investigated using
Oligo-pSc119.2 (green) and Oligo-pTa535 (red) as probes, 2s: Metaphase
spreads using Oligo- (GAA)7 (yellow) as probe. Chromosomes were stained with
DAPI (blue on 1s and red on 2s). Green denotes chromosome loss and yellow
denotes showed chromosome gain. The two chromosomes lost are listed at the
lower right corner of every images.

FIGURE S2 | FISH analysis for metaphase spreads with chromosomal structural
variations. (A–T) Metaphase spreads with 1AS. 1AL-, 3AL, -4AS.4AL, 7BS. 7BL-,
6AL, 1BL, 2BS. 2BL-, 4BL, 5BS, -6BS.6BL, 2DvL, 3DvL, 6DvS.6Dv L-, 1NvL,
3NvS.3Nv L-, 6NvS, 3BL.3BL, 5NvL.5NvL, 7A.7Dv, 5AL.5AL, and 7NvL.3BL,
respectively. 1s: Metaphase spread investigated using Oligo-pSc119.2 (green) and
Oligo-pTa535 (red). 2s: Metaphase spreads investigated using Oligo- (GAA)7
(yellow). Chromosomes were stained with DAPI (blue on 1s and red on 2s). Red
denotes type of chromosomal structural variations.

REFERENCES
Badaeva, E. D., Amosova, A. V., Samatadze, T. E., Zoshchuk, S. A., Shostak, N. G.,

Chikida, N. N., et al. (2004). Genome differentiation in Aegilops. 4. Evolution of
the U-genome cluster. Plant Syst. Evol. 246, 45–76.

Badaeva, E. D., Dedkova, O. S., Zoshchuk, S. A., Amosova, A. V., Reader, S. M.,
Bernard, M., et al. (2011). Comparative analysis of the N-genome in diploid and
polyploid Aegilops species. Chromosome Res. 19, 541–548. doi: 10.1007/s10577-
011-9211-x

Bariana, H. S., and McIntosh, R. A. (1993). Cytogenetic studies in wheat. XV.
Location of rust resistance genes in VPM1 and its genetic linkage with other
disease resistance genes in chromosome 2A. Genome 36, 476–482. doi: 10.1139/
g93-0659

Bariana, H. S., and McIntosh, R. A. (1994). Characterization and origin of rust
resistance and powdery mildew resistance in VPM1. Euphytica 76, 53–61. doi:
10.1007/BF00024020

Bonhomme, A., Gale, M. D., Koebner, R. M. D., Nicolas, P., Jahier, J., and Bernard,
M. (1995). RFLP analysis of an Aegilops ventricosa chromosome that carries
a gene conferring resistance to leaf rust (Puccinia recondita) when transferred
to hexaploid wheat. Theor Appl Genet. 90, 1042–1048. doi: 10.1007/BF0022
2919

Cuadrado, Á, and Jouve, N. (2010). Chromosomal detection of simple sequence
repeats(SSRs) using nondenaturing FISH (ND-FISH). Chromosoma 119, 495–
503. doi: 10.1007/s00412-010-0273-x

Delgado, A., Carvalho, A., Martín, A. C., Martín, A., and Lima-Brito,
J. (2016). Use of the synthetic Oligo-pTa535 and Oligo-pAs1 probes
for identification of Hordeum chilense-origin chromosomes in hexaploid
tritordeum. Genet. Resour. Crop. Evol. 63, 945–951. doi: 10.1007/s10722-016-
0402-3

Delibes, A., Del Moral, J., Martin-Sanchez, J. A., Mejias, A., Gallego, M., Casado,
D., et al. (1997). Hessian fly-resistance gene transferred from Chromosome 4Mv
of Aegilops ventricosa to Triticum aestivum. Theor. Appl. Genet. 94, 858–864.
doi: 10.1007/s001220050487

Delibes, A., Lopez-Brafia, I., Mena, M., and Garcia-Olmedo, F. (1987). Genetic
transfer of resistance to powdery mildew and of an associated biochemical
marker from Aegilops ventricosa to hexaploid wheat. Theor. Appl. Genet. 73,
605–608. doi: 10.1007/BF00289201

Delibes, A., Romero, D., Aguaded, S., Duce, A., Mena, M., Lopez-Brana, I.,
et al. (1993). Resistance to cereal cyst nematode (Heterodera avenae Woll.)
transferred from the wild grass Aegilops ventricosa to hexaploid wheat by
a ‘stepping stone’ procedure. Theor. Appl. Genet. 87, 402–408. doi: 10.1007/
BF01184930

Frontiers in Genetics | www.frontiersin.org 10 May 2020 | Volume 11 | Article 330

https://www.frontiersin.org/articles/10.3389/fgene.2020.00330/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fgene.2020.00330/full#supplementary-material
https://doi.org/10.1007/s10577-011-9211-x
https://doi.org/10.1007/s10577-011-9211-x
https://doi.org/10.1139/g93-0659
https://doi.org/10.1139/g93-0659
https://doi.org/10.1007/BF00024020
https://doi.org/10.1007/BF00024020
https://doi.org/10.1007/BF00222919
https://doi.org/10.1007/BF00222919
https://doi.org/10.1007/s00412-010-0273-x
https://doi.org/10.1007/s10722-016-0402-3
https://doi.org/10.1007/s10722-016-0402-3
https://doi.org/10.1007/s001220050487
https://doi.org/10.1007/BF00289201
https://doi.org/10.1007/BF01184930
https://doi.org/10.1007/BF01184930
https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org/
https://www.frontiersin.org/journals/genetics#articles


fgene-11-00330 May 10, 2020 Time: 19:18 # 11

Zhang et al. Chromosomal Variations in Wheat Neoallopolyploid

Dosba, F., Doussinault, G., and Rivoal, R. (1978). “Extraction, identification and
utilization of the addition lines T. aestivum–Ae.ventricosa,” in Proceedings of
the 5th international wheat genetics symposium. Indian Society of Genetics and
Plant Breeding, ed. S. Ramanujam New Delhi, 332–337.

Dou, Q. W., Tanaka, H., Nakata, N., and Tsujimoto, H. (2006). Molecular
cytogenetic analyses of hexaploid lines spontaneously appearing in octoploid
Triticale. Theor. Appl. Genet. 114, 41–47. doi: 10.1007/s00122-006-0408-x

Doussinault, G., Delibes, A., Sanchez-Monge, R., and Garcia-Olmedo, F. (1983).
Transfer of a dominant gene for resistance to eyespot disease from a wild grass
to hexaploid wheat. Nature 303, 698–700. doi: 10.1038/303698a0

Dvorak, J., and Zhang, H. B. (1990). Variation in repeated nucleotide sequences
sheds lights on the phylogeny of the wheat B and G genome. Proc. Natl. Acad.
Sci. U.S.A. 87, 9640–9644. doi: 10.1073/pnas.87.24.9640

El Baidouri, M., Murat, F., Veyssiere, M., Molinier, M., Fores, R., Burlot, L., et al.
(2017). Reconciling the evolutionary origin of bread wheat (Triticum aestivum).
New Phytol. 213, 1477–1486. doi: 10.1111/nph.14113

Friesen, N., Brandes, A., and Heslop-Harrison, J. S. (2001). Diversity, Origin, and
distribution of. (retrotransposons)(gypsy and copia) in Conifers.Mol. Biol. Evol.
18, 1176–1188. doi: 10.1093/oxfordjournals.molbev.a003905

Fu, S. L., Chen, L., Wang, Y. Y., Li, M., Yang, Z. J., Qiu, L., et al. (2015).
Oligonucleotide probes for ND-FISH analysis to identify Rye and wheat
chromosomes. Sci. Rep. 5:10552. doi: 10.1038/srep10552

Guo, X. W., Bian, Y., Zhang, A., Zhang, H. K., Wang, B., Lv, R. L., et al. (2018).
Transgenerationally precipitated meiotic chromosome instability fuels rapid
karyotype evolution and phenotypic diversity in an artificially constructed
allotetraploid wheat. Mol. Biol. Evol. 35, 1078–1091. doi: 10.1093/molbev/
msy009

Han, F. P., Lamb, J. C., and Birchler, A. (2006). High frequency of centromere
inactivation resulting in stable dicentric chromosomes of maize. Pro. Natl. Acad.
Sci. U.S.A. 103, 3238–3243. doi: 10.1073/pnas.0509650103

Han, T. S., Wu, Q., Hou, X. H., Li, Z. W., Zhou, Y. P., Ge, S., et al. (2015).
Frequent introgressions from diploid species contribute to the adaptation of
the tetraploid Shepherd’s Purse (Capsella bursa-pastoris). Mol. Plant 8, 427–438.
doi: 10.1016/j.molp.2014.11.016

Hao, M., Luo, J. T., Zhang, L. Q., Yuan, Z. W., Yang, Y. W., Wu, M., et al. (2013).
Production of hexaploid triticale by a synthetic hexaploid wheat-rye hybrid
method. Euphytica 2013, 347–357. doi: 10.1007/s10681-013-0930-2

Huang, S. X., Sirikhachronkit, A., Su, X. J., Faris, J., Gill, B., Haselkorn, R., et al.
(2002). Genes encoding plastid acetyl-CoA carboxylase and 3-phosphoglycerate
kinase of the Triticum/Aegilops complex and the evolutionary history of
polyploid wheat. Proc. Natl. Acad. Sci. U.S.A. 99, 8133–8138. doi: 10.1073/pnas.
072223799

Jahier, J., Abelard, P., Tanguy, A. M., Dedryver, F., Rivoal, R., Khathar, S., et al.
(2001). The Aegilops ventricosa segment on chromosome 2AS of the wheat
cultivar VPM1 carries the cereal cystnematode resistance gene Cre5. Plant
Breed. 120, 125–128. doi: 10.1046/j.1439-0523.2001.00585.x

Kato, A., Lamb, J. C., and Birchler, J. A. (2004). Chromosome painting using
repetitive DNA sequences as probes for somatic chromosome identification in
maize. Proc. Natl. Acad. Sci. U.S.A. 101, 13554–13559.

Kilian, B., Ozkan, H., Deusch, O., Effen, S., Brandolini, A., Kohl, J., et al.
(2007). Independent wheat B and G genome origins in outcrossing
Aegilops progenitors. Mol. Biol. Evol. 24, 217–227. doi: 10.1093/molbev/
msl151

Lang, T., Li, G. R., Wang, H. J., Yu, Z. H., Chen, Q. H., Yang, E. N., et al. (2018).
Physical location of tandem repeats in the wheat genome and application
for chromosome identification. Planta 249, 663–675. doi: 10.1007/s00425-018-
3033-4

Li, H., Guo, X. X., Wang, C. Y., and Ji, W. Q. (2015). Spontaneous and divergent
hexaploid Triticales derived from common wheat×rye by complete elimination
of D-genome chromosomes. PLoS One 10:e0120421. doi: 10.1371/journal.pone.
0120421

Li, H., Wang, Y. J., Guo, X. X., Du, Y. P., Wang, C. Y., and Ji, W. Q.
(2016). Chromosomal structural changes and microsatellite variations in newly
synthesized hexaploid wheat mediated by unreduced gemetes. J. Genet. 95,
819–830. doi: 10.1007/s12041-016-0704-4

Li, G., Gao, D., Zhang, H., Li, J., Wang, H., La, S., et al. (2016). Molecular
cytogenetic characterization of Dasypyrum breviaristatum chromosomes in

wheat background revealing the genomic divergence between Dasypyrum
species. Mol. Cytogenet. 9:6. doi: 10.1186/s13039-016-0217-0

Liu, L. Q., Luo, Q. L., Teng, W., Li, B., Li, H. W., Li, Y. W., et al. (2018).
Development of Thinopyrum ponticum-specifc molecular markers and FISH
probes based on SLAF-seq technology. Planta 247, 1099–1108. doi: 10.1007/
s00425-018-2845-6

Maìa, N. (1967). Obtention de blés tendres résistants au piétinverse par
croisements interspécifiques blés × Aegilops. C.R. Acad. Agric. Fr. 53,
149–154.

Marcussen, T., Sandve, S. R., Heier, L., Spannagl, M., Pfeifer, M., International
Wheat Genome Sequencing Consortium, et al. (2014). Ancient hybridizations
among the ancestral genomes of bread wheat. Science 345:1250092. doi: 10.
1126/science.1250092

McNeil, D., Lagudah, E. S., Hohmann, U., and Appels, R. (1994). Amplification
of DNA sequences in wheat and its relatives: the Dgas44 and R350
families of repetitive sequences. Genome 37, 320–327. doi: 10.1139/
g94-044

Mestiri, I., Chague, V., Tanguy, A.-M., Huneau, C., Huteau, V., Belcram, H., et al.
(2010). Newly synthesized wheat allohexaploids display progenitor-dependent
meiotic stability and aneuploidy but structural genomic additivity. New Phytol.
186, 86–101. doi: 10.1111/j.1469-8137.2010.03186.x

Mirzaghaderi, G., and Mason, A. S. (2017). Revisiting pivotal-differential genome
evolution in wheat. Trends Plant Sci. 22, 647–684. doi: 10.1016/j.tplants.2017.
06.003

Ogbonnaya, F. C., Seah, S., Delibes, A., Jahier, J., Lopez-Brana, I., Eastwood, R. F.,
et al. (2001). Molecular-genetic characterization of a new nematode resistance
gene in wheat. Theor. Appl. Genet. 102, 623–629. doi: 10.1007/s001220051689

Pont, C., Murat, F., Guizard, S., Flores, R., Foucrier, S., Bidet, Y., et al. (2013).
Wheat syntenome unveils new evidences of contrasted evolutionary plasticity
between paleo- and neoduplicated subgenomes. Plant J. 76, 1030–1044. doi:
10.1111/tpj.12366

Ren, T. H., He, M. J., Sun, Z. X., Tan, F. Q., Luo, P. G., Tang, Z. X., et al. (2019).
The polymorphisms of Oligonucleotide probes in wheat cultivars determined
by ND-FISH. Molecules 24:1126. doi: 10.3390/molecules24061126

Riley, R., and Kimber, G. (1961). Aneuploids and the cytogenetic structure of wheat
varietal populations. Heredity 16, 275–290.

Senerchia, N., Felber, F., and Parisod, C. (2014). Contrasting evolutionary
trajectories of multiple retrotransposons following independent allopolyploidy
in wild wheats. New Phytol. 202, 975–985. doi: 10.1111/nph.12731

Su, Y. R., Zhang, D. L., Li, Y., and Li, S. P. (2015). Nonhomologous Chromosome
pairing in Aegilops-Secale Hybrids. Cytogenet. Genome Res. 147, 268–273. doi:
10.1159/000444435

Tang, S., Tang, Z., Qiu, L., Yang, Z., Li, G., Lang, T., et al. (2018). Developing
new Oligo probes to distinguish specific chromosomal segments and the A, B,
D genomes of wheat (Triticum aestivum L.) using ND-FISH. Front. Plant Sci.
9:1104. doi: 10.3389/fpls.2018.01104

Tang, S. Y., Qiu, L., Xiao, Z. Q., Fu, S. L., and Tang, Z. X. (2016). New
Oligonucleotide probes for ND-FISH analysis to identify barley chromosomes
and to investigate polymorphisms of wheat chromosomes. Genes 7:118. doi:
10.3390/genes7120118

Tang, Z. X., Yang, Z. J., and Fu, S. L. (2014). Oligonucleotides replacing the roles of
repetitive sequences pAs1, pSc119.2, pTa-535, pTa71, CCS1, and pAWRC.1 for
FISH analysis. J. Appl. Genet. 55, 313–318. doi: 10.1007/s1335

Tanguy, A.-M., Coriton, O., Abelard, P., Dedryver, F., and Jahier, J. (2005).
Structure of Aegilops ventricosa chromosome 6Nv, the donor of wheat genes
Yr17. Lr37, Sr38, and Cre5. Genome 48, 541–546. doi: 10.1139/g05-001

Tiwari, V. K., Rawat, N., Neelam, K., Kumar, S., Randhawa, G. S., and Dhaliwal,
H. S. (2010). Random chromosome elimination in synthetic Triticum-Aegilops
amphiploids leads to development of a stable partial amphiploid with high grain
micro- and macronutrient content and powdery mildew resistance. Genome 53,
1053–1065. doi: 10.1139/G10-083

Xie, Q., Kang, H. Y., Tao, S., Sparkes, D. L., Fan, X., Cui, Z., et al. (2012). Wheat
lines derived from trigeneric hybrids of wheat-rye-Psathyrostachys huashanica,
the potentical resources for grain weight improvement. Aust. J. Crop Sci. 6,
1550–1557.

Zhang, D. L., He, J., Huang, L. Y., Zhang, C. C., Zhou, Y., Su, Y. R., et al. (2017). An
advanced backcross population through synthetic octaploid wheat as a “bridge”:

Frontiers in Genetics | www.frontiersin.org 11 May 2020 | Volume 11 | Article 330

https://doi.org/10.1007/s00122-006-0408-x
https://doi.org/10.1038/303698a0
https://doi.org/10.1073/pnas.87.24.9640
https://doi.org/10.1111/nph.14113
https://doi.org/10.1093/oxfordjournals.molbev.a003905
https://doi.org/10.1038/srep10552
https://doi.org/10.1093/molbev/msy009
https://doi.org/10.1093/molbev/msy009
https://doi.org/10.1073/pnas.0509650103
https://doi.org/10.1016/j.molp.2014.11.016
https://doi.org/10.1007/s10681-013-0930-2
https://doi.org/10.1073/pnas.072223799
https://doi.org/10.1073/pnas.072223799
https://doi.org/10.1046/j.1439-0523.2001.00585.x
https://doi.org/10.1093/molbev/msl151
https://doi.org/10.1093/molbev/msl151
https://doi.org/10.1007/s00425-018-3033-4
https://doi.org/10.1007/s00425-018-3033-4
https://doi.org/10.1371/journal.pone.0120421
https://doi.org/10.1371/journal.pone.0120421
https://doi.org/10.1007/s12041-016-0704-4
https://doi.org/10.1186/s13039-016-0217-0
https://doi.org/10.1007/s00425-018-2845-6
https://doi.org/10.1007/s00425-018-2845-6
https://doi.org/10.1126/science.1250092
https://doi.org/10.1126/science.1250092
https://doi.org/10.1139/g94-044
https://doi.org/10.1139/g94-044
https://doi.org/10.1111/j.1469-8137.2010.03186.x
https://doi.org/10.1016/j.tplants.2017.06.003
https://doi.org/10.1016/j.tplants.2017.06.003
https://doi.org/10.1007/s001220051689
https://doi.org/10.1111/tpj.12366
https://doi.org/10.1111/tpj.12366
https://doi.org/10.3390/molecules24061126
https://doi.org/10.1111/nph.12731
https://doi.org/10.1159/000444435
https://doi.org/10.1159/000444435
https://doi.org/10.3389/fpls.2018.01104
https://doi.org/10.3390/genes7120118
https://doi.org/10.3390/genes7120118
https://doi.org/10.1007/s1335
https://doi.org/10.1139/g05-001
https://doi.org/10.1139/G10-083
https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org/
https://www.frontiersin.org/journals/genetics#articles


fgene-11-00330 May 10, 2020 Time: 19:18 # 12

Zhang et al. Chromosomal Variations in Wheat Neoallopolyploid

development and QTL detection for seed dormancy. Front.Plant Sci. 8:2123.
doi: 10.3389/fpls.2017.02123

Zhang, H. K., Bian, Y., Gou, X. W., Zhu, B., Xu, C. M., Qi, B., et al. (2013a).
Persistenet whole-chromosome aneuploidy is generally associated with nascent
allohexaploid wheat. Proc. Natl. Acad. Sci. U.S.A. 110, 3447–3452. doi: 10.1073/
pnas.1300153110

Zhang, H. K., Bian, Y., Gou, X. W., Dong, Y. Z., Rustgi, S., Zhang,
B. J., et al. (2013b). Intrinsic karyotype stability and gene copy number
variations may have laid the foundation for tetraploid wheat formation.
Proc. Natl. Acad. Sci. U.S.A. 110, 19466–19471. doi: 10.1073/pnas.131959
8110

Zhang, J., Jiang, Y., Guo, Y. L., Li, G. R., Yang, Z. J., Xu, D. L.,
et al. (2015). Identification of novel chromosomal aberrations
induced by 60Co-γ-Irradiation in wheat-Dasypyrum villosum
Lines. Int J Mol Sci. 16, 29787–29796. doi: 10.3390/ijms16122
6134

Zhang, J., Jiang, Y., Wang, Y., Guo, Y., Long, H., Deng, G., et al. (2018). Molecular
markers and cytogenetics to characterize a wheat-Dasypyrum villosum 3V (3D)
substitution line conferring resistance to stripe rust. PLoS One 13:e0202033.
doi: 10.1371/journal.pone.0202033

Zhang, D. L., Zhou, Y., Zhao, X. P., Lv, L. L., Zhang, C. C., Li, J. H., et al. (2018).
Development and utilization of introgression lines using synthetic octaploid
wheat (Aegilops tauschii× hexaploid Wheat) as donor. Front. Plant Sci. 9:1113.
doi: 10.3389/fpls.2018.01113

Zhao, L. B., Ning, S. Z., Yi, Y. J., Zhang, L. Q., Yuan, Z. W., Zeng, Y. L., et al.
(2018). Fluorescence in situ hybridization karyotyping reveals the presence
of two distinct genomes in the taxon Aegilops tauschi. BMC Genomics 19:3.
doi: 10.1186/s12864-017-4384-0

Zhao, N., Xu, L. Y., Zhu, B., Li, M. J., Zhang, H. K., Qi, B., et al. (2011).
Chromosomal and genome-wide molecular changes associated with initial
stages of allohexaploidization in wheat can be transit and incidental. Genome
54, 692–699. doi: 10.1139/G11-028

Zhou, J. P., Zhang, H. Y., Yang, Z. J., Li, G. R., Hu, L. J., Lei, M. P., et al.
(2012). Characterization of a new T2DS.2DL-?R translocation triticale ZH-1
with multiple resistances to diseases. Genet. Resour. Crop. Evol. 59, 1161–1168.
doi: 10.1007/s10722-011-9751-0

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2020 Zhang, Yang, Jiang, Guo,Wang, Zhu, Li, Wan,Wang, Deng, Xuan
and Yang. This is an open-access article distributed under the terms of the Creative
Commons Attribution License (CC BY). The use, distribution or reproduction in
other forums is permitted, provided the original author(s) and the copyright owner(s)
are credited and that the original publication in this journal is cited, in accordance
with accepted academic practice. No use, distribution or reproduction is permitted
which does not comply with these terms.

Frontiers in Genetics | www.frontiersin.org 12 May 2020 | Volume 11 | Article 330

https://doi.org/10.3389/fpls.2017.02123
https://doi.org/10.1073/pnas.1300153110
https://doi.org/10.1073/pnas.1300153110
https://doi.org/10.1073/pnas.1319598110
https://doi.org/10.1073/pnas.1319598110
https://doi.org/10.3390/ijms161226134
https://doi.org/10.3390/ijms161226134
https://doi.org/10.1371/journal.pone.0202033
https://doi.org/10.3389/fpls.2018.01113
https://doi.org/10.1186/s12864-017-4384-0
https://doi.org/10.1139/G11-028
https://doi.org/10.1007/s10722-011-9751-0
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org/
https://www.frontiersin.org/journals/genetics#articles

	Preferential Subgenome Elimination and Chromosomal Structural Changes Occurring in Newly Formed Tetraploid Wheat—Aegilops ventricosa Amphiploid (AABBDvDvNvNv)
	Introduction
	Materials and Methods
	Plant Materials
	mc-FISH Procedures
	Statistics Analysis

	Results
	Amphiploid Plant Morphology (S1 Generation)
	FISH Karyotypes of A, B, Dv, Nv Subgenomes Were Established Using the Probe Combination of Oligo-pSc119.2, Oligo-pTa535, and Oligo-(GAA)7
	High Levels of Whole-Chromosome Aneuploidy in Early Generations
	Incidence of Chromosome Structural Variations and Different Propensities Among Constituent Genomes
	Significant Differences in Chromosomal Behavior Model Between Progenies From Reciprocal Crosses Observed Only in the Chromosome Loss of the Dv Subgenome

	Discussion
	Data Availability Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


