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Abstract
Allohexaploid wheat was derived from interspecific hybridization, followed by spontaneous chromosome doubling. Newly
synthesized hexaploid wheat by crossing Triticum turgidum and Aegilops tauschii provides a classical model to understand
the mechanisms of allohexaploidization in wheat. However, immediate chromosome level variation and microsatellite level
variation of newly synthesized hexaploid wheat have been rarely reported. Here, unreduced gametes were applied to develop
synthesized hexaploid wheat, NA0928, population by crossing T. turgidum ssp. dicoccum MY3478 and Ae. tauschii SY41,
and further S0–S3 generations of NA0928 were assayed by sequential cytological and microsatellite techniques. We demon-
strated that plentiful chromosomal structural changes and microsatellite variations emerged in the early generations of newly
synthesized hexaploid wheat population NA0928, including aneuploidy with whole-chromosome loss or gain, aneuploidy
with telosome formation, chromosome-specific repeated sequence elimination (indicated by fluorescence in situ hybridiza-
tion) and microsatellite sequence elimination (indicated by sequencing), and many kinds of variations have not been previ-
ously reported. Additionally, we reported a new germplasm, T. turgidum accession MY3478 with excellent unreduced gametes
trait, and then succeeded to transfer powdery mildew resistance from Ae. tauschii SY41 to synthesized allohexaploid wheat
population NA0928, which would be valuable resistance resources for wheat improvement.

[Li H., Wang Y., Guo X., Du Y., Wang C. and Ji W. 2016 Chromosomal structural changes and microsatellite variations in newly synthesized
hexaploid wheat mediated by unreduced gametes. J. Genet. 95, 819–830]

Introduction
Allopolyploids, such as wheat, one of the most staple
crops in the world, are widely believed to arise from inter-
specific or intergeneric hybridization, followed by chro-
mosome doubling. Both tetraploid pasta wheat (Triticum
turgidum L. ssp. durum, 2n = 4x = 28, genome AABB)
and hexaploid bread wheat (T. aestivum L., 2n = 6x = 42,
genome AABBDD) experienced allopolyploidization events
that originated from interspecific hybridization of ances-
tors. Hybridization of the contributor of A genome, T.
urartu, and the donor of B genome, a undiscovered
Aegilops species closely related to Ae. speltoides, leads
to the formation of allotetraploid wheat (T. turgidum ssp.
dicoccoides) (Riley et al. 1958; Chapman et al. 1976;
Dvořák 1976; Dvořák et al. 1993; Blake et al. 1999;
Huang et al. 2002). Hybridization of early-domesticated
T. turgidum and the ancestor of D genome, Ae. tauschii, con-
tributes to the formation of hexaploid wheat (T. aestivum L.)
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(Kihara 1944; McFadden and Sears 1946; Nesbitt and
Samuel 1996). It is widely considered that the fusion of unre-
duced gametes was the main pathway contributing to the
polyploidization of wheat (Xu and Joppa 2000; Matsuoka
and Nasuda 2004; Cai and Xu 2007; Jauhar 2007).

Intriguingly, unreduced gametes resulting from unreduc-
tional meiosis has been well described in the Triticeae tribe,
especially in wheat polyhaploids (Jauhar 2007; Cai et al.
2010) and interspecific hybrids of tetraploid wheat with
Ae. tauschii, rye, barley and some other related species
(Wagenaar 1968a, b; Stefani 1986; Fukuda and Sakamoto
1992a, b; Xu and Dong 1992; Xu and Joppa 1995, 2000;
Zhang et al. 2010). The formation of unreduced gametes was
reported to be commonly distributed in the T. turgidum–Ae.
tauschii F1 hybrids, and newly formed allohexaploid wheat
were synthesized by unreduced gametes (Ozkan et al. 2001;
Zhang et al. 2010).

Decades of research has shown that ‘genome shock’
(McClintock 1984) accompanies the newly formed amphidi-
ploids, which has demonstrated a variety of genetic and
epigenetic changes in the nascent hybrids (Comai 2000;
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Chen 2007; Feldman and Levy 2012). In newly formed
allopolyploid wheat, genomic alterations could be triggered
by allopolyploidization, including the loss of coding and non-
coding DNA sequences, transposon activations, gene silenc-
ing or duplication and pseudogenization (Fukui 1996; Levy
and Feldman 2004; Feldman and Levy 2009). Specifi-
cally, immediate nonrandom elimination of specific non-
coding, low-copy and high-copy DNA sequences were
discovered in the allopolyploidization of the Triticeae tribe
(Feldman et al. 1997; Liu et al. 1998a, b; Ozkan et al. 2001;
Shaked et al. 2001; Han et al. 2003, 2005). In comparison
with the parents, both natural and synthetic wheat allopoly-
ploids exhibit 2–10% DNA elimination after allopoly-
ploidization (Furuta et al. 1974; Eilam et al. 2008, 2010),
while octoploid and hexaploid triticale display 9% and 28–
30% DNA reduction, respectively (Boyko et al. 1984, 1988;
Ma and Gustafson 2005).

Further, Mestiri et al. (2010) reported that synthetic allo-
hexaploids exhibited parent-dependent meiotic irregularities
and aneuploidy in the initial generations (S0–S2), while no
other structural changes were observed in these synthetic
allohexaploids. Highly variable frequencies (20–100%) of
whole-chromosome aneuploidy were also observed in early
generations (from selfed generation S1 to >S20) of allo-
hexaploid wheat, however, spontaneous doubled stocks were
not utilized (Zhang et al. 2013b). Additionally, Luo et al.
(2012) reported that only one altered microsatellite was
investigated in S1 generation of synthesized hexaploid wheat
at a mutation rate of 6.74 × 10−6. Despite the extensive
research until now, no sequence and other types of chro-
mosomal structural alterations were evidently assayed in the
early generations of T. turgidum–Ae. tauschii hybrids in the
spontaneous doubled condition.

To have a better understanding of the immediate chromosome
level and microsatellite level consequences of newly syn-
thesized hexaploid wheat mediated by unreduced gametes,
we conducted a detailed cytological and microsatellite assay

on S0–S3 generations of T. turgidum MY3478–Ae. Tauschii
SY41 combination. Plentiful chromosomal structural changes
occurred during the spontaneous-double process and in the
early generations of the hybrids. Dynamic microsatellite loci
were then tracked and confirmed by changed number of
repeat sequence.

Materials and methods

Plant material and experimental scheme

T. turgidum L. ssp. dicoccum accession MY3478 (2n = 4x =
28, BBAA), T. turgidum L. ssp. durum accession Langdon,
T. turgidum L. ssp. carthlicum accession PS5 and Ae. tauschii
Coss. (2n = 2x = 14, DD) accession SY41 were provided
by Dr Lihui Li from the Institute of Crop Science, Chinese
Academy of Agricultural Sciences. MY3478, Langdon and
PS5 were pollinated by SY41 to form triploid F1 hybrids,
respectively, according to the scheme shown in figure 1. No
embryo rescue or hormone treatment was applied on the F1
seeds. Synthesized hexaploid wheat population NA0928 was
obtained by selfing the MY3478/SY41 triploid F1 hybrid
plants. S0 plants carrying different chromosome numbers
were preserved to form separate lines.

The seeds of F1 and NA0928 population were sown every
year in the field of College of Agronomy, Northwest A&F
University, located at the Yangling city of Shaanxi province,
China.

Morphology and disease-resistance evaluation

Seedling resistance to powdery mildew race E09 of
MY3478, SY41 and the synthesized hexaploid wheat pop-
ulation NA0928 were evaluated in the incubator of North-
west A&F University. Adult-plant resistance to powdery
mildew of MY3478, SY41 and NA0928 lines were eval-
uated in the field of Northwest A&F University under
natural conditions.

Figure 1. Flow-chart for producing synthesized hexaploid wheat NA0928 in this study.
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Cytological analysis

Fresh root tips were collected from germinating seeds or
from seedlings of the field in late March, and treated with
ice-cold water for 20–24 h, and then fixed in Carnoy’s fluid.
To record the somatic chromosome number, 1% iron ace-
tocarmine method was used according to Li et al. (2014).
For meiotic behaviour analysis, young spikes were collected,
fixed in Carnoy’s fluid for 48 h at room temperature and then
pollen mother cells were stained and squashed in 1% aceto-
carmine, as described by Li et al. (2014). At least one spike
per plant was analysed. Photographs were captured with an
Olympus BX-43 microscope (Olympus Corporation, Tokyo,
Japan) equipped with a Photometrics SenSys CCD camera.

Fluorescence in situ hybridization (FISH) and genomic in situ
hybridization (GISH)

Actively growing roots were excised from germinating pro-
genies of S1 plants, treated and fixed as described above,
then stored in 70% ethanol (v/v). Chromosome spread prepa-
rations and FISH were performed as previously described by
Li et al. (2014).

Clone 45S was labelled with biotin-16-dUTP (Roche
Diagnostics GmbH, Mannheim, Germany, cat. no.
11745816910) by the nick translation method, further
detected using Avidin Fluoseacin (Invitrogen, USA, cat. no.
A-821). Clone pSc119.2 was labelled with digoxigenin-11-
dUTP (Roche Diagnostics GmbH, Mannheim, Germany,
cat. no. 11745816910) and detected by antidigoxigenin–
rhodamine (Roche Diagnostics GmbH, Mannheim,
Germany, cat. no. 11207750910).

For multicolour GISH, genomic DNA of T. urartu was
labelled by nick translation with biotin-16-dUTP and Ae.
tauschii was labelled by digoxigenin-11-dUTP, with genomic
DNA of Ae. speltoides as a blocker.

Chromosome spreads were examined with an Olympus
BX53 fluorescence microscope and digital images were cap-
tured using cellSens Standard 1.8 software (Olympus Cor-
poration, Tokyo, Japan) with a DP80 microscope digital
camera (Olympus Corporation, Tokyo, Japan) and processed
with Adobe Photoshop CS 6.0.

Genomic DNA isolation and microsatellite marker analysis

Young leaf samples of NA0928 lines were collected and
used for DNA extraction using CTAB method of Li et al.
(2015). Primer sequences of simple sequence repeat (SSR)
markers were obtained from Graingene (http://wheat.pw.
usda.gov/ggpages/SSRclub/GeneticPhysical/). A total of 16
microsatellite markers showing polymorphism between 2
parents of NA0928 (MY3478 and SY41) were employed to
screen the NA0928 population. Polymerase chain reactions
(PCR) were performed according to Li et al. (2015) in a
20 μL volume with 2.5 nM of each dNTP, 50–100 ng of
template DNA, 5 nM of each primer, 0.5 U Ex Taq poly-
merase (TaKaRa, Dalian, China). PCR products were then

detected by 8% polyacrylamide gels using silver staining and
photographing.

Cloning and sequencing

Acrylamide gel electrophoresis (8%) showing the target frag-
ments of microsatellite Xgwm159 were collected and washed
by 100 μL ddH2O for overnight, and then supernatant was
used to perform the second PCR reaction. The re-PCR prod-
ucts were then confirmed by 8% polyacrylamide gel and the
remaining portions were cloned into pMD18-T vector using
cloning kit from TaKaRa Biotechnology (Dalian, China).
Positive clones were picked up and then sequenced by
AUGCT company (Beijing, China). Sequence analysis was
conducted with the DNAMAN 8.0 Demo software (Lynnon
Biosoft, San Ramon, California, USA).

Results

Production of new synthetic allohexaploid wheat was mediated
by unreduced gametes formation

F1 interspecific hybrids (n = 3x = 21, ABD) were suc-
cessfully obtained by crossing Ae. tauschii accession SY41
as male parent with MY3478, Langdon (LDN) or PS5 as
female parent without embryo rescue and colchicine treat-
ment. Given that tetraploid wheat Langdon and PS5 have
been reported to be the most excellent accessions with unre-
duced gametes traits, the seed-set of these three combinations
were compared. In MY3478 × SY41, a total of 117 seeds
were harvested from 422 spikelets, which means a high seed-
set rate at 0.277 seed per spikelet. In Langdon × SY41 and
PS5 × SY41, seed-set of F1 plant was 0.296 seed per spikelet
and 0.222 seed per spikelet, respectively (table 1). Therefore,
a high percentage of unreduced gametes formation was indi-
cated in MY3478 × SY41 F1 hybrids, and MY3478 turned
out to be an excellent accession as Langdon or PS5.

First division restitution (FDR) and single-division meio-
sis (SDM) have been specifically described in the T.
turgidum–Ae. tauschii F1 hybrids and considered to be the
main pathways of unreduced gametes formation (Islam and
Shepherd 1980; Xu and Dong 1992; Xu and Joppa 1995;
Matsuoka and Nasuda 2004). Thus, the meiotic cell divi-
sion of MY3478 × SY41’s F1 plants was characterized. As
shown in figure 2, all the F1 plants were triploids with 21

Table 1. F1 plants’ seed-set of three teraploid wheat accessions
crossed with Ae. tauschii SY41.

Number Number Seed Seed set
Combination of plants of spikelet number (seeds/spikelet)

LDN × SY41 8 2142 635 0.296
PS5 × SY41 1 162 36 0.222
MY3478 × SY41 2 422 117 0.277
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chromosomes. However, a large number of cells undergo-
ing the presegregation of sister chromatids were observed
in the F1 hybrids of this study, even though some other
cells remained in metaphase of first meiotic division. Hence,
the presegregation of sister chromatids could also frequently
occurred in the F1 interspecific hybrids and lead to the
formation of unreduced gametes.

To further demonstrate the production of unreduced
gametes, cytological observation was carried out to check the
somatic chromosome number in the progenies of F1 interspe-
cific plants, i.e., the S0 generation seeds named NA0928. A
variety of chromosome constitutions were assayed, includ-
ing euploid plants with completely doubled genomes (2n =
42), as well as aneuploidy carrying 35 or 34 chromosomes
(figure 2). Intriguingly, two plants displaying 43 chromo-
somes at mitotic root tips were recorded as well. As shown
in table 2, 36.4% euploidy plants appeared in the S0 genera-
tion, which indicated around 0.10 euploidy seed per spikelet.
Therefore, unreduced euploid gametes containing the entire
chromosome number of parent and unreduced aneuploid
gametes carrying less or more chromosome (8) could be both
produced.

S0 plants with different chromosome numbers were
implanted separately and selfed to develop isolated S1 lines
later. The synthetic NA0928 lines displayed a conspicuous
overall phenotype similar to other synthesized hexaploid
wheats. One typical trait is tough tenacious glumes, which
was inherited from their male parent Ae. tauschii, as shown
in figure 3. The kernels of euploid lines were plump and a
little bigger than the parents. Further, the resistance results
showed that NA0928 lines were highly resistant to the
tested isolates of powdery mildew at adult-plant stage and
immune to the E09 race of powdery mildew at seedling stage
(figure 3). Considering that SY41 displayed high resistance
to powdery mildew, while MY3478 did not display, NA0928
lines might inherit powdery mildew resistance donated
by SY41.

Chromosome level dynamics in the early generation of newly
synthesized hexaploid wheat population, NA0928

It has been demonstrated that meiotic irregularity and ane-
uploidy accompanied the newly synthesized allohexaploid
wheat in a progenitor-dependent manner (Mestiri et al. 2010),

Figure 2. Meiotic analysis of F1 plants of T. turgidum MY3478–Ae. tauschii SY41 and mitotic analysis of derived
S0 plants. (a) F1 plant showed 21 univalents at metaphase of first meiotic division. (b) Preseparated sister chromatids
(arrow indicated) were observed in pollen mother cells of F1 plant, while other cells stayed at metaphase of first meiotic
division. (c) One pollen mother cell displayed one trivalent and would result in random segregation later. (d–g) Four
types of chromosome constitution in S0 generation of NA0928. Arrows indicate the observed telosomes.

Table 2. Plentiful chromosome configurations observed across the first three generations (S0, S1 and S2).

Chromosome number Aneuploid plants Euploid plants Total number of
Generation of parent 2n = 34 2n = 35 2n = 39 2n = 40 2n = 41 2n = 43 Total 2n = 42 plants assayed

S0 21 2 (1t) 2 – 1 – 2 7 (63.6%) 4 11
S1 42 – – – 1 9 – 10 (55.6%) 8 18
S2 42 – – – – 3 – 3 (27.3%) 8 11
S2 41 – – – 2 (1t) 14 – 16 (100%) – 16
S2 40 – – 3 2 1 – 6 (85.7%) 1 7
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Figure 3. Morphologic traits of T. turgidum MY3478, Ae. tauschii SY41 and derived
synthesized hexaploid wheat NA0928. (a) Spikes of MY3478, SY41 and S1 genera-
tion of NA0928. (b) Adult plant resistance of MY3478, SY41 and S2 generation of
NA0928 for powdery mildew and stripe rust. (c) The kernels of MY3478, SY41 and S1
generation of NA0928. 1, MY3478; 2, SY41; 3, S1 generation of NA0928.

Figure 4. Meiotic analysis of S1 plants of NA0928 and mitotic analysis of derived S2 plants. (a) S1 plant showed 21
bivalents at metaphase of first meiotic division. (b) S1 plant displayed 20 bivalents and one univalent at metaphase of
first meiotic division. (c) One lagged chromosome observed at anaphase of first meiotic division (indicated by arrow).
(d–g) Four types of chromosome constitutions in S2 progenies of S1 plant with 41 chromosomes. (d) S2 plant with 42
chromosomes; (e) S2 plant with 41 chromosomes; (f) S2 plant with 40 chromosomes; (g) S2 plant with 40 chromosomes
including one telosome (indicated by an arrow).

while no other chromosomal changes have been reported to
date. To detect whether other chromosome alterations could
have occurred in the early generations of synthesized N0928
lines, mitotic analysis was conducted on the S0, S1 and
S2 progenies, and meiotic analysis was performed on S1
progenies as well.

Consistent with previous research, aneuploidy occurrence
indeed accompanied the S0, S1 and S2 generations. Specifi-
cally, 63.6% aneuploidy plants appeared in the S0 generation.
In 18 S1 progenies of two separate S0 plants possessing
42 chromosomes, eight plants with 42 chromosome and 10
plants carrying 41 or 40 chromosomes were observed, which
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indicated 55.6% aneuploidy frequency. In 11 S2 progenies
of S1 plants possessing 42 chromosomes, 27.3% aneuploidy
occurred. As to the S2 progenies of S1 plants with 41 or
40 chromosomes, 100% aneuploidy and 85.7% aneuploidy
emerged, respectively (table 2).

Further, one plant containing four telosomes was observed
in the S0 generation (figure 2), which suggested that chromo-
some aberration could occur during the allohexaploidization.
One plant with a telosome was also observed in S2 progenies
of S1 plant carrying 41 chromosomes (figure 4g). As mei-
otic analysis on S1 plant carrying 41 chromosomes, most of
the pollen mother cells showed 20 II + 1 I or 19 II + 3 I in
metaphase of the first meiotic division, and cells with a lag-
ging chromosome were also observed in anaphase of the first
meiotic division, which might result in the breakage of the
lagging chromosome (figure 4c).

Inspired by the pSc119.2 probe’s ability to distinguish the
B genome chromosomes, and 45S probe to recognize nucle-
olus organizer region (NOR) regions in wheat chromosomes,
FISH and multicolour GISH were applied to karyotype the S2
generation plants. Only one plant carrying the altered 1B chro-
mosome was assayed, i.e. the pSc119.2 signal loss in the ter-
minal region of 1B’s long arm (figure 5b). NOR regions are
located on the 1B, 6B and 5D chromosomes. No obvious
NOR regions elimination was observed and most of the plants
carried six NORs. Besides, whole-chromosome loss was tracked
in some plants. Chromosomes 2B and 5B were missing in a
plant with 40 chromosomes (figure 5c), and a B genome chro-
mosome was lost in a plant with 41 chromosomes (figure 5d).

Thus, plentiful chromosome variations could emerge
in the early generations of newly synthesized hexaploid
wheat NA0928, such as aneuploidy with whole-chromosome

Figure 5. FISH and multicolour GISH analyses of S2 generation plants. (a) S2 plant carried 42 chromosomes. (b) An
altered 1B chromosome (chromosome in white frame) was captured in S2 plant with 41 chromosomes. (c) one 2B and
one 5B chromose were missing in S2 plant carried 40 chromosomes. (d) Multicolour GISH showed one chromosome
of B genome was missing. (a–c) 4′,6-diamidino-2-phenylindole (DAPI), blue fluorescence; pSc119.2, red fluorescence;
45S and pSc119.2, green fluorescence. (d) A genome, red fluorescence; B genome, blue fluorescence; D genome, red
fluorescence.
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loss or gain, aneuploidy with telosome formation and
chromosome-specific repeated sequence elimination.

DNA repeat sequence rearrangements were characterized
by microsatellites

For analysis of DNA structural changes during the allopoly-
ploidization process of synthetic allohexaploids at the

Table 3. Sixteen microsatellite markers showing polymorphism
were applied to screen synthesized hexaploid wheat NA0928.

Microsatellite Location Microsatellite Location

Xcfa2141 5A, 5D Xgpw2162 1B, 1D
Xcfd12 5A, 5D Xgwm159 5B, 5D
Xcfd13 6B, 6D Xwmc163 6A
Xcfd31 4A, 7A, 7D Xwmc181 2A, 2D
Xcfd4 3B, 3D Xwmc386 5B
Xcfd48 1B, 1D Xwmc157 7D
Xcfd49 6D Xwmc36 1D
Xcfb3530 3B Xwmc517 7B

microsatellite-level, a total of 16 microsatellites that display
polymorphism between MY3478 and SY41 were applied in
this study (table 3). All of them were employed to screen
the S0 and S1 generations, while only Xgwm159 was further
applied for S2 and S3 generations. From S0 to S3 genera-
tions, the plants carrying 41, 42 or 43 chromosomes were
used to assay microsatellite variations.

In S0 generation, five plants with 42 or 43 chromosomes
were screened and four markers showing microsatellite
variations were observed, including Xgwm159, Xwmc181,
Xwmc36 and Xcfa2141, as shown in figure 6. At least two
microsatellite gains were detected in the Xgwm159 allele (the
longer variant and the shorter variant are noted below), and
one microsatellite gain in Xwmc181 allele, two microsatel-
lite gains in the Xcfa2141 allele, while one microsatellite
loss was detected in Xwmc36 allele. In the S1 generation,
microsatellite assays were conducted in 18 plants contain-
ing 41 or 42 chromosomes. However, microsatellite varia-
tions were detected at loci Xgwm159 and Xwmc36, but not
at loci Xwmc181 or Xcfa2141. Similar to the S0 generation,

Figure 6. Microsatellite assay of S0–S3 generations of synthesized hexaploid wheat. (a) Five microsatellite assay
(Xgwm159, Xwmc181, Xwmc36, Xcfa2141 and Xcfd12) on parental lines and S0 plants with 42 or 43 chromosomes.
1, MY3478; 2, SY41; 3–7, S0 plants. (b) S1 plants, S0 parents and original parental lines were assayed by Xgwm159
and Xwmc36 (different generations are separated by red lines). 1, MY3478; 2, SY41. (c–d) S2–S3 plants were assayed
by Xgwm159. Microsatellite variations are indicated by arrows (different generations are separated by red lines).
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two microsatellite gains of Xgwm159 and one microsatellite
loss of Xwmc36 were still observed.

Since the variations in locus Xgwm159 were so active
and apparent, S2 and S3 progenies were further screened
by Xgwm159. As shown in figure 6, the longer variant of
Xgwm159 locus was spreading in all S2 lines, when there
was no mutation present in the last generation. However,
the shorter variant could not be detected in the S2 lines,
because the investigated S2 lines were not derived from the
S0 progenitor carrying the mutation. The result could still
suggest that no de novo mutation of the second variant came

out, while de novo mutation of the first variant reemerged in
the S2 generation. In the S3 generation, the lines from S3-1
to S3-4 originate from the same progenitor, while lines from
S3-5 to S3-8 were derived from another progenitor. Appar-
ently, the lower variant of Xgwm159 was detectable in lines
from S3-1 to S3-4, and the variant of Xgwm159 seemed to be
stable in the S3-4 line, while only one plant with the first vari-
ant was assayed. In addition, the first variant was detectable
in most of the lines from S3-5 to S3-8, while the first vari-
ant was not. As indicated, the divergence of the lines became
more and more distinguishable from the microsatellite level.

Figure 7. Detection and sequence alignment of four variations of Xgwm159 locus. (a) PCR products of Xgwm159 were used for sequenc-
ing. 1, MY3478; 2, SY41; 3–6, NA0928 plants. PCR products of parents are indicated by arrows, while PCR products of NA0928 plants
are indicated by arrowheads. (b) Sequence alignment of variations of Xgwm159 locus. (c) Raw sequence electropherogram data files were
generated in sequencing platform. The repeat units of Xgwm159 were framed in black boxes.
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Moreover, the mutation rates were calculated in the S0 and
S1 generations by quantifying the number of observed muta-
tions in the proportion of the number of possible mutation
alleles. In S0 generation, nine variants were captured in a
total of 284 alleles, i.e. the mutation rate was 3.17 × 10−2. In
S1 generation, 12 variants were recorded among 1356 alle-
les and the mutation rate was around 8.85 × 10−3. Hence,
the microsatellite loci were quite changeable among the early
generations of NA0928.

To further demonstrate the DNA structural changes
from the sequence level, the variants of Xgwm159 were
cloned and sequenced. As shown in figure 7, the product
sizes of MY3478 and SY41 were 180 bp (GenBank number
KP400627) and 218 bp (GenBank number KP400626),
respectively, which could also be distinguished by several
single-nucleotide polymorphisms (SNPs), while four types of
variants were collected in NA0928 lines, including 218 bp,
210 bp, 192 bp and 180 bp, despite some rare SNPs. After
the alignment of the DNA sequence, 210 bp (GenBank num-
ber KP400628) and 192 bp (GenBank number KP400629)
turned out to be the novel variants of Xgwm159 in NA0928
lines. After comparing with MY3478 and SY41’s sequences,
the novel variants were both proved to result from the SY41’s
Xgwm159 locus by deleting three and 13 GT repeats, respec-
tively. According to the dynamics of Xgwm159 locus from
S0–S3 generations, DNA repeat sequences were suggested to
be preferentially rearranged in the early generations of newly
synthesized allohexaploid wheat NA0928.

Discussion

To give a better knowledge of immediate chromosome level
and microsatellite level consequences of newly synthesized
hexaploid wheat, we synthesized hexaploid NA0928 pop-
ulation by crossing T. turgidum MY3478 and Ae. tauschii
SY41, and further assayed S0–S3 generations of NA0928
by detailed cytological and microsatellites methods. Intrigu-
ingly, we found that plentiful chromosome or microsatellite
variations in the early generations. Aneuploidy with whole-
chromosome loss or gain, aneuploidy with telosome for-
mation, chromosome-specific repeated sequence elimination
(indicated by FISH) and microsatellite sequence elimina-
tion (indicated by sequencing) were accompanying the allo-
ploidization of NA0928, while previously many kinds of
variations were not been fully discovered.

Given that unreduced gametes have been widely applied to
synthesize hexaploid wheat (Fukuda and Sakamoto 1992a, b;
Xu and Dong 1992; Zhang et al. 2010, 2011), here, we report
a new germplasm, T. turgidum accession MY3478 with
excellent spontaneous double trait, F1 hybrids of MY3478
and Ae. Tauschii could produce 0.277 seed per spikelet. Both
FDR and SDM have been well-documented in F1 hybrids of
T. turgidum and Ae. tauschii, and considered to be main path-
ways leading to the formation of unreduced gametes (Islam
and Shepherd 1980; Xu and Dong 1992; Xu and Joppa 1995;

Matsuoka and Nasuda 2004). However, no detailed descrip-
tion of the process had been reported previously, until Cai
et al. (2010) demonstrated that amphitelical orientation of
univalent in LDN polyhaploid and the interspecific hybrid
contribute to the onset of unreduced meiosis. Later, Oleszczuk
and Lukaszewski (2014) illustrated that separation of sister
chromatids of univalent could generate dyads in F1 hybrids
of T. turgidum L. and rye. Similarly, preseparation of sister
chromatids were also detected in our F1 hybrids of T.
turgidum L. MY3478 and Ae. tauschii SY41, while most of
other pollen mother cells remained in metaphase of first mei-
otic division. Hence, the preseparation of sister chromatids
might be a characteristic in unreduced gametes production.

To exploit the processes and mechanisms of allopolyploids
proliferation and adaptation to new habitats, previous stud-
ies have shown that allopolyploidization of newly formed
allopolyploid wheat could induce extensive genomic, genetic
or epigenetic changes at both chromosome and molecular
levels, such as chromosomal aneuploidy accompanying
the nascent allopolyploid wheat (Mestiri et al. 2010; Zhang
et al. 2013b), elimination of coding and specific noncod-
ing DNA sequences (Feldman et al. 1997; Liu et al. 1998a,
b; Ozkan et al. 2001; Shaked et al. 2001; Han et al. 2003,
2005; Salina et al. 2004), and gene silencing by interge-
nomic suppression (Galili and Feldman 1984; Galili et al.
1986; Zhang et al. 2014). However, compared with allote-
traploid Brassica (Xiong et al. 2011), Tragopogon (Chester
et al. 2012) and synthetic allotetraploid wheat (Zhang et al.
2013a), no gross chromosome structural alterations including
chromosome rearrangements, chromosome breakage/fusion,
and loss of other repeat sequence were reported in newly
formed hexaploid wheat. Mestiri et al. (2010) and Zhang
et al. (2013b) both concluded that prominent numerical
changes in the chromosome-level variation was associated with
nascent allohexaploidization in wheat. In contrast, extensive
structural changes including formation of telosome, elimina-
tion of chromosome-specific repeated sequence (indicated by
FISH) were absolutely identified in our study. Moreover, no
variation of the PCR-based markers (SSRs, TE-based, ESTs)
was detected in the first three generations of synthetic allo-
hexaploid wheat (Mestiri et al. 2010), and only one changed
microsatellite was investigated in S1 generation of another
synthesized allohexaploid wheat (Luo et al. 2012), while
plentiful variants of microsatellite length were present from
S0–S3 generations in our study. The microsatellite mutation
rates of this study were quite higher than that of common
wheat (Raquin et al. 2008), durum wheat (Thuillet et al.
2002) and some other resynthesized hexaploid wheats (Luo
et al. 2012). Thus, a diversity of variations was indicated in
our newly synthesized allohexaploid wheat. It is reasonable
to speculate that different accession of T. turgidum L. and
Ae. tauschii might have a diverse influence on the derived
allohexaploid wheat.

From S0 to S3 generations, two novel variants originating
from the SY41’s Xgwm159 locus by deleting three and 13 GT
repeats were assayed. Similarly, Luo et al. (2012) detected
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the novel Xwmc312 allele in S1 generation of SynDH1
line by deleting seven GA repeats from the LDN allele.
Microsatellite genesis is a complex evolutionary dynamic
process, while the mechanism of SSR change in repeat
number is suggested to be determined by mutation rate
(Ellegren 2004; Pearson et al. 2005). Specifically, replica-
tion slippage, unequal crossing over and gene conversion are
generally thought to lead to the length changes in microsatel-
lite (Levinson and Gutman 1987; Berg et al. 2003). Simi-
lar to Jiangtao Luo’s demonstration on Xwmc312 allele, the
Xgwm159 locus variants of current study might also result
from DNA polymerase slippage.

Devastating diseases such as stripe rust and powdery
mildew are worldwide threats to wheat, which could lead to
loss of yield and decrease in grain quality (Fu et al. 2009;
Wicker et al. 2013). As a result, researchers and breeders
are endeavouring to search and transfer novel and effec-
tive sources of resistance from relative species of com-
mon wheat. By applying spontaneous double trait of some
tetraploid wheat, Zhang et al. (2011) reported a synthesized
doubled haploid method for allopolyploid wheat, which was
immensely useful for researchers and breeders to conduct
crop improvement and basic research. Similarly, Zhu et al.
(2005) succeeded to transfer Pm33 from T. carthlicum acces-
sion PS5 into common wheat by utilizing meiotic restitu-
tion. Thus, unreduced gametes can be efficiently applied to
exploit the genetic variation in a related species. Here, we
show that the newly synthesized allohexaploid wheat pop-
ulation NA0928 was highly resistant to the tested isolates
of powdery mildew and thereby inherited powdery mildew
resistance donated by Ae. tauschii SY41. It is apparent that
these synthesized allohexaploid wheat will be a valuable
bridge resources for resistance gene transfer. Thus, this study
not only demonstrated the chromosome and microsatel-
lite level variations accompanying the newly synthesized
allohexaploid wheat mediated by unreduced gametes, but
also contributes to potential resistance resources for wheat
improvement.
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