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In this study, we employed electron microscopy to investigate the cytogenetic and
embryologic mechanisms of parthenogenesis induced in the 1BL/1RS male sterile lines of
wheat. Analysis of the root tips and acid polyacrylamide gel electrophoresis indicated that
all of the male sterile lines and their maintainer lines were 1BL/IRS translocation lines,
whereas the restorer lines were non-1BL/1RS translocation lines. Furthermore, the chromo-
somes of 1BL/1RS wheat lines with 7. aestivum cytoplasm and Aegilops cytoplasm (include
Ae. kotschyi, Ae. ventricosa, Ae. variabilis) paired abnormally at different rates during mei-
otic metaphase I (MMI). The translocated segment size of the 1RS chromosome and the
specific nuclear—alloplasm interaction impaired the pairing of homologous chromosome in
the background of the specific Aegilops cytoplasm at MMI. In addition, the frequency of
abnormal chromosomal pairing was directly affected by the frequency of haploid production
induced by parthenogenesis. The results of this study provide significant insights into the
mechanism of parthenogenesis, which is probably due to the abnormal fertilization of syn-
ergid cells in alloplasmic 1BL/IRS wheat.

Keywords: 1BL/1RS translocation, haploid frequency, male sterile line, Triticum aesti-
vum, apomictic reproduction

Abbreviations: AC, antipodal cell; APAGE, acid polyacrylamide gel electrophoresis;
EC, egg cell; MM, meiotic metaphase; PMC, pollen mother cell; PN, polar nuclei; SE, syn-
ergid embryo; SY, synergid

Introduction

Parthenogenesis involves a change from a gametophyte into a sporophyte without fertili-
zation, which is known as fertilization-independent embryogenesis, and it leads to further
development into haploid plants. In wheat, the alloplasmic line ‘Salmon’ with the
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1BL/1RS chromosome in its genome is a suitable material for parthenogenesis research
(Barcaccia and Albertini 2013; Curtis and Grossniklaus 2008). It has been reported that
the short arm of chromosome 1B from common wheat (7riticum aestivum L.) is substi-
tuted by the short arm of chromosome IR from rye (Secale cereale L.) in ‘Salmon’,
thereby yielding 1BL/IRS translocation wheat. The transfer of the 1BL/I1RS nucleus into
the cytoplasm of different Aegilops species can result in male sterile wheat lines (Ren et
al. 2012; Zhou et al. 2013). Thus, Zhang et al. (1999) introduced the 1BL/IRS nucleus
from wheat into the cytoplasm of different Aegilops species and successfully bred allo-
plasmic male sterile 1BL/1RS wheat lines with Ae. kotschyi, Ae. ventricosa, Ae. variabi-
lis, and Ae. bicornis (Du et al. 2003). However, it was found that haploid plants were
produced at specific frequencies by the different male sterile lines described above during
hybrid wheat production (Wang et al. 2001). Indeed, it was confirmed that the production
of haploid plants induced by Ae. kotschyi-‘Salmon’ was associated with an interaction
between the 1BL/IRS translocation chromosome and the cytoplasm of Ae. kotschyi
(Kobayashi and Tsunewaki 1980). In vitro culture of unfertilized egg cells (including
synergids and central cells from the ovaries of alloplasmic wheat) suggests that the par-
thenogenesis of unfertilized egg cells is an inherent feature of alloplasmic 1BL/IRS
wheat (Kumlehn et al. 2001). However, previous analyses of parthenogenesis by alloplas-
mic 1BL/1RS wheat did not involve systematic cytogenetic and embryological investiga-
tions. In particular, the mechanism that allows different alloplasmic 1BL/IRS wheat lines
to produce haploids at various frequencies is unknown. Thus, to determine the effects of
the 1BL/1RS chromosome on parthenogenesis in different alloplasmic wheat lines, we
assessed the 1RS chromosome and how the specific nuclear—alloplasm interaction im-
paired the pairing of homologous chromosomes in different alloplasmic 1BL/IRS wheat
lines in order to obtain a theoretical understanding of the mechanism responsible for the
different frequencies of haploids induced by alloplasmic 1BL/1RS wheat, as well as to
facilitate further complementary cytogenetic and embryological research.

Materials and Methods
Plant materials

The alloplasmic 1BL/1RS wheat lines used in this experiment were Ae. kotschyi -77(2),
Ae. ventricosa -77(2), Ae. variabilis -77(2), Ae. kotschyi -Yanshi 9, Ae. ventricosa -Yan-
shi 9, Ae. variabilis -Yanshi 9, Ae. kotschyi -80(6), Ae. ventricosa -80(6), and Ae. variabi-
lis -80(6), Ae. kotschyi -86-140, Ae. variabilis -86-140. The corresponding maintainer
lines were 7. aestivum -77(2), T. aestivum -Yanshi 9, and 7. aestivum -80(6), and the re-
storer lines were 7. aestivum -8869, T. aestivum -26-3, and T. aestivum -Xinong 9042, and
two wheat lines 7. aestivum -86-598, T. aestivum -86-536. All of the alloplasmic wheat
lines were grown at the experimental station of Northwest A & F University, China. The
plants were bagged before the dehiscence of anthers and pollinated with the restorer lines
at anthesis to obtain hybrid seeds (F,; generation). We investigated different combinations
to generate haploids and the haploid frequencies obtained with each combination.
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Analysis of wheat root tips during mitosis

Parents and their hybrids were germinated in a drainable Petri dish covered with sterilized
filter paper in a 25 °C incubator until the roots measured 1-2 cm. Root tips (length = 1
cm) were collected in glass vials and cold water at 9 am, and pre-treated for 22-24 h at
4 °C. The root tips were then fixed in Carnoy’s fluid containing ethanol:acetic acid (3:1)
for 23 days at room temperature, stained with 1.5% fuchsin, and squashed in 45% acetic
acid (Wu et al. 2006; Li et al. 2011). The best preparations were photographed using a
Nikon Eclipse 600 microscope.

Acid polyacrylamide gel electrophoresis (APAGE) analysis

Gliadin was extracted from all of the materials, which was separated by APAGE (Shutov
etal. 2012; Zi et al. 2012). Rye and ‘Chinese Spring’ wheat were used as controls.

Cytological observation and investigation of haploid plants in the F,; generation

Young spikes from the F, generation were fixed in freshly prepared Carnoy’s fluid
(ethanol:glacial acetic acid:chloroform 6:3:1 by volume) before flowering and stained
with 2% acetocarmine. The pollen mother cells (PMCs) were squashed to observe abnor-
mal chromosomal pairing at meiotic metaphase I (MMI). The haploid plants were inves-
tigated mainly based on their morphological features as well as cytological analysis of the
root tips using Feulgen stain.

Microdissection of the embryo sac to observe unfertilized cells

Some alloplasmic 1BL/1RS wheat plants were bagged before anthesis and then pollinated
with rye pollen delaying about 7 days to obtain embryological observations. We harvested
the female florets and isolated the ovaries, which were fixed in formalin:acetic acid:ethanol
before anthesis, and observations were performed at 1, 2, 4, 6, 8, 10, 14, 16, 18, 20, 24,
and 36 h after pollinating. The fixed embryo sacs were embedded and sliced to a thickness
of'about 12 pm, then staining with Ehrlich’s hematoxylin and observing with an Olympus
BH-2 microscope.

Results

Characteristics of chromosomes in the root tips of the parents and their hybrids

Chromosomes in the root tips of all materials were observed by microscopy in order to
identify the properties of their 1B chromosomes. Two satellites were observed clearly in
the male sterile lines and their maintainers, e.g., Ae. kotschyi -77(2) (Fig. 1a), and four
satellites in the restorer lines, e.g., 7. aestivum -Xinong 9042 (Fig. 1b). Three satellites
were observed in the F, obtained between Ade. kotschyi -77(2) and T. aestivum -Xinong
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Figure 1. Characteristics of chromosomes in the root tips: (a) two satellites (arrow) in the root tip of
Ae. kotschyi -77(2); (b) three satellites (arrow) in the hybrid between Ae. kotschyi -77(2) and T. aestivum
-Xinong 9042; (c) four satellites (arrow) in 7. aestivum -Xinong 9042

Figure 2. Homologous chromosome pairing at MMI in PMCs: (a) normal homologous chromosome pairing

(arrow) at MMI in PMCs; (b—f) abnormal homologous chromosome pairing with 1-5 univalents (arrow) in the

male sterile lines of alloplasmic 1BL/IRS wheat lines and the F, after crossing with non-1BL/IRS restoration
lines, respectively, at MMI in PMCs
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Table 1. Frequencies of abnormal cells in alloplasmic 1BL/IRS wheat lines and their maintainers

' Numbers of cclls Numbers of Frequency of
Materials observed abnormal cells at abnormal cells at t value
MMI MMI (%)
T. aestivum -77(2) 259 25 9.65 -
Ae. kotschyi -77(2) 132 31 23.48 3.68%*
Ae. ventricosa -77(2) 232 39 16.81 2.31%
Ae. variabilis -77(2) 289 63 21.80 3.85%*
T: aestivum -Yanshi 9 54 5 9.26 -
Ae. kotschyi -Yanshi 9 202 20 9.90 0.14
Ae. ventricosa -Yanshi 9 329 30 9.12 0.02
Ae. variabilis -Yanshi 9 138 20 14.50 1.01
T aestivum -80(6) 47 4 8.51 -
Ae. kotschyi -80(6) 128 15 11.72 0.33
Ae. variabilis -80(6) 238 48 20.17 1.69

** Significant difference at P<0.01; * Significant difference at P<0.05.

9042 (Fig. 1c). These results indicate that all of the male sterile lines and their maintainers
contained 1BL/IRS chromosome in their genomes, and they were 1BL/1RS translocation
lines, whereas the restorer lines lacked the 1BL/1RS chromosome.

APAGE analysis

Electrophoresis of gliadins indicated that all of the male sterile lines possessed the gliadin
marker G/i-B3 of the 1BL/IRS translocation chromosome (Fig. S1*, lanes 3—11) and the
results for all of the maintainer lines were the same as those for the male sterile lines. All
of the restorers lacked the G/i-B3 marker of the 1BL/IRS translocation chromosome
(lanes 12—14).

MMI analysis of the different hybrid combinations

The frequency of abnormal cells (i.e. cells with frequent abnormal chromosomal pairing
at MMI) at MMI differed slightly or greatly among the alloplasmic 1BL/1RS wheat lines,
but abnormal homologous chromosome pairing (Fig. 2) occurred in all hexaploid wheat
lines with both euplasm and alloplasm (Table 1).

The frequency of abnormal cells at MMI was significantly higher in karyotype 77(2)
for the three alloplasms compared with that in the euplasm. However, the karyotypes
Yanshi 9 and 80(6) for the alloplasms had lower frequencies of abnormal cells compared
with that in the euplasm at MML. It is possible that the size of the 1R chromosome trans-
located from rye varied among karyotypes 77(2), Yanshi 9, and 80(6), which is consistent

* Further details about the Electronic Supplementary Material (ESM) can be found at the end of the article.
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Table 2. Differences in the haploid frequency for three isonuclear alloplasmic 1BL/1RS wheat lines

Totle number No. of No. of plants S.D. among Average Sigr.liﬁcance of
Materials of combinations for each combinations haploid difference
combinations | of haploids combination of haploid frequency P<0.05 P<0.01
Ae. kotschyi
_Yanshi 9 15 11 60 10.75 18.25 a A
Ae. ventricosa
~Yanshi 9 15 3 60 7.69 12.64 a A
Ae. variabilis
~Yanshi 9 15 12 60 11.14 18.20 a A

with the results reported by Wang et al. (1999), which showed that the size of the fragment
of the rye 1R chromosome translocated into wheat varied slightly, thereby affecting ho-
mologous chromosomal pairing.

The haploid frequency in the F, generation using the same nucleus but different allo-
plasm types did not differ significantly (Table 2), which suggests that the nucleus plays a
major role in inducing haploid plants and different alloplasm types may affect haploid
production to various extents.

The reaction to the nucleus in these alloplasm types was very similar with the same
1BL/1RS nucleus, which suggests that haploid induction was affected by the cytoplasm
in these alloplasmic 1BL/1RS wheat lines.

We determined the correlations between the frequency of abnormal cells at MMI and
the haploid frequency (Table 3). There were significant correlation in the male parents
hybridized with the three alloplasmic 1BL/IRS wheat lines, i.e., 0.9542, 0.8763, and
0.9990. Unlike the other two male parents, and 7. aestivum -Xinong 9042 could hybridize
with the three alloplasmic 1BL/1RS wheat lines to induce haploid plants, but 7. aestivum
-8869 and T. aestivum -26-3 hybridized with Ae. ventricosa -Yanshi 9 could not. Presum-
ably, this alloplasmic 1BL/1RS wheat line (4e. ventricosa -Yanshi 9) requires specific
pollen donors to induce haploids.

We also observed that the spikes bagged before the flowering of male sterile lines of
alloplasmic 1BL/1RS wheat did not induce haploid plants without pollination or stimula-
tion with any pollen in this study.

Table 3. Comparison of the frequency of abnormal cells and haploid frequency in hybrid combinations

Frequency Haploid frequency of the three hybrid combinations (%)
Materil o (| T aestivum 569 | T e -Xinone |- o 63
Ae. kotschyi -Yanshi 9 9.92 12.00 11.76 5.80
Ae. ventricosa -Yanshi 9 9.17 0.00 20.83 0.00
Ae. variabilis -Yanshi 9 14.24 28.00 36.84 30.00
Correlation coefficient 0.9542 0.8763 0.9990
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Microdissection of the embryo sacs of the alloplasmic 1BL/IRS wheat

The ovaries of alloplasmic 1BL/IRS wheat lines were analyzed before pollination to
observe their developmental condition and the results showed that most of the ovaries
were developing normally.

The egg cells located near the ovule pore contained cytosol and small vacuoles, and the
nucleus was present in the center (Fig. 3a), while the synergids and egg cells were ar-
ranged in a triangular configuration (Fig. 3b). The two polar nuclei were close together in
the center of the embryo sac. However, in some individuals, the deficiency of nutrients
due to delayed pollination caused the disassembly of antipodal cells and the disappear-
ance of other components of the embryo sac (Fig. 3¢). Normal fertilization was observed
after pollination. In general, the optimum period for the pollination of alloplasmic
1BI/1RS wheat is at anthesis. The stigma begins to age after 7 days, which may reduce the
capacity for successful double fertilization, and the cells finally degenerate without pol-
lination (Fig. 3f). Our experiment showed that 1RS elongated the period available for

v

d .’-

Figure 3. Developmental condition of the embryo sac in an alloplasmic 1BL/1RS wheat line: (a) egg cell (EC
arrow) before delayed pollination; (b) triangle-shaped egg cell (EC arrow) and synergid (SY arrow) before
delayed pollination; (c) disassembling antipodal cell (AC arrow) before delayed pollination; (d) unfertilized
polar nuclei (PN) close to the antipodal cells at 10 h after pollination; (e) synergid embryo (SE arrow) near the
integument at 3 h after pollination; (f), egg cell (EC arrow) beginning to divide at 36 h after pollination
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pollination and strengthened the capacity of the stigma for pollen acceptance. Abnormal
fertilization was also observed (Fig. 3d—e). This suggests that parthenogenesis may be
related to synergids in the embryo sac in some alloplasmic 1BL/1RS wheat lines.

The haploid induced by parthenogenesis, not by etheogenesis

In addition, we observed n-2n and n-n twin plants from male sterile lines of alloplasmic
1BI/1RS wheat and its F, in this experiment (Fig. S2).

The male sterile lines were substituted and a marker genotype, awnedness, was used in
the study (Table S1). When the awned sterile lines were crossed with the awnless male
parent, the n plants were all awnless but the 2n plants were all awnless, and the n-n twin
plants plants were all awned in F,. Whereas the awnless sterile lines were crossed with the
awned male parent, the 2n and the n plants were all awned in all kinds of plants in F,, and
these awnless 2n F, plants backcrossed with awnless male parents, the n-n twin plants of
BC, were either awned or awnless. These results demonstrated the fertilization of the
synergid nuclei or the synergid nuclei and egg nuclei, and then development of haploid
embryos. In addition, this study also showed that the haploid was parthenocarpic in twin
plants.

Discussion

According to our experimental results, we conclude that the size of the 1BL/1RS chromo-
some and the nucleo—alloplasm interaction both affected the pairing of homologous chro-
mosomes, where the interaction between the 1BL/1RS chromosome and the alloplasm
weakened the pairing of homologous chromosomes. It is possible that the cytogenetic
mechanism of parthenogenesis induced by the 1BL/1RS male sterile lines or the F, is
directly related to the frequency of haploid plant production in wheat.

In alloplasmic hexaploid wheat, other studies also indicate that haploid production is
controlled by the concurrent absence of 1BS and the presence of 1RS. The wheat cultivar
‘Amigo’ with a complete 1B wheat chromosome pair and a IAL/1RS translocation chro-
mosome was crossed with another wheat line that possessed a complete 1B chromosome
pairing and translocated 1DL/1RS chromosome, and then backcrossed into (4e. kotschyi)-
‘Salmon’ without haploid production (Shepherd 1973). This phenomenon demonstrates
that haploid induction is not possible in the presence of both 1BS and 1RS. However,
haploids can be induced in alloplasmic 1BL/1RS wheat. This evidence confirms that hap-
loid induction is due to the interaction between the 1BL/IRS nucleus and specific allo-
plasm types in hexaploid wheat, which was also shown in tetraploid wheat (Dunwell
2010). William et al. (2003) confirmed that ‘Salmon’ system lines pollinated by maize
(Zea mays L.) pollen generally had higher embryo formation and haploid formation fre-
quencies compared with those that possessed a genotype without 1BL/1RS translocation.
Furthermore, it not known whether alloplasmic wheat lacking the 1BS chromosome but
with the 1RS chromosome, such as the IBL/1VS-1AL/IRS genotype, which has 1V from
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Dasypyrum villosum, would produce haploid plants in its F, hybrid generation and this
may be of further importance for widespread haploid breeding in wheat.

In addition, the mechanism of haploid production has been studied extensively in
crosses using morphological markers and aneuploid lines in the alloplasmic 1BL/1RS
wheat ‘Salmon’ system (Berzonsky et al. 2003). It was demonstrated that two nuclear
genes are responsible for the initiation of autonomous embryos in addition to the cyto-
plasmic factor, i.e., a parthenogenesis-inducing gene (Ptg) located on the 1RS segment,
which is regulated in the sporophyte, and a parthenogenesis-suppressing gene (Psg) lo-
cated on the 1B short chromosome arm, which is controlled in the gametophyte. Kumlehn
etal. (2001) constructed egg cell-specific cDNA libraries to screen parthenogenesis-relat-
ed genes in 1BL/IRS wheat. However, there have been no previous reports for genes
other than Ptg or Psg. Our study indicated that haploid plants can be induced in three al-
loplasmic 1BL/1RS wheat lines due to the interaction between Aegilops cytoplasm and
1BL/1RS chromosomal translocation, which may directly impair the capacity for ho-
mologous chromosome pairing, as described by Zhang et al. (1999), and this is consistent
with ptg expression during gamete development.

Our embryological observations suggested that delayed pollination in alloplasmic
1BL/1RS wheat could increase haploid production due to the recession of egg cells and
the continuous development of synergids. This result was also obtained in wheat with 4e.
kotschyi cytoplasm (Sun et al. 1994). Another study showed that apomixis was affected
by abnormal chromosome pairing during meiosis because premature egg cell division
was caused by the 1BL/1RS chromosome (Liu et al. 2003). Yao et al. (1994) confirmed
that apomixis can arise from both egg cells and synergids in the unfertilized embryo sac
in rice (Yao et al. 1994; Tian et al. 2013). Thus, it is likely that the egg-like synergid in
unfertilized embryos could develop into haploid plants. In this study, the awnedness of
the F, is clearly the key to explaining the results of BC, performance. In general, based
on the knowledge of the female gamete forming, regardless of whether its nucleus geno-
type is hetero or pure, the macrosporocyte (2n) forms four macrospores (n) after meiosis.
Three of these four macrospores disintegrate and the remaining macrospore develops
eight nuclei via three rounds of mitosis in the embryo sac. Each nucleus in the embryo
sac, i.e., the egg and synergid nuclei, has the same genotype. Thus awnedness segregation
does not occur in the same n-n twin plants under parthenogenesis. So there is also a prob-
ability of etheogenesis besides. Where awnless sperm nuclei and awned egg nuclei might
develop in an n-n twin plant, and the n-n twin plant may be segregated by awnedness
when using awned material as female and awnless material as male parent in a backcross.
But, if the haploid plant is completely induced by male parthenogenesis, there would be
no awned n-n twin plants in F, and BC,. In fact, the awned n-n twin plants were found in
the F, and BC,, but no n-n twin plants segregated for awnedness in BC,. These facts sup-
port our hypothesis that the haploid plants obtained in this study were induced by female
parthenogenesis, and not by male parthenogenesis. This hypothesis regarding the origin
of parthenocarpic cells requires further confirmation in embryos using in situ hybridiza-
tion at the molecular cell level where sufficient molecular markers should be selected in
key chromosomes.
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