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Abstract
Key message A single division meiosis mechanism of meiotic restitution is incompletely penetrant but significantly 
associated with restored fertility in triticale haploids (n = 21, genome formula ABR).
Abstract Meiotic restitution, or failure of meiosis to produce gametes with a reduced chromosome number, can lead to the 
restoration of fertility in allohaploids. Meiotic restitution is of major interest for producing doubled haploids, as haploid 
plants undergoing meiotic restitution can often form seeds without the need to apply mitosis inhibitors to double chromosome 
number. We aimed to characterize meiotic restitution in a population of 183 haploids (n = 21, genome formula ABR) derived 
from an  F1 wheat-rye hybrid where one parent was known to carry factors responsible for restoration of fertility in wide-cross 
haploids. Based on cytological analysis, approximately half of the plants analyzed were characterized by normal meiosis, 
while half showed at least some cytological evidence of meiotic restitution. However, this mechanism was incompletely 
penetrant in the population, with no individual plant showing 100% unreduced gamete formation: restitution occurred sec-
torially within each anther and was not observed in all the anthers of a given plant. Hence, the absence of meiotic restitution 
could not be confirmed conclusively for any individual plant, confounding this analysis. However, cytological observation 
of meiotic restitution was significantly associated with seed set, further confirming the role of meiotic restitution in fertility 
restoration. Our results provide insight into this mechanism of unreduced gamete formation, and provide a basis for future 
work identifying the genetic factors responsible for this trait.

Keywords Meiotic restitution · Unreduced gametes · Polyploidization · Doubled haploid (DH) · Meiosis · Triticale

Introduction

Polyploidization (increase in the number of genomes pre-
sent) is a significant evolutionary mechanism in all organ-
isms. Increasing the number of copies of genes allows organ-
isms to manipulate, modify, and recruit these genes into new 

functions. Polyploidy events have also been detected at the 
bases of large branches of the evolutionary tree of life (Wood 
et al. 2009; Jiao et al. 2011), further supporting the funda-
mental role of duplication of genes or genomes in specia-
tion and diversification. However, in the short-term gene 
and genome, duplication usually leads to genome instability, 
causing changes in chromosome structure and disruption to 
meiosis and reproduction (Chen 2007). In autopolyploids, 
the presence of more than one pair of homologous chro-
mosomes impedes chromosome segregation during meio-
sis, often leading to the production of unbalanced gametes 
and a reduction in fertility. In allopolyploid plants, simi-
lar problems can occur due to mispairing and segregation 
of homeologous (ancestrally related but not homologous) 
chromosomes (Pelé et al. 2018). Despite these problems, 
the addition of an extra genome or set of chromosomes 
has the potential to increase resistance to disease, facilitate 
adaptation to changing environmental conditions, and have 
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a wide-ranging influence on agricultural phenotypes (Leitch 
and Leitch 2008).

The primary mechanism by which natural polyploids arise 
is thought to be via unreduced gametes (Harlan and DeWet 
1975). In comparison to natural meiosis, as a result of which 
four haploid cells (reduced gametes, “n”) are obtained, unre-
duced gametes are formed when meiosis results in only two 
cells with the somatic chromosome number (“2n”). This 
type of meiosis was named restitution, as it returns the same 
number of chromosomes in the gamete as are present in the 
parent organism (Ramanna and Jacobsen 2003). Unreduced 
gamete formation is almost ubiquitous across plant and ani-
mal taxa, and is usually observed at levels of 0.1–2% of all 
gametes produced, with a significant influence of environ-
mental and genetic factors on frequency and types of unre-
duced gamete production (Ramsey and Schemske 1998). 
Two main types of restitution are distinguishable by differ-
ent genetic consequences: first division restitution (FDR) 
occurs when meiosis fails to separate homologous chromo-
somes, whilst second division restitution (SDR) occurs when 
meiosis fails to separate sister chromatids (Bretagnolle and 
Thompson 1995). Numerous mechanisms can result in either 
of these two outcomes, both with and without recombination 
(Bretagnolle and Thompson 1995; De Storme et al. 2013), 
and in practice, loss of chromosomes and other interme-
diate forms of meiotic restitution can also occur, leading 
to gametes with different chromosome complements than 
expected (Chester et al. 2012; Zhang et al. 2013; Oleszc-
zuk and Lukaszewski 2014). In cereals, omission of either 
the first or second meiotic division is commonly observed 
(Silkova et al. 2011).

Unreduced gametes are more frequently produced by 
interspecific hybrids than natural species (Ramsey and 
Schemske 1998). In a typical interspecific hybrid, meiosis 
is seriously disrupted, because the chromosomes do not have 
homologues which are capable of pairing (forming biva-
lents). As a result of this, distribution of univalent chromo-
somes across the metaphase plate during meiosis I can force 
formation of a restitution nucleus (De Storme et al. 2013; De 
Storme and Mason 2014). Thus, a reduction of the chromo-
some number does not occur in the first meiotic division, as 
univalents cannot connect properly to the fibers of the kary-
okinetic spindle, and subsequently end up distributed across 
the whole cell. The effect of this division is the creation of 
two nuclei which usually do not contain complete genomes. 
The failure of univalents to align along the metaphase plate 
is due to the sister chromatid centromeres remaining fused 
in a single unit at metaphase I, only allowing attachment 
to one spindle pole. Meiosis in such hybrids still mostly 
consists of two divisions, but their products (i.e., gametes) 
only rarely contain a complete haploid chromosome com-
plement, such that the hybrid is usually sterile. In cereals, 
another mechanism has been observed which is critical for 

restoring fertility by producing high frequencies of euploid 
unreduced gametes (Zhang et al. 2007, 2010; Silkova et al. 
2013). Sometimes referred to as “single division meiosis”, 
the production of FDR-type gametes by alignment of univa-
lents in the first division along the metaphase plate followed 
by sister chromatid separation and exit from meiosis has 
been observed in diverse interspecific hybrid types between 
Triticum, Aegilops, and Secale species (reviewed by Silkova 
et al. 2011); including Triticum spp. × Aegilops spp., Triti-
cum aestivum × Secale cereal, and Secale cereal × Aegilops 
squarrosa (Sasakuma and Kihara 1981; Xu and Dong 1992; 
Xu and Joppa 1995). This mechanism was further observed 
to be dependent on all or almost all chromosomes being 
present as univalents, and inhibited by the presence of homo-
logues (Wang et al. 2010; Silkova et al. 2013; Fakhri et al. 
2016). Genetic factors have also been implicated, with dif-
ferences between genotypes and chromosome substitution 
lines of species such as Triticum turgidum  in the frequency 
of single division meiosis and other meiotic restitution 
mechanisms (Silkova et al. 2011).

In the current study, we assessed meiotic restitution and 
fertility characteristics in a population of microspore-derived 
haploids (by anther culture) obtained from an  F1 hybrid 
derived from a cross between a hexaploid triticale (1605/07) 
and a durum wheat (Do1) × rye hybrid “MAD510”, of which 
“Do1MAD510” was previously observed to frequently pro-
duce self-fertile wide-cross progeny). Understanding the 
mechanisms of meiotic restitution and increasing its fre-
quency of occurrence could lead to the elimination of the 
use of antimitotic compounds, and significant reduction of 
costs and effort during the production of new triticale varie-
ties and interspecific hybrids for wheat and rye breeding, as 
well as shedding light on the mechanisms of polyploidisa-
tion via unreduced gamete formation in interspecific hybrids.

Materials and methods

Plant growth and material

The “Do1” line, formed by crossing T. turgidum ssp. per-
sicum (2n = 4x = AABB = 28) with T. turgidum ssp. dico-
ccoides (2n = 4x = AABB = 28), was selected in IPG PAS, 
Poznan by Dr. B. Łapiński for its capacity to produce self-
fertile  F1 hybrids with rye. Neither of its parent genotypes 
exhibited the ability to produce unreduced gametes dur-
ing meiosis by themselves. However, later observations 
showed self-fertility manifesting itself in all tested wide 
hybrids derived from Do1 as a parent.  F1 hybrids were 
generated by intercrossing the Do1 line of tetraploid wheat 
(Triticum turgidum L.) with diploid rye (Secale cereale 
L.; 2n = 2x = RR = 14) variety ‘MAD510’. The ‘MAD510’ 
population is a winter rye homozygous for an introgression 
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of a segment of wheat chromosome 1D on the long arm of 
rye chromosome 1R (Lukaszewski et al. 2000). Otherwise, 
it was created by crossing individuals from three varieties of 
rye: “Motto”, “Amilo”, and “Dańkowskie Złote”.

Pollen from hybrid  F1Do1MAD510 was used to pol-
linate hexaploid triticale line “1605/07” (2n = 6x = AAB-
BRR); this variety is derived from “Presto” and carries the 
FC2 chromosome (Lukaszewski 2006). Hybrid  F1 plants 
(putatively 2n = 6x = AABBRR) from the combination 
1605/07 × Do1MAD510 were used as the starting material 
to obtain haploid regenerants (n = 21 = 3x = ABR) by in vitro 
androgenesis in anther cultures.

Donor plants and androgenic regenerants were grown in 
the greenhouse at the IHAR-PIB in Radzikow, Poland, and 
as well as at the campus of the University of California, 
Riverside, California, USA.

In vitro androgenesis and regeneration

After microscopic analysis to establish that microspores 
were at late developmental stages, the tillers of the green-
house-grown donor plants were collected. To maintain high 
humidity, the experimental material was wrapped in cel-
lulose foil and stored in Erlenmeyer flasks with tap water 
in dark conditions at 4 °C for 3 weeks. Following removal 
of tillers from the spikes, anthers were sterilized and then 
placed on petri dishes with solidified induction medium 
190-2 (Zhuang and Xu 1983) supplemented with 90 g/l 
maltose, 438 mg/l glutamine, 2 mg/l 2.4-D, and 0.5 mg/l 
kinetin, and cultured in the dark at 26 °C. Individual andro-
genic structures (calli, embryos, and embryo-like structures) 
were manually selected at different times, transferred onto 
regeneration medium 190-2 supplemented with growth regu-
lators according to  Pauk et al. (1991), and cultured under 
16/8 h (day/night) photoperiod. The procedure was repeated 
several times after 1–2 weeks as new androgenic structures 
appeared. After reaching about 2 cm, obtained green plants 
were relocated into Erlenmeyer flasks with medium accord-
ing to Pauk et al. (1991) and later, upon developing roots, 
potted. Following their adaptation to soil, they were vernal-
ized for 6 weeks at 4 °C, after which they were grown in 
a greenhouse under standard conditions until maturity. All 
emerging heads of each individual were bagged to prevent 
uncontrolled pollination. Plant fertility was evaluated on the 
basis of developed seed set.

Ploidy‑level analysis

Measurements of ploidy levels were taken from the population 
of androgenic plants. Flow cytometry analysis was conducted 
on samples prepared according to Galbraith et al. (1983) with 
some modifications. Young leaf fragments from regenerants 
were chopped into pieces with a razor blade in 2 ml of the 

nuclei isolation buffer [0.1 M Tris, 2.5 mM  MgCl2 ×  6H2O, 
85 mM NaCl, 0.1% (v/v) Triton X-100] containing DAPI 
(1 µg/ml). The obtained cell suspension was filtered through a 
30 nm mesh nylon filter. Samples of nuclei were tested using 
a Partec CAII flow cytometer. Ploidy levels were determined 
by comparing G1 peaks of the analyzed samples with internal 
control samples (leaf tissue of the hexaploid triticale). Ane-
uploid plants were not considered.

FDR presence evaluation

Cytological analysis

Spikes of regenerants potentially going through meiosis (the 
sheath of the flag leaf above the lowest leaf and the tip of 
the spike reaching the level of the lowest leaf) were harvested 
and dissected. One anther from each spikelet was freshly 
squashed in a drop of 2% acetocarmine and analyzed under a 
microscope. If the desired stages of meiosis were present, the 
remaining two anthers of the spikelet were fixed in a mixture 
of three parts absolute alcohol to one part glacial acetic acid 
for 1 week at 37 °C and stored frozen at − 18 °C until needed. 
During the initial as well as the later analysis, all meiocytes on 
the slides were assessed.

Phenotypic analysis

To identify any relationships between the presence/absence 
of meiotic restitution and later stages of plant development, 
a subset of the regenerant population (183 plants) was stud-
ied at anthesis and maturity. During anthesis, the presence 
and absence of bursting anthers and pollen grain release was 
observed, and at the later stage of maturity, whether or not 
seeds were formed.

Statistical analysis

Associations between self-pollinated seed production, anther 
bursting and observed meiotic restitution mechanisms were 
assessed using Pearson’s χ2 contingency tables on expected 
vs. observed numbers in each category (fertile vs. non-fertile, 
restitution-observed vs. no-restitution-observed). Significant 
deviation from expected ratios of fertile vs. non-fertile and 
restitution-observed vs. no-restitution-observed plants was also 
assessed using Pearson’s χ2 test (p < 0.05).
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Results

Identification and intercrossing of partners 
with differing production of FDR‑type gametes

Hybrid “F1Do1MAD510” (2n = ABR, derived from the 
cross AABB “Do1” × RR “MAD510”) was found to be 
self-fertile and able to produce FDR-type gametes. Another 
hexaploid triticale line “1605/07” (2n = 6x = AABBRR) did 
not demonstrate the ability to produce FDR-type gametes as 
an allohexaploid (2n = AABBRR). These two lines (ABR 
hybrid “F1Do1MAD510” and triticale “1605/07”) were sub-
sequently intercrossed to produce  F1-hybrids that were then 
used for androgenesis via anther culture.

Rates of androgenesis and plant regeneration 
in anther culture of triticale hybrids

The androgenesis process was carried out twice during two 
subsequent seasons. The parameters of the process were only 
monitored in the first experiment, as the main purpose of 
the project was to generate populations of doubled haploid 
(DH) triticale lines for genetic mapping via androgenesis in 
anther culture. For the purposes of this manuscript, andro-
genic regenerants which were triploids (three genomes—
ABR, 21 chromosomes) due to the nature of their haploid-
like behavior (lack of partners for homologous chromosome 
pairing) have been referred to as haploids. On average, 140 
anthers were isolated from each of the 85 spikes used. The 
efficiency of androgenesis induction as measured by the 
number of reacting anthers reached 70%. Despite the large 
number of androgenic structures and the high rate of their 

conversion into plants, the efficiency of green plant regen-
eration per spike was 4.1 on average (maximum 22 green 
plants produced per spike). The reason for such low effi-
ciency was the large percentage of albino regenerants. In 
the first experiment, 351 green regenerants were obtained, 
of which spontaneous DHs accounted for 21% (73 plants). 
Among the post-phenotypic analysis regenerants, up to 
36% (128 plants) of the plants were aneuploids and about 
3% did not reach maturity. In the second experiment, 113 
plants were produced, of which 22% (25 plants) were DH 
and the rest were haploids (88 plants). Only plants with the 
gametic (haploid; n = 21 = 3x = ABR) chromosome number 
were used for cytological studies of FDR-like restitution 
mechanisms. As a result, a total of 183 individuals from 
both experiments which were confirmed to be haploid by 
flow cytometry and cytology were singled out for detailed 
cytological analysis. Primary stages in haploid plant regen-
eration via anther culture are presented in Fig. 1.

Cytological analysis‑using live‑staining and fixed 
material reveals FDR is highly sectorial

Androgenic regenerants were subjected to cytological analy-
sis to assess the frequency of the FDR-like restitution pro-
cesses. Both fresh and fixed anthers were analyzed. Live-
stained material allowed the observation of entire columns 
of meiocytes and thus not only the presence or absence of 
restitution, but also their relative proportions. In addition, 
live-stained material allowed the analysis of the presence 
and absence of cell sectors undergoing various disturbances 
or stages of meiosis (as meiosis within each anther was not 
synchronized). However, it was difficult to observe indi-
vidual cells in the meiocyte columns or to photographically 

Fig. 1  Primary stages in 
haploid plant regeneration via 
anther culture: a late-stage 
microspores, scale bar 20 μm; 
b freshly isolated anthers on 
the induction medium, scale 
bar 5 mm; c embryos and calli, 
scale bar 5 mm; d regenerated 
plantlets on rooting medium, 
scale bar 1 cm; e differentiation 
in tillering-stage regenerants, 
scale bar 10 cm; f flowering in 
haploids, scale bar 4 cm; and 
g a fertile microspore-derived 
haploid, scale bar 2 cm
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document this unstained material. Fixed material slides 
allowed more detailed analysis of scattered meiocytes from 
the entire anther, but gave little information on the frequency 
of FDR. In fixed material it was also impossible to assess 
whether the presence of certain meiocyte stages (i.e., dyads) 
was the result of restitution or normal meiosis. However, the 
combination of both approaches gave satisfactory results.

During the early stages of testing, it became apparent that 
FDR is a sectorial phenomenon, meaning that the affected 
meiocytes only occurred in some anthers and rarely along 
the entire length of the column. Occasionally, only a single 
cell in the entire anther was undergoing restitution, while 
the rest of the meiocytes were observed to be normal for 
a hybrid meiosis. A similar tendency was noticed during 
bursting of anthers and seed formation. However, the release 
of pollen grains also did not necessarily lead to seed forma-
tion, possibly as a result of failure of the female gametophyte 
to produce FDR-derived gametes, which was impossible to 
observe prior to seed formation.

Two types of meiosis were observed in the ABR 
plants

Two clearly different meiotic processes were observed in 
the ABR plants. In “normal” interspecific hybrid meiosis, 

metaphase I could only be differentiated from anaphase 
I in meiocytes when at least one (homeologous) bivalent 
was formed, as most univalents remained unpaired during 
meiosis in the ABR plants. Bivalents formed in this manner 
were observed to attach to the metaphase plate, surrounded 
by disorganized univalents (Fig. 2a, b). Anaphase II could 
be identified by the presence of separating sister chroma-
tids which were still connected by their centromeres. As the 
separation of univalents in the first division was irregular, 
resulting nuclei (e.g., dyads and tetrads) clearly differed in 
size. There were frequent cases of delayed separation of 
chromosomes where laggard chromosomes remained on the 
metaphase plate in metaphase II and subsequently formed 
micronuclei (Fig. 2c, d). Tetrads were usually formed as a 
result of the second meiotic division (Fig. 2e). Among 183 
analyzed plants, 64 showed only “normal” meiosis of this 
type (Table 1).

In “abnormal” interspecific hybrid meiosis, FDR-type 
gametes were produced after omission of normal meta-
phase I. In the cells undergoing FDR, most univalent 
bipolar were attached to the spindle to form the meta-
phase plate in the first (only) division, which made the 
FDR process easy to identify (Fig. 3a–e). Among the 183 
cytologically analyzed plants, not a single one had all of 
its meiocytes undergoing FDR. As mentioned previously, 

Fig. 2  “Normal” meiosis in a microspore-derived haploid (n = 21, 
ABR) from a triticale hybrid: a column containing meiocytes in met-
aphase (live-stained material); b a single meiocyte after fixation, with 
two bivalents (BIV) (marked with arrows) and univalents scattered 
across the metaphase plate; c meiocytes in anaphase I (labeled as 
AI), one cell in earlier anaphase I and five in later anaphase I: laggard 
univalents (LC) are marked with arrows, and two chromatids are vis-
ible in a laggard univalent at the bottom of the image; d stages from 

anaphase I to dyads: laggard univalents (LC) are marked with arrows; 
e stages of metaphase II (labeled MII) and telophase II; notice-
able differences in the resulting cell nucleus sizes and two dyads are 
observed due to unequal separation of univalents in anaphase I, with 
many laggard chromosomes visible on the metaphase plate; f the tet-
rad stage, where noticeable differences in the cell nucleus size are 
observed, and 10 out of 12 daughter cells contain micronuclei result-
ing from laggard univalent in anaphase II. Scale bar 40 μm



1520 Plant Cell Reports (2019) 38:1515–1525

1 3

initiation of the FDR process was observed to be sectorial, 
ranging from single meiocytes to specific sections of the 
meiocyte columns (Fig. 3f, g).

The typical signs of single division meiotic restitution 
were observed in 93/183 plants: univalents were arranged 
on the metaphase plate at right angles to the long axis of 
the spindle, often with already-separated sister chroma-
tids still connected by centromeres. The proportions of 
meiocytes with restitution were not estimated. Monads and 
dyads were also present at the tetrad stage. In a few cases, 
some of the univalents migrated prematurely to the poles, 
while others remained on the metaphase plate preparatory 
to separation of the sister chromatids. Giant pollen grains 
were also often observed in the mature pollen fraction, and 
most likely contained double the number of chromosomes 
(Fig. 4a, b).

Anomalies were observed in the division of seven 
plants, including a process of “misdivision division” sim-
ilar to that described by Shamina et al. (1999). In these 
plants, the meiocytes seemed to have been unable to form 
the karyokinetic spindle. Some of these meiocytes showed 
no sign of spindle presence (although no attempt was made 
to specifically dye the spindle), and these meiocytes did 
not divide and thus formed monads. Some of the other 
unusual cases included only partial spindle formation, 
leading to incomplete division of the nucleus, and the 
development of a thick, multi-chromosomal chromatid 
bridges towards the end of meiosis (Fig. 4c).

Table 1  Cytological 
observations of meiosis and 
seed set in 183 analyzed haploid 
triticale plants (n = 21, ABR)

a First Division Restitution meiosis

FDRa 
observed

Seed forma-
tion

Number of 
plants

Total number of 
seeds

Average number of 
seeds per plant

Number of 
seeds in the 
plant

+ + 51 1248 24.5 from 1 to 155
+ − 42 0 0 0
− + 26 432 16.6 from 1 to 192
− − 64 0 0 0

Fig. 3  First division restitution (FDR) of meiosis in a microspore-
derived haploid (n = 21, ABR) from a triticale hybrid: a column of 
meiocytes with typical signs of FDR, i.e., univalents positioned on 
the metaphase I plate, and separating sister chromatids in anaphase 
(live-stained material); b a close-up view of meiocytes in metaphase 
I with an equatorial and a polar view of the metaphase plate; c a 
meiocyte in anaphase I, where all chromosomes at the pole clearly 
comprise sister chromatids; d stages from metaphase I (four meio-
cytes) to various stages of anaphase I, showing clear sister chromatid 

separation and the presence of laggard chromosomes (LC) (marked 
with an arrow); e dyads at the final stage of division, where similar 
nuclei sizes are observed in each dyad, along with a rare micronu-
cleus (MIC) (marked with an arrow) putatively resulting from lag-
gard chromosomes; f the sectorial nature of FDR—a portion of the 
meiocyte column is shown where the meiocyte marked with an arrow 
is undergoing “normal” meiotic division (NM), while the remaining 
meiocytes show division with restitution; and g the final products of 
meiotic division: three tetrads and three dyads. Scale bar 40 μm
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Associations between FDR, anther bursting, 
and seed formation

Plant classification with regards to restitution was only pos-
sible after direct, cytological observation. The analysis was 
performed on 183 plants, among which FDR was found in 
93 (Fig. 5). In addition, seed formation was observed in 26 
specimens, but the process of the restitution was not found 
cytologically (Table 1). However, due to the sectorial nature 
of the phenomenon, the lack of visible cells undergoing res-
titution did not have to mean its absence. In those cases, 
anther bursting and seed formation may also indicate the 

presence of the disorder. However, there was no strict inter-
dependence between the cytologically observed restitution, 
anther bursting, and seed formation. Moreover, 30 of the 
plants with observed restitution did not produce seeds, and 
14 out of 44 cytologically confirmed restitution-containing 
regenerants produced at least one kernel. Two-thirds (66%, 
51/93) of plants for which FDR was observed produced 
seeds, while only 29% (26/90) of plants where no FDR was 
observed produced seeds (Table 1). Plants for which FDR 
was observed were significantly more likely to produce seed 
than plants for which FDR was not observed (Pearson’s χ2 
test, p = 0.00038; Table 1, Fig. 2a, b). The number of plants 

Fig. 4  Undefined type of meiotic division in a microspore-derived 
haploid (n = 21, ABR) from a triticale hybrid: a the column of meio-
cytes containing the final products of meiotic division: a mixture of 
monads (marked with M), dyads (marked with D), tetrads (marked 
with T), and a few cell nuclei that did not undergo meiotic division 
(FCD) (marked with arrows), scale bar 40  μm; b noticeable differ-
ences in pollen grain size, scale bar 20  μm; c and d the column of 
meiocytes in stages similar to prophase I and anaphase I, where mei-
ocytes seem to form a residual karyokinetic spindle (RKS) (marked 

with an asterisk) which makes normal separation of sister chroma-
tids difficult, and potentially impossible. This type of meiosis exhib-
its many features found in FDR. It is possible that this division is 
extremely delayed, or cytokinesis is accelerated; however, in many 
cases, there are signs of attempted cell division in an unusual plane, 
often across the accumulated chromosomes on the metaphase plate, 
or at unusual angles. The arrows mark an example of this unusual 
type of division (AMD). Scale bar 40 μm

Fig. 5  Results from cytologi-
cal observation (first division 
restitution; FDR) and seed 
formation among 183 analyzed 
haploid triticale plants
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for which FDR was observed was not significantly different 
from that expected from a 1:1 segregation ratio in the popu-
lation (Table 1, Pearson’s χ2 test, p = 0.82). The number of 
plants for which one or both of seed formation and cytologi-
cal FDR was observed did not fit a 1:1 or 3:1 segregation 
ratio (Table 1, Pearson’s χ2 test, p < 0.0001 and p = 0.0018, 
respectively), but did fit a 2:1 ratio (Table 1, Pearson’s χ2 
test, p = 0.64).

Observation of anther bursting (maturation) was carried 
out on 84 plants, of which 35 were found to have at least one 
bursting anther (Fig. 6). Cytologically confirmed FDR was 
not significantly associated with anther bursting (Pearson’s 
χ2 test, p = 0.76), but anther bursting and seed set were sig-
nificantly associated (Pearson’s χ2 test, p < 0.0001). Only 4% 
of individuals (1/24) produced seed without observation of 
anther bursting, while 66% of individuals (23/35) for which 
anther bursting was observed produced seeds. Out of all the 
analyzed specimens, 49 were characterized by a lack of both 
viable pollen and seed set (Fig. 7). The number of plants 
for which FDR was observed was not significantly different 
from expected 1:1 segregation ratio in the population (Fig. 7, 
Pearson’s χ2 test, p = 0.66), while the number of plants with 
any of observed FDR, bursting anthers, or seed formation 
fits both a 3:1 and a 2:1 ratio (Fig. 7, p = 0.61 and p = 0.25, 
respectively, Pearson’s χ2 test). 

Discussion

Unreduced gamete formation by interspecific hybrids is a 
mechanism which potentially plays a crucial role in evolu-
tion, but about which very little is known (Mason and Pires 
2015). In addition, identifying factors enabling fertility in 
androgenic progenies could allow for exploitation of these 
factors for breeding or research purposes in DH lines produc-
tion. In the current study, we characterized meiosis and fer-
tility in an androgenic triticale haploid (n = 21 = 3x = ABR) 
population. This population was found to be segregating for 
production of unreduced gametes and self-pollinated seed as 

a result of an omission of the first division restitution meiotic 
mechanism. This mechanism was incompletely penetrant 
in the population, with no individual plant showing 100% 
unreduced gamete formation. Cytological observation of this 
mechanism was significantly associated with seed set, sup-
porting the previously observed role of this mechanism in 
fertility restoration in other interspecific hybrid types (Silk-
ova et al. 2011). A 1:1 segregation ratio in the population of 
a meiotic restitution-promoting factor was best supported 
by the data, suggesting that a single genetic locus may be 
responsible for this trait. However, difficulties in quantify-
ing cytological data prevent strong conclusions being made, 
and this conclusion would be in contrast to previous studies 
identifying this restitution type as a putatively multi-locus 
trait (Silkova et al. 2011).

The meiotic stage when the cell decides to follow the 
route of restitution is not fully known. In typical meiosis, 
centromeres of sister chromatids are fused in a single unit, 
which eliminates the possibility of their interaction with 
opposite poles of the spindle. In certain conditions, in uni-
valents, centromere separation could occur, such that univa-
lents are able to divide into the sister chromatids in the first 

Fig. 6  Frequency of particular 
seed sets in the population of 
haploid triticale plants with 
(FDR) and without (no FDR) 
cytologically observed first divi-
sion restitution

Fig. 7  Cytological observations of first division restitution meiosis 
(FDR) and fertility phenotypes in 84 haploid triticale plants (n = 21, 
ABR)
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meiotic division. It is obvious that for univalents to separate 
sister chromatids in an organized way in FDR, their cen-
tromeres must be arranged in a different way or reorganized 
during the division. Until now, it has not been possible to 
capture the moment of such a change in the organization 
of centromeres. This reorganization might not occur until 
a stage close to metaphase: univalents in normal meiosis, 
which stay on the metaphase plate for a long time, separate 
sister chromatids with high frequency (Lukaszewski 2010), 
whereas univalents which arrive at the poles earlier never 
exhibit such behavior. As far as that in normal meiosis, it is 
possible to approximately define how long the metaphase 
lasts, i.e., how long the univalent stays on the metaphase 
plate, in meiosis without chromosome pairing, such an eval-
uation is not possible.

Cytological classification of the androgenic plants 
obtained was hindered by their tendency to behave as univa-
lents in meiosis, but we observed that in a typical restitution 
of this type, all univalents arrange themselves on the meta-
phase plate in a “normal” configuration, i.e., perpendicular 
to the metaphase plate. However, as described by Oleszc-
zuk and Lukaszewski (2014), even in restitution, it occurs 
that some of the univalents migrate prematurely to the poles 
without separation of sister chromatids. On the other hand, 
univalents in normal meiosis have a tendency to stay on 
the metaphase plate and then often separate the sister chro-
matids (Lukaszewski 2010). Meiocytes were hence difficult 
to classify as either “restitutional” or “non-restitutional”, 
since quantitative variation was observed in the number of 
univalents which prematurely migrated to the poles and the 
number of univalent which stayed on the metaphase plate 
and underwent sister chromatid separation.

For several reasons, the cytological analysis which was 
carried out did not fully characterize the tested regenerants 
regarding their ability to restitute. First, it was not possible to 
confirm the presence of the process either in all the anthers 
of a given plant or even more so in all the spikes of a given 
individual. In some plants, where the process of restitution 
was confirmed cytologically, and rupturing anthers were pre-
sent, seed set was still not observed. This lack of correlation 
could be explained by the sectorial nature of the observed 
restitution, which could be present in only a certain part of 
the anther, or in just a few segments of particular anthers, 
leading to the creation of too small an amount of functional 
pollen for the anther walls to break. Apart from this, the mei-
otic restitution process did not necessarily occur simultane-
ously in the ovule mother cells in the same floret, but for the 
haploid to create a seed, restitution must take place in both 
the male and female gametes. In the case of successful seed 
formation, both female and male gametophytes are expected 
to contain meiotic restitution-derived meiocytes. However, 
we did observe seed production in some individuals where 
no-restitution or anther bursting was observed. This is most 

likely due to the sectorial nature of the phenomenon, and we 
could easily have simply missed observing these events, par-
ticularly as some anthers were left on each plant to produce 
seeds and later, unobserved meiosis could have contributed 
to seed set. Alternatively, some other forms of restitution, 
additional somatic doubling or other meiotic abnormali-
ties like endoreduplication, c-mitosis, or formation of other 
unusual chromosome constitutions as well as some forms 
of apomixis could also be taken into consideration as lead-
ing to fertility (Seguí-Simarro and Nuez 2008; Chester et al. 
2012; León-Martínez and Vielle-Calzada 2019). The one 
plant which we observed with seeds but no anther bursting 
could be the result of uncontrolled and unobserved cross-
pollination, although we did our best to control for this, but 
could also simply be due to the reasons described above. 
Due to the significant difficulties in cytological analysis of 
restitution in female cells very little work has been published 
to date on this, although female unreduced gametes have 
been observed to result in seed production in other species 
(Ramanna and Jacobsen 2003).

The next point which deserves attention is the observa-
tion of a mix of tetrad and dyads on some microscope slides. 
Here, a few situations could be taking place: either some 
of the cells underwent normal meiosis resulting in tetrads, 
while in some of the cells, the second division was delayed 
or the cells did not enter the second division at all (in vari-
ous sectors of the anther, meiosis could be at a somewhat 
different stage, which is a natural phenomenon) or, the mix 
of dyads and tetrads is a result of the fact that the dyads 
resulted from single division meiotic restitution. After resti-
tution, such cells are characterized by symmetricity, i.e., the 
nucleus is equally divided, as a result of which the daughter 
cells contain the same amount of genetic material and have 
an identical shape. By contrast, in typical hybrid meiosis, 
the tetrads have a very irregular shape due to the random 
segregation of univalents into daughter nuclei. The shape of 
the resulting cells could, in this case, be a clue as to which 
situation is occurring, i.e., whether the division was normal 
but irregular, or whether it was disrupted by the FDR mecha-
nism. However, yet again, cytological categorization in this 
population was unclear due to the indeterminate phenotype, 
making it difficult to draw conclusions.

In the research encompassed in this work, the presence 
of micronuclei was confirmed in most monads, dyads, and 
tetrads. Micronuclei have previously been observed during 
unreduced gamete formation in Triticum aestivum × Aegilops 
spp. cross hybrids (Fakhri et al. 2016). These micronuclei 
were probably formed from “laggard” chromosomes, in 
other words, those which stayed too long on the metaphase 
plate, and, as a result of which, were not pulled to the poles 
during anaphase I or anaphase II. In comparison with the 
research of the aforementioned authors, the presence of tri-
ads was not observed, although monads were found. The 
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presence of monads suggests a lack of meiotic division, 
while the formation of triads is usually attributable to a 
second division-restitution mechanism by which meiosis 
I proceeds normally, but meiosis II fails to separate sister 
chromatids in one of the two nuclei groups (Bretagnolle and 
Thompson 1995).

The level of seed setting in haploid plants can be used as 
a measure of functional unreduced gamete production (Hao 
et al. 2014). In our study, the meiotic restitution phenom-
enon in haploid plants was also confirmed by the ability of 
these plants to form seeds. In each example, plant fertility 
was low, with only one to a few dozen seeds produced. The 
greatest probability of the occurrence of restitution was pre-
dicted from fixed anthers from plants which had formed sev-
eral dozen or more seeds. In such preparations (slides), large 
groups of cells (approx. 60–150 cells) undergoing restitution 
were observed more often, as opposed to the majority of 
preparations where only isolated individual cells undergo-
ing restitution were observed. Regenerants which had not 
formed seeds were also found despite the clear observation 
of meiotic restitution in those cells, but only for prepara-
tions where meiotic restitution was restricted to isolated 
cells. Therefore, the number of cells in which meiotic resti-
tution is present could have an influence on whether a plant 
forms seeds, such that seed setting requires the presence of 
a greater number of cells in which restitution occurs. Apart 
from this, taking into account the large proportion of ane-
uploids among the tested individuals, it is also possible to 
assume that sterility of the hybrid does not mean a lack of 
restitution. In drawing conclusions from our results, it is nec-
essary to consider that hybrid meiosis is irregular and dif-
fers from typical meiosis, and as such irregularities resulting 
from the hybrid meiosis may appear similar to restitution. 
For example, dyad production due to segregation of univa-
lent chromosomes to a single pole during meiosis could be 
typical low-frequency outcome for abnormal meiosis with-
out the single division restitution mechanism in the hybrid, 
and even occasionally result in seed production, as previ-
ously observed in ABDR hybrid types (Zhang et al. 2007).

Genotype-specific effects on seed formation via self-pol-
lination in durum wheat by A. tauschii hybrids have been 
observed previously (Xu and Joppa 2000; Zhang et al. 2008), 
suggesting that unreduced gamete formation is under genetic 
control. As a result of our research, a mapping population 
was created which will enable the localization of loci respon-
sible for the process of meiotic restitution. If the effects of 
particular genetic regions on the trait of meiotic restitution 
via omission of the first meiotic division can be recognized 
and confirmed, and the genes responsible for restitution cor-
rectly identified, it will be possible to consider the practical 
exploitation of this phenomenon in the doubling of chro-
mosome numbers in haploids. DHs in triticale and in many 
other crops are of widespread use in breeding in creating 

homozygous lines to facilitate genetic selection, but most 
commonly, it is necessary to use colchicine to obtain them. 
Skillful exploitation of the natural mechanism of restitution 
could improve the whole breeding process. Our results also 
provide rare data on the putative evolutionary mechanisms 
of unreduced gamete formation, lending weight to the hybrid 
bridge hypothesis for allopolyploid speciation (Ramsey and 
Schemske 1998).
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