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Apomictic seed development is a complex process including formation of unreduced embryo sac, parthenogenetic embryo 
development from the egg cell, and endosperm formation either autonomously, or due to fertilization of polar nuclei by the 
sperm (under pseudogamous form of apomixis). In spite of great efforts, in important agriculturally valuable crop species, 
including maize, apomictic lines have not been developed until now. Previously, we found that usage of tetraploid maize lines 
as pollen parents allowed to obtain apomictic progeny in a number of diploid maize lines. In addition, we found the line (V47) 
produced relatively high frequency of tetraploid F  hybrids in such crosses that suggested formation of unreduced embryo sacs 1

in this line. We crossed V47 with the line AT-1 capable of high frequency of maternal haploid parthenogenesis (developed by 
V.S. Tyrnov, Saratov State University, Russia). In the F  progeny of V47/AT-1, we found individuals that being pollinated by 2

tetraploid line Chernaya-Tetra (Ch-T) were capable of formation of normal plump kernels producing diploid maternal-type 
plants. PCR analysis with primers to Indel-marker differentiating Ch-T from V47 and AT-1 confirmed maternal nature of these 
plants and hybrid nature of endosperm of these kernels that is characteristic to pseudogamous apomixis. These data might point 
to the presence of unreduced apomixis in the progeny of V47/AT-1 maize hybrids and testify to possibility of creating apomictic 
maize genotypes.. 
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Apomixis – seed formation without fertilization – is one al. 2016). In addition, in this study, maize line V47 was 
of the most intriguing biological phenomena and promising identified that produced tetraploid hybrids being crossed with 
tool in plant breeding. It is assumed that apomixis makes it tetraploid pollinators. In such crosses, the normal plump 
possible to maintain superior genotypes, in particular, the F  kernels can develop only from unreduced embryo sac, since 1

hybrids, through series of generations without genetic fertilization of unreduced embryo sac having two diploid 
segregation and loss of hybrid vigor. Nevertheless, in spite of polar nuclei with diploid sperm results in hybrid hexaploid 
great efforts, in important agriculturally valuable crop species, endosperm with maternal (m) to paternal (p) genome ratio 4m: 
including maize, apomictic lines have not been developed 2p (or 2m: 1p) that is necessary for the development of viable 
until now (Savidan 2000, Naumova 2008, Barcaccia and endosperm in maize (Lin 1984, Birchler 1993, Pennington et 
Albertini 2013, Abdi et al. 2016, etc.) although genes al. 2008). Contrary, fertilization of reduced (haploid) embryo 
regulating different components of apomixis have been sac containing two haploid polar nuclei, with diploid sperm 
identified in a number of species (Albertini et al. 2005, Bhat cells results in triploid embryo and tetraploid endosperm. 
2011, Pupilli and Barcaccia 2012, Tavva et al. 2015, Brukhin Such endosperm degenerates because of disturbed genome 
2017, Brukhin and Baskar 2019, Worthington et al. 2019). ratio or shriveled kernels are formed.

One of the promising methods for obtaining apomictic Assuming that apomictic potencies in maize can be 
forms of cultivated plants is the introgression of apomixis increased by combining genes that determine formation of 
genes from wild relatives, in particular, for maize, from unreduced embryo sacs and genes determining 
Tripsacum dactyloides L. (Sokolov et al. 2002). As a result of parthenogenesis in one genotype, we crossed the line AT-1, 
intensive studies, hybrids were obtained that had apomictic which has a high frequency of haploid parthenogenesis 
mode of reproduction, but differed in morphological and (Enaleeva and Tyrnov 1997), with the line V47. In this paper, 
economically important traits from maize, and the loss of we present the results of investigation of the progeny obtained 
Trypsacum chromosomes led to the loss of apomictic from the cross V47/AT-1. These results suggest that in the F  2

potentials (Belova et al. 2010). At the same time, in contrast to generation of the V47/AT-1 hybrids, the plants capable of 
the numerous efforts directed to studying apomixis in maize × unreduced apomixis can be isolated.
gamagrass hybrids, fewer resources have been directed 

MATERIAL AND METHODS
towards investigation of diploid apomixis in Zea mays L.

Earlier, we found that in some diploid lines of maize, the Plant material—Diploid inbred lines of maize (Zea mays L.) 
ears pollinated with pollen of tetraploid lines, produce the V47 (kindly provided by V.V. Zhuzhukin, Agricultural 
plump kernels containing a hybrid endosperm and a diploid Research Institute of South-East Region, Saratov, Russia) and 
embryo from which maternal type plants develop (Tsvetova et AT-1, created by Prof. V.S. Tyrnov (Enaleeva and Tyrnov -
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1997), as well as the tetraploid maize line Chernaya Tetra acid (45%) for 20 min, and stained with acetohematoxiline 
(ChT) (kindly provided by Dr. E.B. Hatefov, Agricultural (2%) for 30-45 min. Squashes were prepared using mixture of 
Research Institute of Kabardino-Balkarya, Russia) were used. 45% acetic acid with 70% chloral-hydrate (1:1) colored with 
Plants of V47 and AT-1 lines do not contain genes determining some drops of acetohematoxiline. Cytological analysis was 
anthocyanin coloration of aleurone, leaf sheath and other performed with using Axio Scope A1 (Carl Zeiss, Germany) 
organs of plants; they have green coloration of stem, leaf equipped with digital camera AxioCam MRc.
blade, auricle, tassel, husks, and white midrib. ChT line has Analysis of phenotypes—Plant traits were registered starting 
green coloration of stem, glumes, and husks of ears, yellow from the seedling stage up to the end of vegetation. 
anthers and large black or dark maroon kernels. The dark Anthocyanin coloration was recorded in seedlings, stem, 
coloration of kernels (the purple color of the aleurone) in this nodes and internodes, leaf blades, ligule, and leaf midrib. A 
line is determined by the dominant A1 gene. This allows it to shape, length and density of tassel, coloration of glumes, 
be used for marking hybrid endosperm. In addition, F  hybrids anthers, and silks were noted at blooming. At the end of 1

with ChT had dark coloration of roots, hypocotyl, coleoptile, vegetation the coloration of husks of ears, kernels and ears was 
stem and anthers. noted.

The V47 line, when used as a maternal parent in crosses Cytoembryological analysis of AT-1 line embryo sacs 
with tetraploid pollinators, produced tetraploid hybrids (ESs)—Isolated ears were fixed with ethanol–acetic acid (3:1) 
(Tsvetova et al. 2016) that indicated its ability to form for 3 days, washed with 70% ethanol for 3 times, and stored in 
unreduced (diploid) embryo sacs. The AT-1 line is 96% ethanol. Fixation was performed 3–4 days after the start 
characterized by ability to parthenogenetic development of of flowering. Ovaries were isolated from the central part of an 
the egg cell and a high frequency of haploid plants (Enaleeva ear, washed with distilled water for 20–30 min, treated with 
and Tyrnov 1997). The F  hybrids V47/AT-1 were self- 4% ammonium–iron alum at 50°Ñ for 10 min, washed with 1

pollinated, and the plants from F  generation were pollinated distilled water at 50°Ñ for 15–20 min, and stained with 2% 2

with pollen of tetraploid line Chernaya Tetra (ChT) to identify acetocarmine at 50°Ñ for 1.0–1.5 h. ESs were isolated from 
individuals capable of unreduced embryo sac formation. Such ovaries with the use of microneedles under a stereo 
embryo sacs have two diploid polar nuclei. Their fertilization microscope, transferred into a drop of glycerol on a slide. 
with diploid sperm results in hybrid hexaploid endosperm Preparations were examined with using Axioscope A1 
with maternal (m) to paternal (p) genome ratio 4m: 2p (or 2m: microscope (Carl Ziess, Germany) under transmitted light 
1p) that is necessary for the development of viable endosperm (magnification ×200, ×400). Figures were made by AxioCam 
in maize (Lin 1984, Birchler 1993, Pennington et al. 2008). MRc digital camera using AxioVision 4 computer program.

All studied lines and hybrids were grown in the PCR analysis—PCR analysis with primers for co-dominant 
experimental field of Agricultural Research Institute of South- Indel markers (Settles et al. 2014) (Table 1) was used for 
East Region (Saratov, Russia) in the isolated plots located far genotyping the progeny obtained from the plump kernels. 
from another maize sowings. In all maternal plants, the tassels DNA was isolated from the leaves of 20-day old seedlings and 
were carefully removed before anthesis, and additionally all adult plants using the modified STAB method (Shilov et al. 
the ears were bagged to prevent contamination. Pollinations 2016). The reaction mixture contained 50 ng DNA, 0.01 U/ìl 
were performed only after removing the flowering panicles SynTaq DNA polymerase (Synthol, Russia), 0.6 pmol of each 
that exclude accidental pollination. primer, x1-fold PCR buffer (Synthol, Russia), 2.5 mM MgCl , 2

Kernel germination—The kernels were sterilized with 70% 0.2 mM dNTP mixture (Synthol, Russia). The total volume of 
ethanol (30 sec) and then with 0.1% mercuric chloride the reaction mixture was 25 ìl. PCR was performed using the 

0solution (15 min.), and after thorough washing they were following regime: initial denaturation of 94 C (4 min); 35 
0 0 0soaked for 24 hours. Then the kernels were subjected to cycles: 94 Ñ (45 sec), 57 Ñ (45 sec), 72 Ñ (45 sec); final 

0additional sterilization with mercuric chloride (7 min.), after elongation of 94 C (5 min). The amplified fragments were 
that, in sterile conditions, a part of the endosperm was fractionated in 3.5% agarose gels in 0.5-fold TAE buffer at 175 
separated for PCR analysis, and the embryo was placed in a V (90 min). A 0.01% aqueous solution of ethidium bromide 
test tube with MS agar medium and were cultured in the was used to visualize DNA fragments.
growth room with illumination (Fluora 36w/77 bulbs) under 

RESULTS AND DISCUSSION
16/8 h photoperiod, temperature 26°Ñ/20°Ñ. The seedlings 
with developed roots were transferred to vegetation vessels Preliminary cyto-embryological analysis of AT-1 line 
with garden soil, and, subsequently, to the field plot. performed before its crossing with the line V47, confirmed 
Chromosome counts— For determination of plant ploidy the that this line possesses ability for autonomous embryo 
root tips were fixed in 3:1 ethanol: acetic acid were treated development. Parthenogenetic pro-embryos developing from 
with HCl (3.5% for 15 min, then 50% for 20 min), washed with carefully isolated unpollinated ears were found in some 
distilled water for 2 min, then they were treated with acetic embryo sacs (Fig. 1). Given this data we used this line in 



hybridization with the line V47, which possesses ability to The progenies of pollinated and unpollinated ears have 
formation of unreduced embryo sacs. F  hybrids V47/AT-1 been analyzed. In the progeny obtained from unpollinated 1

were self-pollinated and plants from F  generation have been ears, only diploid and haploid maternal-type plants were 2

pollinated with the pollen of tetraploid line ChT in order to found. In the progeny of pollinated ears, alongside with the 
identify recombinants that carry both sets of these genes. maternal-type plants that developed from yellow kernels, 

diploid hybrid plants, which developed from the dark kernels 
were isolated (Table 3). Hybrid and maternal-type plants were 
easily distinguished because both the diploid and tetraploid F  1

hybrids with ChT had intensive anthocyanin coloration in 
roots, hypocotyls, and coleoptiles already at the seedling stage. 
Later dark coloration appeared in the stem (Fig. 3). In diploid 
maternal-type plants, this coloration was absent, and their 
phenotypes did not differ from that of the maternal parent.

Fig. 1. Parthenogenetic pro-embryo (arrow) developing in unfertilized 

embryo sac of maize line AT-1. PN – polar nuclei, ANT – antipodal 
cells. Bar 100µ.

Fig. 3. Phenotypes of hybrid (A) and maternal-type (B) plants from the 
As a result of pollination of F  V47 / AT-1 hybrids with the 2 progeny of F  plant V47/AT-1 pollinated by tetraploid line ChT. Note 2

pollen of ChT line, in 9 out of 19 pollinated plants the plump dark coloration on the stem of hybrid plant.

kernels were formed (Table 2, Fig. 2) that suggests the The formation of kernels with endosperm lacking 
presence of unreduced embryo sacs in the ears of studied paternal genetic marker, as well as the emergence of the 
plants. It is noteworthy that kernels formed not only on maternal-type plants in the progeny of pollinated and non-
pollinated, but also on unpollinated control ears carefully pollinated ears indicate that these kernels, possibly, might 
isolated before flowering (Table 2). In the unpollinated ears, develop by apomictic mode of reproduction.
only yellow kernels were noted (this coloration is Diploid hybrids appeared, apparently, due to the 
characteristic to the F  hybrids and its parental lines - V47 and formation of haploid pollen grains in tetraploids as a result of 
AT-1). In pollinated ears, alongside with yellow seeds, plump somatic reduction, which was previously observed in 
dark kernels characteristic to the ChT line were noted (Fig. 2). polyploid plants of Sorghum halepense (Linn.), S. bicolor L. 

(Moench), Pennisetum americanum (L.) Leeke, Zea mays L., 
and others (Raman and Krishnaswami 1955, Rao and Nirmala 
1986, Tsvetova and Elkonin 2002, Tsvetova et al. 2016).

In order to verify the apomictic nature of plants arising in 
the crosses of lines carrying apomixis elements, work was 
carried out to identify DNA markers that distinguish the maize 
lines used in these crosses. In this work, we tested a number of 
co-dominant Indel-markers described in the paper of Settles 
and co-authors (2014). It was found that Indel markers JY_3: 
9.457 (3rd chromosome of the maize genome), ufIDP1-244.5 Fig. 2. Seed set in the ear of maize plant from F  V47/AT-1 pollinated 2

with the pollen of tetraploid maize line Chernaya Tetra (ChT). Arrows (1st chromosome), and ufIDP4-20.60 (4th chromosome) 
points to plump dark kernels characteristic to ChT. differ ChT from V47 and AT-1 lines.

2

Table 1 – List of primers used in experiments

Molecular marker F (5'- ® - 3') R (5'- ® - 3')

JY_3: 9.457 cccaatggtaccagagcttta gtgggttcacgtccaggtat

ufIDP4-20.60 ccggggtagtgatgtctttg aaggaaaaatccttagatcacga

ufIDP1-244.5 ccgcattgtcgccagtaa aaatgcagtgtccctctggt
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PCR analysis of DNA isolated from the leaves of 
maternal-type plants obtained from the dark plump kernels set 
on the F  V47/AT-1 hybrids pollinated by ChT pollen, with 2

primers amplifying the Indel-marker JY_3: 9.457 showed 
identity of the amplified fragment size in the maternal parent 
(track 1, Fig. 4A) and maternal-type plants from its progeny 
(tracks 2, 4, 6, 9, 11, 13), and difference from the paternal line 
(ChT, tracks 8, 15). A similar result was observed when using 
primers that amplified other Indel-markers: ufIDP4-20.60 (4th 
chromosome) (Fig. 4B) and ufIDP1-244.5 (1st chromosome). 
Despite the co-dominant nature of these markers (Settles et al. 
2014), no signs of amplification of the paternal fragment in the 
DNA of maternal-type plants were found. At the same time, in 
the DNA extracted from the endosperm of the kernels from 
which these maternal-type plants were obtained, amplification 
of the paternal fragment was observed (Fig. 4A, tracks 3, 5, 7, 
10, 12, 14), which was to be expected in case of the hybrid 
nature of the endosperm characteristic to the pseudogamous 
apomixis. The results of PCR analysis and phenotypic analysis 
of the progeny of plants F  V47/AT-1 pollinated by pollen of 2

the ChT line are consistent.

CONCLUSIONS

Thus, combining in single maize genome a genetically 
determined ability to parthenogenesis and the ability to form 
unreduced embryo sacs obviously allows us to create 

Table 2 – Seed set in the ears of F  hybrids V47/ÀÒ-1

Cross combination Number of ears 

Total Number of kernels per ear 

Total 1-5 6-15 16-30 30-100 > 100
1

V47/ÀÒ-1 × ChT 19 9 (47,4%) 2 1 1 2 3

V47/ÀÒ-1 (unpollinated) 16 3 (18,7%) 1 – – 1 1

1
ChT – tetraploid line Chernaya Tetra

Table –3  Characterization of the progeny obtained from the ears of F  V47/AT-1 hybrids pollinated with the pollen of tetraploid line ChT

Individual plant # Cross combination Number of plants

Total Maternal-type (%) Hybrids

7 51-1-16 unpollinated 7 7 (100,0) -

8 51-2-13 unpollinated 11 11 (100,0) -

9 51-4-10 unpollinated 11 11 (100,0) -

10 51-6-16 unpollinated 9 9 (100,0) -

11 51-2-1 × ChT 5 3 (60,0) 2

12 51-2-2 × ChT 6 5 (83,3) 1

13 51-2-11 × ChT 11 6 (54,5) 5

14 51-3-1 × ChT 10 9 (90,0) 1

15 51-5-7 × ChT 9 - 9

60 51-5-6 × ChT 12 8(66,7) 4

2

2

Fig. 4. PCR analysis of genomic DNA from the leaves of maternal-type 
plants (2, 4, 6, 9, 11, 13) and the endosperm of the kernels (3, 5, 7, 10, 
12, 14) from which they were obtained, that set on the ears of the plant 
from F  family (V47 / AT-1) pollinated by the tetraploid line ChT. A - 2
primers to Indel marker JY_3: 9.457; B - primers to Indel-marker 
ufIDP4-20.60. 1 - DNA of the parental (maternal) plant; 8, 15 - DNA of 
the pollen parent ChT; 16 - marker of the DNA fragments (Syntol, 
Russia); 17 - negative control (without DNA template). Arrows point to 
amplified fragment specific to pollen parent (ChT).
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genotypes capable of forming apomictic kernels. Such kernels Pennington PD, Costa LM, Gutierrez-Marcos JF, Greenland 
can be formed on the basis of pseudogamy, and also, possibly, AJ, and Dickinson HG (2008). When genomes collide: 
without fertilization, due to the autonomous development of aberrant seed development following maize interploidy 
the endosperm. These data should be subjected to further crosses. Ann. Bot.101 833–843.
verification using cyto-embryological methods and molecular 

Pupilli F and Barcaccia G 2012. Cloning plants by seeds: 
genetic analysis of the progeny plants. Nevertheless, the data 

Inheritance models and candidate genes to increase 
obtained demonstrate the promise of further researches, since 

fundamental knowledge for engineering apomixis in 
they open up new approaches for creating maize lines with an 

sexual crops. J.  Biotech. 159 291–311. 
apomictic pathway of reproduction, which is necessary for 
fixing heterosis of F  hybrids in subsequent generations. In Raman VS and Krishnaswami N 1955. A chromosomal 1

addition, the created maize genotypes are of significant chimera in S. halepense (Linn.). Indian J. Àgri. Sci. 25 45-
interest for basic research on genetic control and regulation of 50.
apomixis in cereals, development of embryo sacs, embryo- 

Rao PN and Nirmala A 1986. Chromosome numerical 
and endospermogenesis.

mosaicism in pearl millet (Pennisrtum americanum (L.) 
.

Leeke). Can. J. Genet. Cytol. 28 203-206.
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