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Abstract: Polyembryony in maize (PEm) contributes to improving the nutritional
properties of the grain, as well as an increase in yield, since it generates multiple
plants per seed, opening the possibility of developing new varieties. However, it is
unknown whether polyembryony in maize is the product of chromosomal
abnormalities. Based on the above, in this research a cytogenetic study was pro-
posed to verify if chromosomal abnormalities are related to the maize polyembry-
ony. For a meiotic study, maize genotypes with variable proportions of
polyembryony (PEm), from the UA-IMM-BAP population and non-PEm (mono-
embryonic) maize were used, while for a mitosis analysis, 30 families of maternal
half-siblings (MHS) from two different populations with high polyembryony,
denominated as BHP (brachytic, high polyembryony) and NHP (normal height,
high polyembryony) were used. All these genotypes were planted in the Buena-
vista Agricultural Experimental Station-UAAAN at Saltillo, Coahuila, Mexico.
The frequency of PEm was estimated in all genotypes. It was found that the poly-
embryony occurs at frequencies from 34 to 66% in the D-02, BHP group, and
from 13 to 21% in the segregating groups of the G3-0202 and G3-0201. The squash
technique was used for both cytogenetic analyses. Different meiotic irregularities in
maize chromosomes were detected, such as irregular association of 10% of chromo-
somes in metaphase 1, and agglomeration of chromatin in 100% of the cells. In addi-
tion, pollen viability was estimated by the staining technique with 1% acetocarmine
dye, and it was found that the polyembryonic ones have pollen viability of 100%. In
meiosis in prophase, I sub-phase diakinesis, ten pairs of bivalents were confirmed,
confirming 2n = 20, both in non-PEm and PEm maize, corroborating mating, and
balanced segregation, without the presence of univalent or multivalent. In the chro-
mosomal count carried out in cells in mitosis, only in the BHP-200 polyembryonic
family was registered two out of twenty triploid plants. This condition of ploidy is
atypical in maize, so it is recommended to analyze more plants from this family.
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1 Introduction

A genetic maize trait that could increase production is polyembryony (PEm), which can generate two to
six complete plants per seed [1], the incidence of this characteristic has been observed under natural
conditions, and when mutations were induced by X-ray applications [2]. In PEm maize, the concentration
of oils and proteins is increased compared to monoembryonic corn, by 30 to 50% crude fat, 15 to 20%
oleic acid and 20 to 50% lysine; conferring to this grain higher nutritional value [3]. While, it has been
reported that fat and lysine content can be increased by increasing PEm levels in maize lines and hybrids
[4]. In 1973, scientists from the Universidad Autonoma Agraria Antonio Narro (UAAAN) generated a
population of maize, which presented polyembryonic seeds with a frequency of 1.5%, this population
was genetically improved using recurrent selection until reaching polyembryonic frequencies of more
than 60% [3]. In recent years, two to six plants from a single maize seed have been observed, which
some occasions may have multiple roots [5] and in sequencing studies of ITS regions has been reported
that plants generated from a single seed may have different nucleotide sequences [1]. Various agronomic,
genetic and bromatological studies have been carried out on PE, and there are some attempts to associate
different morphological traits to polyembryony. It has been mentioned that seed and seedling
morphological traits in polyembryony citrus varieties were significantly different and were not correlated
with polyembryony except for the clutch size and the number of branches [6]. In addition, it is still
unknown whether the polyembryony in maize is the product of chromosomal abnormalities. Karyotype
study describing the number and morphological features of all chromosomes is important in clinical,
systematic, and evolutionary approaches [7]. In treated seeds with X-rays was observed that increasing
doses of radiation enhanced the appearance of PEm (up to 18.3%) and plants that emerged from these
seeds showed different plant height, suggesting that X-rays irradiation could produce haploid
polyembryonic plants (2). Different chromosomal abnormalities have been observed in maize. It was
reported various genes that mutate and affect meiosis, causing different aberrations that compromise plant
productivity [8] and the presence of some knobs varied among maize inbred lines [9].

Chromosomal abnormalities can be divided into structural and numerical abnormalities, defining the
former as changes in the arrangement of genes or chromosomal fragments, and numerical abnormalities
as a change in the number of chromosomes due to aneuploidy or polyploidy [10]. Chromosomal
abnormalities can occur in meiosis I and II, carrying out the non-disjunction of chromosomes or the
non-disjunction of chromatids, respectively, causing an alteration in the number of chromosomes in the
daughter cells [11]. The appearance of chromosomal abnormalities, such as aneuploidy, monoploidy, and
other levels of ploidy, may be directly related to PEm in maize. The present study was carried out under
the following objectives: 1. To identify changes in chromosome number in PEm and Non-PEm plants,
2. To determine mitotic and meiotic irregularities in the morphology of chromosomes of PEm and
Non-PE plants and 3. To evaluate the viability of pollen in PEm and non-PEm maize plants.

2 Materials and Methods

2.1 Maize Genotypes
Five genotypes of polyembryonic maize (PEm) and three non-PEm were tested, in addition to control

(Tuxpeño HOC population) (Tab. 1). Polyembryony population: BHP is a brachytic, high frequency
polyembryony population (more than 55%). Abbreviation = D, and Non-Polyembryony population: BBP
is a brachytic, low frequency polyembryony population (lower than 1%). Abbreviation = B. while B-
03 and B-07 are two half-sib families constituent from the BBP population. They have very low
polyembryony frequency (lower than 1%). So that, they can be classified as Non-Polyembryony, and D-
02 and D-05 are two half-sib families constituent from the BHP population. They show a high
polyembryony frequency (over 55 %). They belong to the polyembryony class. The segregating G-group
is constituted by G3-0201 and G3-0202 belong to a group of families that segregates the trait
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polyembryony. They are the third generation in the sequence F1’s, F2’s. Plants of this last kind were
pollinated under an assortative mating (positive) system. It is why they are named G3 instead of F3. The
numbers (0201 and 0202) correspond to the plots number where the mother plants were allocated into the
field. The polyembryony frequency of these genotypes is about 18%, which can be considered as
polyembryony class. These genotypes were sown on June 17, 2017, at the Buenavista Agricultural
Experimental Station-Universidad Autonoma Agraria Antonio Narro (UAAAN) located 7.5 km South of
Saltillo City, Coahuila, Mexico. The geographical coordinates and altitude of the site are 25° 23´ N,
-101° 02´ W, and 1743 masl. During planting day, experimental plots were fertilized with 100 units of
nitrogen (N) and 80 units of phosphorous (P), using Urea and Ammonium Monophosphate. Experimental
plots were fertilized again, at 40 days after sowing with 60 units of N using Urea. When needed, water
was supplied by means of drip tape. In addition, seeds from 30 maternal half-siblings (MHS) families
from each of the maize high-polyembryony populations, called BHP (brachytic) and NHP (normal height)
were used. Each family was represented by 26 seeds, taken at random, which were placed on paper
towels and moistened for germination. All lab tasks were performed at the Cytogenetics Laboratory–Plant
Breeding Department, Universidad Autonoma Agraria Antonio Narro (UAAAN).

2.2 Determination of Polyembryony (PEm) Percentage
To estimate the frequency of PEm in the tested maize genotypes, the total number of germinated seeds

was counted, as well as, the single, double and triple seedlings produced from each seed of the tested
genotypes. The number of seedlings from each seed per genotype is detailed in Tab. 2. The PEm
frequency was calculated summing over the last two columns and divided by the numbers of plants and
then multiplied by 100 [2].

2.3 Cell Analysis during Meiosis
Harvesting immature spikes of 6 plants per maize genotype were performed 60 days after planting, in

this case, spikes from twin and triple plants were including, then, the spikes were stored in Farmer fixative
(1:3 glacial acetic acid/96% ethyl alcohol) for 24 hours, in order to instantly kill the tissue and fix the phases
of cell division. For the cytological study of the cells in meiosis, the fixed spikes were placed in Petri dishes
with distilled water to extract the anthers, which were placed on slides with a drop of acetocarmine. The
anthers were then halved to release the microsporocytes. Subsequently, the residues were removed from
the anther envelopes, a coverslip was placed on top of the microsporocytes, then, the sample was heated

Table 1: Polyembryonic (PEm) and monoembryonic (No-PEm) maize genotypes used in this study

Genotype Code Description

Tux HOC(4)* 0101(4) Tuxpeño representing the monoembryonic (normal) maize

B-03(3) 0102(3) Genotype representing a family with low polyembryony

B-07(3) 0103(3) Genotype representing a family with low polyembryony

D-02(3) 0104(3) Genotype representing a family with high polyembryony

D-05(3) 0105(3) Genotype representing a family with high polyembryony

BHP (4) 0106(4) Brachytic genotype, random sample with more that 50% of PEm

G3-0202(3) 0107(3) PEm segregating genotype from the 3rd generation.

G3-0201(3) 0108(3) PEm segregating genotype from the 3rd generation.

BBP (4) 0109(4) Low PEm control genotype (less than 1%)
*Number within parenthesis correspond to the number of rows planted with each genotype.
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and the microsporocytes were gently pressed manually and without lateral movements on a filter paper, after
that, the sample was observed under a microscope, if the microsporocytes are over-colored, a drop of
propionic acid was added along the edges of the coverslip and it was pressed again and heated [12].
Finally, the sample was observed under a microscope on a 10x and 40x objective.

To perform a comparison between the meiotic division of PEm and non-PEm maize cells, all the meiosis
phases were analyzed. In addition, in order to identify the number and morphology of chromosomes, the
phases of diakinesis and metaphase 1 were observed. In this step, 409 photographs of PEm and 130 Non-
PEm maize cells were analyzed in prophase I sub-phase diakinesis and in metaphase I of meiosis. Once
the phase of interest in the preparations was found, bees wax was placed on the edges of the coverslip, in
order to make a temporary preparation and thus proceed to take photographs with a 40x objective in a
Carl Zeiss compound microscope (Axiostar plus) with Moticam 5.0 MP digital microscope camera, and
Motic Image Plus 3.0 software.

2.4 Cell Analysis during Mitosis
The maternal half-sibling families were evaluated by groups of four families at a time, which was

germinated every eight days in rolls of sterile germination absorbent paper. In this step, 26 grains were
taken at random and arranged in two blocks of 13 seeds for better development of the seedlings.
Germination was carried out in an incubation room with permanent white artificial light, at a temperature
of 25°C ± 1, and irrigating the rolls with fresh water every third day. On the ninth day of planting,
germination was quantified, having seedlings developed with a minimum of two leaves, thus identifying
mono-embryonic and poly-embryonic cases; Root tips were cut (with the help of a scalpel and slides) of
three seedlings between 9:00 and 9:20 am. The tips were placed in a 0.04% 8-Hydroxyquinoline
pretreatment solution, for three hours. The apices were then changed to a Farmer fixative (3:1 ethanol:
glacial acetic acid) for 24 hours, in order to instantly kill the tissue and fix the phases of mitotic cell
division [12]. Subsequently, samples were changed to carmine-propionic dye, first removing the fixative
and rinsing with distilled water, then, samples remained there resting for two hours, after that, it was
proceeded to heat almost to a boil, placing samples directly in the fire with spaces of 10 to 12 seconds.
At the end of this process, the apical meristems were washed with distilled water and underwent
hydrolysis in an enzyme complex for 12 hours under refrigeration, this enzyme complex was obtained
from the stomach liquid of the garden snail (Helix pomata). Finally, the enzyme complex was removed,

Table 2: Number of tested plants per genotype, number of plants with individual (Non-PEm), double (PEm)
and triple (PEm) seedlings

Genotype No. Plants Individual seedlings Twin seedlings Triple seedlings

Tux HOC(4) 103 103 0 0

B-03(3) 78 78 0 0

B-07(3) 80 80 0 0

D-02(3) 63 21 37 5

D-05(3) 68 45 20 3

BHP(4) 98 33 55 10

G3-0202(3) 60 52 7 1

G3-0201(3) 66 52 14 0

BBP(4) 114 114 0 0
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the samples were rinsed, and carmine-propionic was added again. To make the preparations, the maceration
method (squash technique) was used as the mounting medium for the coloring solution (carmine-propionic
45%), then direct heating to the fire and crushing of the sample in a uniform manner without lateral
movements, propionic acid was used. In case the preparation was very colored for its analysis, the edges
were sealed with hot paraffin to avoid the evaporation of the dye. Thus, the samples were ready for
chromosomal evaluation. At least, three preparations were made for each seedling, and chromosomes
from 10 to 15 metaphase cells at mitosis, were counted per case.

2.5 Pollen Viability
In order to observe if the chromosomal abnormalities were related to the viability of pollen, PEm maize

spikelets were collected. Removal of anthers was carried out on a slide, ensuring that the distribution was
uniform, a drop of acetocarmine dye (1%) was deposited on the sample, then, a coverslip was placed on
top and after 5 to 10 seconds, the observation was carried out under a microscope. The rounded and red-
colored pollen grains were considered viable and the constrained and unstained pollen grains were rated
as non-viable. The pollen counts were carried out in two microscope fields per preparation, the number of
viable and unviable pollen grains was counted, then, it was estimated the percentage of pollen viability
[13,14]. All observations were made with 10 X and 40 X objectives on a Carl Zeiss compound
microscope. The viability results were expressed as a percentage of stained pollen since the unstained
ones were considered unviable.

3 Results and Discussion

3.1 Percentage of PEm in Different Maize Genotypes
After seed germination, the percentage of polyembryony per genotype was determined (Tab. 3). A

frequency of 0% was observed in the control genotype, as well as, in the genotypes B-03 (3) and B-07
(3) classified as Non-PEm maize showed a frequency lower than 0.1% (3). The D-02 (3) and BHP
genotypes showed a 66% of PEm frequency, these genotypes are classified as having high polyembryony,
according to (3) and the D-05 (3), G3-0202 (3) and G3-0201 (3) presented frequencies of 34%, 13%, and
21%, respectively, which are classified as medium to low-polyembryony maize genotypes [3,15].

3.2 Chromosome Number in PEm and Non-PEm Plants
As a result of the cytogenetic study, all phases of meiosis I and II were observed in non-polyembryonic

maize (Fig. 1). Prophase I (a-b), pachytene (a) phase where the nucleolus becomes visible and cross-linking

Table 3: Percentage of polyembryony of the tested genotypes

Genotype PEm (%)

Tux HOC (4) 0

B-03(3) 0

B-07(3) 0

D-02(3) 66

D-05(3) 34

BHP (4) 66

G3-0202(3) 13

G3-0201(3) 21

BBP (4) 0
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is carried out; Diplotene (b) maintains the binding of homologous chromosomes by means of chiasmata;
diakinesis (c) the nucleolus reduces its size, the chromosomes are more condensed, making it easier to
visualize and count them; metaphase I (d) the chromosomes are aligned in the equatorial plate, the
nucleolus has disappeared; anaphase I (e) phase where the spindle fibers shorten, causing migration of
homologous chromosomes to opposite poles of the cell, giving rise to two groups with haploid numbers;
telophase I (f) chromosomes form a compact group at each pole like two daughter nuclei, and as a result
of crossing over, chromatids become genetically distinct.

Prophase II (a), metaphase II (b), anaphase II (c) and telophase II (d) are similar to the phases of meiosis
I; the tetrads (e) are a quartet of uni-nucleated cells, (f) represents the maturation of a pollen grain. The results
of meiosis I and II cells from polyembryonic maize were the same as non-polyembryonic maize (Fig. 2).

In order to identify if there is any anomality related to the number of chromosomes that is directly
influencing the appearance of polyembryony (PEm) in maize, a comparison of cells in diakinesis of both
non-polyembryonic (Non-PEm) (Fig. 3) and polyembryonic (PEm) maize was performed (Fig. 7). In this
case, 100 cells were analyzed in prophase I sub-phase diakinesis of non-polyembryonic maize, where
100% presented 10 pairs of bivalents confirming 2n = 20, corroborating a mating and balanced
segregation typical of maize without the presence of univalent or multivalent. In addition, 208 cells were
analyzed in prophase I sub-phase diakinesis of polyembryonic genotypes where 100% presented 10 pairs
of bivalents confirming 2n = 20 [16], corroborating a balanced mating and segregation, indicating that the

Figure 1: Left images, cells of Non- PEm maize in meiosis I. Prophase I; pachytene (a) diplotene (b);
diakinesis (c); metaphase I (d); anaphase I (e); telophase I (f) and right images meiosis II. Prophase II (a);
metaphase II (b); anaphase II (c); telophase II (d); tetrads (e); ripe pollen grain (f). 40 X
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sub-phase of diakinesis is the same compared to that of non-polyembryonic maize and therefore there are no
cases of univalent or multivalent.

Figure 2: Left images, cells of PEm maize in meiosis I. Prophase I; pachytene (a) with chromatin
agglomeration; diplotene (b); diakinesis (c); metaphase I (d); anaphase I (e); telophase I (f) and right
images, meiosis II. Prophase II (a); metaphase II (b); anaphase II (c); telophase II (d); tetrads (e); ripe
pollen grains (f). 40 X

Figure 3: Cells in diakinesis of non-PEm maize (a) and PEm maize (b) with 10 pairs of bivalents
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3.3 Chromosomal Meiotic Irregularities
From the 100% of the analyzed cells of polyembryonic maize in metaphase I, cases of irregular

association of chromosomes in types BHP and D-02 were found in 10% as shown in Figs. 4 and 5,
respectively. In addition, from 50 cases analyzed in metaphase I of polyembryonic maize cells, 5 of them
from the BHP family presented irregular association of chromosomes, which may indicate the formation
of microcytes present in the tetrads [17], since they do not integrate into the main nucleus, and increases
the probability of formation of non-viable gametes.

In the case of prophase I, the pachytene sub-phase studied, in polyembryonic maize cells of the D-02 and
D-05 families, 100% of these cells presented an intense agglomeration of chromatin (Fig. 6). It has been
reported the st gene in maize [18], which refers to the intense agglomeration of chromosomes in different
phases of both meiosis and mitosis, however, in the present study it was only found in prophase I sub
-pachytene phase, which may prevent the regular segregation of chromosomes [17], and could generate
non-viable gametes. Chromosomal anomalies in maize may be also induced by environmental factors. It
was consignee the presence of bridges, fragments, sticky and ring chromosomes, and cells with two
nuclei or with micronucleus after application of the fungicide Royal Flo [19].

3.4 Chromosome Number in Mitosis
From the 120 seedlings analyzed in 360 studied cases (three cytological preparations per specimen) from

the 30 families of NHP half-siblings of non-polyembryonic maize, no alteration in chromosome number was

Figure 4: BHP family metaphase I cells, with irregular association of chromosomes. 40 X

Figure 5: Cells in metaphase I of D-02 genotype, with irregular association of chromosomes. 40 X
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found, showing all diploid constitutions (2n = 20), as can be seen in Fig. 7a. Other chromosomal
measurements such as chromosome morphometry and class and knob localization may improve the
identification of chromosomal abnormalities in polyembryonic maize genotypes [7]. The same condition
was found in the 29 families of BHP half-siblings of polyembryonic maize; however, in a case of the
family called BHP-200, the existence of cells that presented the triploid condition (2n = 30) was
observed (Fig. 7b).

In this study, no chromosomal irregularities, arrangements, or numbers were strongly associated with
polyembryony in maize. In other commodities, specific genes and transposable element insertions have
been associated with polyembryony. The CitRWP gene is expressed at higher levels in polyembryonic
citrus cultivars [20]. In addition, these authors found a miniature inverted-repeat transposable element
insertion in the promoter region which co-segregated with polyembryony. While, other authors consignee
that CitRKD1 gene belongs to the plant RWP-RK domain-containing protein, was transcribed in
reproductive tissues of citrus varieties with the polyembryonic allele, and its transcription may be
regulated by a MITE insertion in its upstream region [21].

Figure 6: Cells of PEm maize from the D-02 and D-05 families in prophase I sub-phase pachytene with
chromatin agglomeration. 40 X

Figure 7: (a) Chromosomes in the diploid cell (2n = 20), mitotic metaphase of the NHP-89 family. (b)
Chromosomes in triploid cells (2n = 30), mitotic metaphase of the BHP-200 family. 100 X
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3.5 Pollen Viability in PEm Plants
Based on the observed chromosomal aberrations, it was suggested the possible formation of infeasible

gametes, thus, we proceeded to analyze the viability of pollen grains in polyembryonic maize. In all the poly-
embryonic maize plants, 100% pollen viability was obtained, since in none of these cases was observed an
absence of nucleus or degeneration of the chromatic material (Fig. 2). Based on the pollen viability results,
the idea that the found chromosomal aberrations generate unviable gametes can be discarded. There are
reports that mention that chromosomal aberrations and mutations are not related in maize plants to the st
gene [18], and that even when abnormalities occur during division, such as early ascension or chromatin
agglutination, from this study, these may only be temporary and not transmissible to other generations.
Although the existence of the st gene has not been verified in the maize populations used in this study,
the results obtained can be associated with what was mentioned by [18] and with the study carried out by
[17] in which chromosomal abnormalities were found in meiosis I in Lippia alba, but this one did show
unfeasible pollen grains, which refers to the aberrations found during cell division. Another reason that
suggests that the anomalies found in this study are not related to the formation of infeasible gametes, is
the shape of the tetrads since none of these presented polyads or dyads, which may originate from
failures in cytokinesis during meiosis I or II [17]. However, the tetrads found in PEm and Non-PEm
maize were normal. These results may be interesting in other agricultural commodities, such as citrus
cultivars which develop many nucellar embryos alongside a single zygotic embryo from a single seed [22].

4 Conclusions

It was found that polyembryony occurs at frequencies of 34 to 66% in the BHP population and from
13 to 21% in genotypes of a segregating group for polyembryony, called G3-0202 and G3-0201.
Polyembryony was not observed in representative Non-PEm genotypes. In the meiotic analysis,
aneuploidies cells were detected neither Pem nor Non-Pem genotypes. Exceptionally, the presence of
chromosomal anomalies was observed during meiosis I, such as early segregation of chromosomes in
10% and agglomeration of chromatin in pachytene, these abnormalities were showed in genotypes with a
high frequency of polyembryony, although this was not related to the formation of unviable gametes. In
the chromosomal count performed in cells in mitosis, no chromosomal aberrations were found, nor the
presence of monoploids. This shows that the abnormalities observed in some plants of the studied
polyembryonic populations are not due to the haploid condition of their cells, nor any other change in the
morphology of the chromosomes. Only in the BAP-200 family was recorded triploid in two seedlings of
a total of 20 sampled cases, this ploidy condition is atypical in maize, so it is recommended to analyze a
greater number of plants of this family to know better details in their reproductive behavior.
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