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Abstract

Polyembryony (PE) is a rare phenomenon in cultivated plant species. Since nineteenth cen-
tury, several reports have been published on PE in maize. Reports of multiple seedlings
developing at embryonic level in laboratory and studies under greenhouse and field condi-
tions have demonstrated the presence of PE in cultivated maize (Zea mays L.). Nevertheless,
there is a lack of knowledge about this phenomenon; diverse genetic mechanisms controlling
PE in maize have been proposed: Mendelian inheritance of a single gene, interaction between
two genes and multiple genes are some of the proposed mechanisms. On the other hand, the
presence of two or more embryos per seed confers higher nutrimental quality because these
grains have more crude fat and lysine than normal maize kernels. As mentioned above, there
is a necessity for more studies about PE maize in order to establish the genetic mechanism
responsible for this phenomenon; on the other hand, previous studies showed that PE has
potential to generate specialized maize varieties with yield potential and grain quality.

Keywords: Zea mays L. polyembryony, genetic control, ploidy level, apomixis, xenia

1. Introduction

Polyembryony (PE) can be defined as the simultaneous emergence of two or more seedlings
from one germinated seed [1]. The plant polyembryony phenomenon was discovered by Van
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Leeuwenhoek in 1719 and reported in orange seeds and can be classified into two main types that
are based on the cellular origin of embryogenesis either, gametophytic and sporophytic [2, 3].

This phenomenon occurs spontaneously in several plants species although at low frequencies.
The term “polyembryony” also reports it as the division of one sexually produced embryo
into many, and the resulting ones are genetically identical to each other, but distinct from
their mother [4]. However, some PE versions have to feature of high potential with agronomi-
cal applications in maize [5]. This phenomenon is common in gymnosperms and less frequent
in angiosperms [6]. Shukla in 2004 [7] reported about 59 families, 158 genera, and 239 vegetal
species having this trait. Embryos in polyembryonic seeds may originate from embryo sac
(ovule, zygote, synergids, and antipodes), nucellar tissue, or the integument [8, 9]. Therefore,
may be monoploid (containing half (n) of the normal number of chromosomes), or diploid
(with a normal number of chromosomes (2n)) [10-13].

Embryological studies in nineteenth and twentieth centuries demonstrated that the adventitious
embryos present in a seed in addition to the sexual embryo can be formed based on different
structures of ovule and embryo sac structures [14-18]. Maize PE has been studied for almost
100 years, judging from published reports [10, 19-29]. Although, this phenomenon has been
studied by different authors, there are still many questions about the origin, causes, PE gene and
its relationship with apomixis and pollen source, and the environmental effect on the expression
of this feature [30]. This study provides a review of the present literature on this phenomenon,
applications, and possible causes of PE and, particularly, discusses this phenomenon in maize.

2. PE in nature

PE has been reported in different plant species such as almond [31], citrus [32-34], mango [7, 35],
peach [36], rice [37], soybean [38], strawberry [39], papaya [40], kiwi, apple [41], safflower [42],
alfalfa [43, 44], lemon [45], grape [46], and olive cultivars [3]. Polyembryony was shown only in
8 of the 24 selected olive cultivars; this specificity of cultivar as in other fruit species agrees that
polyembryony is also a genetically regulated character. The latter has two diploid (2n) embryos,
one from zygote and the other from the nucellus [43]; potato and flax with two embryos, one
diploid (2n) embryo from zygote and one haploid (n) from a synergid [47, 48]; wheat with two
embryos in the same bag, an embryo of oosphere (n) and another from the fertilized (2n) syn-
ergid [49]; asparagus two diploid embryos from proembryo division [50]; citrus (Citrus spp.)
with a normal embryo of sexual origin and others that develop from nucellus [31]; and papaya
(Carica papaya) [40]. It has been assumed that the plants are of zygote origin, and there have been
no genetic tests; occasionally, multiple embryos come from cultured ovules [46].

Most of the citrus cultivars are polyembryonic, for example, most lemon crops produce sev-
eral embryos per seed, which is why it is necessary to rescue the zygotics, to reduce abortion
and competition with nucleic embryos [45]. Polyembryony also has been reported among cer-
tain insects as parasitic wasps [51, 52] such as Copidosoma floridanum [53] and even mammals
such as armadillo, which give birth to several offsprings, all twins [54]. Humans that origi-
nate in this way are the so-called identical twins, who are mostly genetically identical [55].
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Polyembryonic, called embryo generation along with the zygotic embryo in a single seed,
is widespread in angiosperms. The development of additional embryos may be induced by
exogenous factors, such as pollen irradiation, higher temperatures, and herbicides, which are
employed during and after flowering [56]. Polyembryony has been observed in sexual ferns
and attributed to multiple fertilizations, and report this phenomenon in Pteris tripartite Sw.
where they obtain from two to eight sporophytes, observed from a single gametophyte [57].

2.1. PE in maize

PE in maize is a phenomenon poorly studied. In addition, some research reports about
this trait are contradictory. Sharman in 1942 [58] noted that a maize line had two embryos
that emerged from a single caryopsis, whereby they were selected and dissected. The two
embryos appeared to be completely separated except by the scutellum. This suggests that the
twin characteristic showed up early and was probably caused by a longitudinal division or a
constriction of the cell mass that was the stage of “pro-embryo.” The above results suggested
that both embryos were identical and produced typical plants with normal chromosome
number 2n.

Morgan and Rappleye in 1951 [24] induced PE in maize after exposing pollen to different
X-ray doses and crossing females of the same line with that pollen; after sowing the obtained
seeds, it was observed that the presence of PE was up to 18% of the seeds. Thus, concluded
that treatment with X-rays causes a significant deviation from the normal reproduction pro-
cess resulting in the formation of numerous embryos. They also reported that double embryo
seeds produced plants with different heights, indicating that haploid plants may occur
among the polyembryonic lines, resulting from plant crosses where pollen was exposed to
X-rays. Earlier reports mentioned maize with multiple plumules and primary roots, but with
a single scutellum, concluding that these plants did not come from two embryos, but from
one abnormal embryo [21]. This feature was also mentioned by Kempton in 1913 [19] and
Weatherwax in 1921 [20] and was called false polyembryony. In all cases, there occurred two
stems and two primary roots. Besides, a case was found where three stems were attached to
a single cotyledon. After two generations of a line with this trait, it was observed that this
peculiarity was lost.

Pesev in 1976 [25] reported the derivation of several inbred lines from a population that for-
merly exhibited a few twin plants; the inbred lines showed the twin condition in frequencies
that ranged from 2.1 to 25.3%. Pollacsek in 1984 [59] reported that in the Old French INRA
F1254 line, it was found that 4.5% of the plants were with double stems and determined that
the nature of this trait was an early fasciation that takes place during embryogenesis. This trait
with incomplete penetrance had low probably due to oligogenic control.

In 1973, the Instituto Mexicano del Maiz at Universidad Autéonoma Agraria Antonio Narro
(IMM-UAAAN) located in Saltillo, Mexico, generated a maize population which presented
polyembryonic seeds with a frequency of 1.5%. This material was improved with a process of
recurrent selection for 5 years under the assumption that this may lead to a gradual increase
of favorable alleles for PE, and at the same time, maintain high genetic variability [5, 26]. To
avoid that selection carried to inbreeding, twin crosses were made with elite inbred lines from
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a different origin [5]. This population in addition to genes for polyembryony had the brachytic
two genes (br2). In 1991, 47% of the polyembryonic plants were observed in the population.
Now, researchers decided to separate this population into two according to the phenotype
in high or normal and brachytic (dwarf) plants. These have the brachytic2 (br2) gene [5]. The
br2 is a recessive gene that has an agronomic potential because it results in the shortening of
the internodes of the lower stalk without an obvious reduction in other plant organs [60] that
modulates polar auxin transport in the maize stalk. This gene encodes a protein similar to
adenosine triphosphate (ATP)-binding cassette transporters of the multidrug resistant (MDR)
class of P-glycoproteins (PGs) [61].

Four years later, the percentage of PE in both populations averaged 60%; the most common
issue was found in seeds with double seedlings, but the number of seedlings per seed was
as high as six (Figure 1). In 1996, each population (normal and brachytic plant height) was
divided into two subpopulations, one with plants where PE frequency was high and one
with plants where PE was low, having four different populations: the normal height plant
and high polyembryony (NAP); normal height plant and low polyembryony (NBP); brachytic
plant height and high polyembryony (BAP); and dwarf plant height with low polyembryony
(BBP). In 1998, dwarf and normal populations reached 61 and 63% of PE, respectively [5]. The
frequency of PE is currently 65 and 60% for the dwarf and normal populations, respectively;

Figure 1. Polyembryonic and nonpolyembryonic maize seedlings. (a) Left to right: Normal maize phenotype, twin maize
(PE maize) seedling both normal and twin of 21 days old, triple, and quadruple maize seedling of 28 days old. (b) Sixfold
seedling: multiple seedling almost independent, at least sharing scutellum. (c) Several ways in which twins seedlings
are observed; there are also cases of two or more radicles per PE plants. Photographs provided by Jose Espinoza-Velazquez
IMM-UAAAN.
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the higher frequency of PE in these populations are twin plants (Figure 1), followed by triple
and presenting uncommon seedlings—quadruple, quintuple, and sextuple [28]. Espinoza-
Velazquez and Vega in 2000 [62] worked with subpopulations of IMM-UAAAN and reported
that in the period 1995-2000 the selection for the PE has gained between 2 and 3% per cycle.
They led the polyembryonic populations to levels above 60% PE, while the reverse selection
(contrary to PE) groups rapidly leads to frequencies less than 6% PE.

3. Agronomic benefits from PE

Polyembryonic seed is an important feature due to commercial multiplication [63]. Citrus has
a normal embryo of sexual origin and others that develop from ovule nucellus, so all these
embryos from nucellus are identical to the parent plant so that they may be used as rootstocks
by their rusticity and uniformity [64]. The PE is an extremely rare phenomenon in maize;
however, this trait may confer great benefits since in this case, plants may have increased pro-
duction and competitiveness because a seed may produce two to six normal plants favoring
production because of the increase of number of plants and ears per surface unit [30].

Other benefits are lower production costs because with the same number of seeds, farmers
can have more plants per unit area. So to plant a unit area will require less seed that will result
in lower storage and transportation costs [5]. However, yield performance and population
density experiments are needed to evaluate the improvement in grain yield because of poly-
embryonic maize varieties.

4. Nutritional benefits from PE

Pesev in 1976 [25] reported a significant increase in protein (4.5%), lysine g/100 g dry mate-
rial (38-70.9%), lysine g/100 g protein (21.3-34.0%), and oil (3.5-13.6%) in polyembryonic
maize grains compared to those with a single embryo. Other authors have reported a positive
increase in polyembryonic maize dough, detecting a positive association between PE and oil
content (22% higher than a native variety) with a high percentage of unsaturated oils and a
better relationship between oleic and linoleic acids. The average of crude protein in polyem-
bryonic maize is 10% and was 8% higher than a native variety. The crude fat content (FC)
of grain in NAP and BAP populations showed an overall average of 6.2% [65]. This may be
attributable to the positive correlation between PE and lipid concentration in the grain. FC
quantitative superiority of maize PE may also be more qualitative because from 55 to 65%
of the grains of an ear has two or more embryos [28]. This suggests that selection in favor
of polyembryony increases indirectly grain content of nutriments as crude fat and lysine; a
condition that could be exploited in the design of new varieties of PE maize, combining high
yield and grain quality.

Gonzalez and collaborators [28] in a study on nutritional quality and quantity of PE grains
derived from crosses between the IMM-UAAAN-BAP population (PE) and Tuxpefio Population
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high oil content (HOC) of Centro International de Mejoramiento de Maiz y Trigo (CIMMYT),
to generate PE:HOC germplasm, direct and reciprocal crosses, as well as backcrossing to both
parents, were performed. The authors obtained the following germplasm combinations (0:100,
12.5:87.5, 25:75, 37.5:62.5, 50:50, 62.5:37.5, 75:25, 87.5:12.5, and 100:0). These authors noted that
crude fat content (CF) and lysine (Lys) may be raised increasing the doses of HOC and PE,
respectively. The optimal combinations of germplasm PE:HOC for nutritional grain quality
combinations were 50:50 (Lys =2.7%; FC = 6.9%); these values were higher than those observed
in common maize. The PE present in BAP population induced the highest value for lysine
(4%). The PE in maize may be usable as an alternate route in the designing of varieties for
special applications. In addition to the pattern for potential yield, the nutritional value of the
grain, increasing quantity, and quality of protein and oil, which under the hypothesis that two
or more embryos per seed, will increase the storage capacity of quality nutriments [66]. Cruz
[67] studied the chemical, physical, and rheological properties of dough, tortilla, and grain of
maize populations with high polyembryony. They concluded that the physical and chemical
characteristics of polyembryonic maize are within those acceptable ranges for the production
of food products, such as tortillas and flour.

5. Types of polyembryony

Analysis of different classifications of PE has shown that the main criterion for classification
includes the origin of the initial cell, embryo formation pathways, and their genetic character-
istics. The first classification system was proposed by Braun [68], who described four possible
routes for the formation of adventitious embryos as a result of a merger of two or more eggs,
developing several embryo sacs in the same ovule, or as result of a pro-embryonic division.
According to Lakshmanan and Ambegaokar in 1984 [69], the PE is classified into “simple” or
“multiple,” depending on the presence of one (single) or more (multiple) embryo sacs in the
same ovule and events that can occur in both types. In angiosperms, after the first mitosis, the
zygote is divided into two and then forms an embryo of each of the parts. It may also hap-
pen that the nucellus is divided into several parts from which originate many embryo sacs.
Sometimes, only one of them is fully developed. In such a case, the seed embryo is formed
from the union of gametes. This is a reproduction mode called apomixis that is a common
event among flowering plants and is identified only by careful genetic study because the seeds
look normal [70]. The PE may arise in angiosperms in four different ways: (1) PE for “cleav-
age” or division of the embryo to form more than one, (2) by the formation of embryos from
different embryo sac cells to the egg cell, (3) by the development of more than one embryo
sac within the same ovule derivative thereof from the megaspore mother cell or cells of the
nucellus, and (4) by activation of a somatic cell or sporophytic ovule to form the embryo [71].

The PE per cleavage generates embryos from the zygote and sometimes from its suspensor
within the embryo sac [69]. The synergids are the most common cells within the embryo sac
that can form embryos, which can be fertilized by the egg cell and by the same pollen tube.
However, in the absence of fertilization of the polar nuclei, the endosperm is not formed and
the entire process collapses. Moreover, the process may also involve several pollen tubes to
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fertilize the egg cell, polar nuclei, and synergids, achieving normal endosperm development
[71]. Antipodal embryos are rare. Some authors question the possibility of forming embryos
from antipodal cells [72]. Although, it has been observed that the number of seedlings per
seed under greenhouse conditions of polyembryonic maize can be up to six (Figure 1), which
approaches to the number of nuclei in the embryo sac. More studies are needed to elucidate the
origin of PE in maize.

Embryos formed from the sporophytic cell (2n) are known as adventitious, and they are gen-
erated from the nucellus and integuments. In nucellar polyembryony, cells generally contain
a starchy and dense cytoplasm, they actively divide and become embryonic masses directing
their way into the embryo sac, and cell activation may be stimulated in an autonomous way
or by pollen tube inserted into the sac or even by pollination. The angiosperms that are distin-
guished by nucellar polyembryony are Citrus and Mangifera [71]. Batygina and Vinogradova
in 2007 [2] classified the PE into two main types: gametophytic and sporophytic. The first type
is a PE related with the phenomenon associated with the formation of the adventitious embryo
gametophytic cell: synergids and antipodal, also as an embryonic cell when the embryonic sac
is developed further. While PE sporophyte is characterized by the development of adventi-
tious embryos from sporophytic cells: mother (integumental and nucellar polyembryony) or
daughter (polyembryony monozygotic twins).

In maize, it has been suggested that the PE is of suspensory type [8] as well as the zygotic type
as described by Lakshmanan and Ambegaokar [69], where the embryos are arising spontane-
ously in suspensor cells from zygotic embryo. Erdelska [9] in a histological analysis (1996)
suggests that PE is produced according to the origin of the embryos, their location in the grain
(caryopsis), difference in structure (common tissues), and type of germination. From these
concepts, the PE can originate in three ways: (1) two embryo sacs multi-embryonic commonly
are located on opposite sides, or distance in the grain, which lack of common tissues and ger-
minate independently, (2) cases of twins or triplets coming from individual egg cell, or embryo
sac cells with multi-egg capabilities that are closely adhered, but separated by epidermal lay-
ers, with an endosperm in common and independent radicles and plumules, and (3) polyem-
bryos arising from multiplication of egg cell cleavage spontaneously or after any induction,
which share a common suspensors that are part of scutellum and radicle surface layers and
due to this reason, embryos germinate with separated plumules but one root complex.

Moreover, in a study on morphology and anatomy of maize radicles as well as frequency of
seedlings and multiple radicles per germinated seed, performed using two maize populations
from the IMM-UAAAN polyembryonic germplasm as well as their direct and reciprocal crosses
with Non-PE genotypes, it was found that the PE and multiple radicles trait occurred only in the
progeny of the two polyembryonic populations and the hybrids between them. Some PE seed-
lings presented simultaneously multiple radicles, whereas other PE seedlings do not show these
multiple radicles that were observed in variable number and conformation. In some cases from
two to four roots, separated or merged with some degree of histological level, including the vas-
cular cylinder. The average frequency of PE and multiple radicles was 62 and 14%, respectively
[29]. This can be explained as a phenomenon of cleavage polyembryony by affecting cell division,
making proembryonic form various embryonic axes that are attached by certain structures [73].
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6. Possible causes of polyembryony

Despite the interest in the factor that may induce and affect the frequency of PE in dif-
ferent species, PE mechanisms and causes are not yet entirely clear. It is considered that
the causes of PE are mainly genetic, although there is a strong environmental compo-
nent in PE expression. One of the first suggested causes of PE was a hormonal imbalance
[74], although recently PE has been attributed to genetic causes such as meiotic and/or
mitotic chromosome irregularities and polyploidy hybridization. Polyembryony (poly-
meric embryos) can develop spontaneously in different plants with live flowers or can be
induced in situ by various treatments, such as synthetic auxins, X-rays, or inhibitors of
auxin polar transport [75]. Of these three, the most reported are irregularities during the
meiotic and/or mitotic process, which are governed by the ig gene. It has been reported
particularly in maize that the presence of multiple embryonic cells due to the mutant ig
gene affects the number of mitotic divisions. However, there are not sufficient studies to
ensure that mutation of this gene is associated with PE. On the other hand, it has been
reported that PE can be increased by a selection or delayed pollination [8] suggesting a
genetic component.

There are controversial reports on the genetic nature of PE. Shukla in 2004 [7] studied the
genetic diversity of polyembryonic and monoembryonic mango and found that the two phe-
nomena have a different genetic basis. Similar results were obtained by Andrade-Rodriguez
[76] who used RAPD markers for identification of zygotic and nucellar seedlings in poly-
embryonic Citrus reshni and reported that it was possible to identify both types of seedlings.
By contrast, Martinez-Gomez and Gradziel [31] analyzed the genetic structure of almond
seedlings from mono- and polyembryonic seeds and found that the seedlings have a similar
genetic composition in both types of embryos. It was also mentioned that variation of poly-
embryony may be affected by a type of pollinator, available pollen amount, plant nutrition,
environment temperature, soil moisture and temperature, and air velocity. Therefore, factors
affecting pollination or fertilization of seed development will also affect PE percentage and
number of embryos per seed [77].

The occurrence of PE varies greatly and is influenced by environmental conditions. Plants
from the same polyembryonic seed often are viable, although some of the plants may show a
weak development of their leaves [31]. Andrade Rodriguez in 2005 [76] found that the envi-
ronmental conditions during the growing season of Citrus volkameriana affected PE frequency;
in addition, the fruit morphological characteristics do not indicate the PE frequency. These
authors determined that the zygotic lines have a different RAPD pattern to nucellar lines and
found that only 25.9% of the polyembryonic and 87.5% of the monoembryonic plants are of
sexual origin and that in the polyembryonic seeds not all zygotic embryos were produced by
the small embryos located in the micropyle.

There are reports where PE in maize was induced by treating the developing caryopses with
2,4-dichlorophenoxyacetic acid (2,4-D), on the second day after pollination finding that about
40% of the seeds were polyembryonic. The same authors also observed that polyembryonic
caryopses were smaller than normal because of lower growth potential [8].
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6.1. Polyembryony and apomixes

Webber [1] noted that many cases of adventitious cell formation in angiosperms are related
with apomixes, and it is very likely that PE and apomixis can be interconnected. Apomixis in
Citrus is known as polyembryony because multiple somatic embryos are developed simulta-
neously with the zygote embryo in the seed [78].

Genes that initiate and control apomixis will lead to the development of true reproductive
hybrids for the genotype of a superior hybrids; apomixis can be divided into different cat-
egories: (i) adventitia or sporophytic type is where the embryos differ from the somatic cells
in the eggs without the formation of megagametophyte; (ii) apospory, where the megagame-
tophyte is to be developed from a somatic cell within the ovum; and (iii) diplospory with the
development of megagametophytes of a nonreduced miaspore stem cell. Apomictic processes
mimic many of the events of sexual reproduction to give rise to seeds without fertilization
[79]. However, polyembryony has been characterized as the occurrence of more than one
embryo in a seed, polyembryony in angiosperms may appear by excision of the proembryo,
or formation of embryos by the cells of the embryonic sac [37].

Some varieties of citrus express a form of apomixis nucellar embryo in which adventive,
the embryos are developed from the nucellus embryonic sac tissue. This feature appears in
many seeds containing multiple embryos (polyembryony) [80]. Different species present sev-
eral reproductive traits that appear to be interacting in the generation of PE. Gupta in 1996
[81] reported in guggul (Commiphora wightii) the occurrence of apomixis not pseudogamous
(development of an embryo only from maternal chromosomes after activation of the egg by
a sperm: sperm penetrates the egg, causes division, but there is no effective fertilization),
nucellar PE and autonomous endosperm formation suggesting that plants have reproduc-
tive and survival strategies in the absence of male plants, but in the presence of males, sexual
reproduction can occur. Moreover, in 2005, Mendes-Rodriguez [82] studied Eriotheca pubes-
cens, which presents apomixis and adventitia polyembryony, found that in seeds, the zygote
became a sexual embryo simultaneously with apomictic adventitious embryos that developed
from nucellus cells. The adventitious embryo developed more rapidly than sexual ones, but
they are morphologically similar so that 44 days after anthesis it was impossible to distinguish
the sexual from the apomictic embryos.

Espinoza-Velazquez and De Leon in 2005 [83] asserted that maize populations might con-
tain the ability to manifest asexual reproduction by seed, some form of apomixis. They were
based on the history of polyploidy and polyembryony in the IMM-UAAAN populations and
preliminary work on atypical reproductive behavior in maize. The introduction of apomixis
in maize has been attempted through conventional backcrossing, using Tripsacum species as
the source, from where can be generated viable seeds from intergeneric hybridization, which
were produced in an apomictic way when they were pollinated using common maize [84].
This suggests that pollen source can influence apomictic embryo development. However,
despite the effort to introgress apomixis into maize from its wild relative Tripsacum dactyloides,
the attempts to generate apomictic maize have failed so far. As Leblanc [85] have concluded
that “epigenetic information imposes constraints for apomictic seed development and seems
pivotal for a transgenerational propagation of apomixis.”

13
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Several studies have discussed the evolution of apomixis and adventitious embryos on the
subject of their similarity in regard to asexual propagation [86—89]. Given that there is a lack
of clear distinction between PE, apomixis, and adventitious embryos, this is assumed because
of all these phenomena have similarities in asexual reproduction. However, PE is distin-
guished from the other two processes on the basis of its requirement of sexual reproduction
and genetic composition of their offspring. Since there is a clear distinction between PE, apo-
mixis, and adventitious embryos, all of the above is assumed to have similarities in asexual
reproduction.

7. Polyembryony and pollen source

In maize, various experiments have been conducted to show an effect of the origin and nature
of pollen on grain development. This has been expressed as the difference in weight between
the grains of selfing and those of cross-fertilization, where the grain weight of cross-fertiliza-
tion increased 10.1% [21]. From the genetic point of view, the advantage of cross-fertilization
can be interpreted in terms of complementarity among genes from male and female by some
enzymatic systems in terms of heterosis [90]. The effect of pollen source has been reported
affecting seed composition. In the case of QPM (high-quality protein maize), if normal maize
pollen fertilizes QPM female plants, essential amino acid content in the grains is decreased; in
the case of lysine, it is up to 30% by which the maize grains from QPM plants reach a protein
quality similar to normal maize [91].

Villarreal in 2010 [30] conducted a study using 16 samples of maize grains, a product of crosses
among four female and four different male lines (Table 1). He found a higher percentage of PE
in the offspring of females with high PE levels crossed with a polyembryonic and genetically

Line description Coding
Female lines 1. Normal height and high polyembryony NAP

2. Brachytic line with high polyembryony BAP

3. Normal height and low polyembryony NBP

4. Brachytic line with low polyembryony BBP
Male lines 1. Polyembryonic line and genetically related =~ PERE

to female lines

2. Polyembryonic line and genetically PENORE
unrelated to female lines

3. Nonpolyembryonic line that is genetically NOPERE
related to female lines

4. Nonpolyembryonic line that is genetically NOPENORE
unrelated to female lines

Table 1. Female and male polyembryonic and nonpolyembryonic maize lines.
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unrelated male, compared to when the same female was crossed with a polyembryonic and
genetically related male. These results suggest a possible genetic complementation condition-
ing maize PE and some possible maternal effects as well.

8. Genetic studies

Regarding genetic control, PE in maize has been reported as a trait of simple recessive inheri-
tance [10, 13, 92], as well as a quantitative inheritance [5, 25, 26]. According to these authors,
the manifestation of this character can arise from major effect genes (monogenic nature) or
polygenes (quantitative nature). In the first type, one needs to emphasize the role of ig gene,
which in a homozygote recessive condition generates in seeds with a monoploid embryo in
3% of the cases and in 6% PE [11], or by an unidentified recessive gene, as noted by Pilu [92].
However, Pesev [25], Rodriguez, and Castro [93] and Castro [26], cited by Espinoza [5], men-
tioned that inheritance of PE is quantitative, and the latter authors note that PE which they
worked presented a heritability of 65%, calculated by the method of midparent-offspring
regression method. There is evidence that maize PE has a heritable basis of a quantitative
nature; however, inconsistent behavior, regarding fixing PE in genetic groups, suggests
involvement of other genetic and reproductive phenomena such as nucleus-cytoplasm inter-
action and reductional type parthenogenesis. Microarrays and SSH have been used to identify
the genes associated with polyembryony in Citrus. Studies have also been made to associate
polyembryonic with heat stress [94].

As reported by Puri, polyembryony in rice is caused by insertion of mutagenesis, where they
employ molecular tools for the cloning of the polyembryo gene (Ospe) in Basmati 370, and
mention that for the F3 population, the polyembryony was not segregated with the expected
proportion, suggesting that there is variable penetrance and expressiveness for the mutant.
Penetration is related when a phenotype is expressed for a particular genotype, which expres-
sively refers to the degree to which a phenotype is expressed after penetrance, obtaining poly-
embryonic seeds of twins, triplets, and rare quadruplets that varied from 9.8 to 21.8% [95].

A study about the combination of PE germplasm with a nonpolyembryonic (Non-PE) source
indicates a masking of PE trait in the F, generation in the crosses of the polyembryonic popu-
lations (NAP and BAP) with the Tuxpeno population that has high oil content and belongs to
the CIMMYT collection [28]. Continuing with this experimental line, Espinoza Velazquez [96]
reported on the probable genetic mechanisms involved in the PE expression. After analyzing
the observed PE frequencies in the F, and RC, generation, they found that PE frequency did
not agree on the expected in the case of a recessive gene but to the two interacting loci with
epistasis of the kind of 15:1 double recessive for PE. A more recent study on PE reported by
Musito Ramirez in 2008 [97] who worked with S, inbred lines derived from the NAP popu-
lation (Table 1) found that inbreeding of S, lines did not increase PE frequency. Moreover,
Espinoza-Velazquez in 2012 [29], after performing a histological study of 3-day-old radi-
cles, belonging to genotypes derived from crossings among the NAP and BAP populations
(Table 1) with the Tuxpefio HOC population, found that PE frequency and multiple radicles
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(two or more roots per seed) were 60 and 14%, respectively; however, the traits were masked
in the F, hybrids, manifesting that the PE as a recessive trait. Rebolloza in 2011 [27], who
worked with BAP and NAP maize populations (Table 1), found that PE showed a Mendelian
inheritance pattern by the action of two loci, with epistatic interaction of duplicate recessive
type having a F, segregation of 15:1, with an incomplete penetrance of a range from 20 to 50%;
thus, according to this source, the exotic germplasm with PE is being crossed. These findings
corroborate the proposed inheritance mechanism suggested by Espinoza-Velazquez [96].

9. Future trends

Maize PE is a trait that has different practical applications. As demonstrated by several authors,
polyembryonic maize contains higher grain nutritional quality which allows to develop PE
varieties with high fat content (6.5%) and lysine (4%) [28, 30] also crosses between PE and
non-PE genotypes produces hybrids that do not express the PE trait because of its recessive
genetic condition, but fat and lysine in the grain remain high, which may help to generate
hybrids with higher grain nutritional quality [28]. In the case of studies that attempt to explain
the PE in maize, it is necessary to apply the advances in molecular biology for the identifica-
tion of the genes that are involved in the control of this trait, and if it is possible to sequence
these genes in order to provide greater information of this trait and increase its agricultural
utility by inserting such genes in lines with high agronomic potential or for further molecular
studies on PE and its relation to polyploidy, xenia, and apomixis.

10. Conclusion

Polyembryony in maize has been documented first by the presence of multiple plants simul-
taneously born from a seed and cytological studies that have confirmed this trait. The type of
PE inheritance could be governed by major genes or genes of a quantitative nature. Besides,
the presence of two or more embryos per seed gives an advantage to these genotypes for
higher grain nutrimental quality. However, more studies are required in order to fully under-
stand the PE nature and control. On the other hand, reported studies showed that PE could
be a useful trait in developing specialized varieties with yield potential and grain quality.
However, there is not much molecular evidence that can help to fully understand the poly-
embryony trait.

Acknowledgements

This project was financially supported by Universidad Auténoma de Coahuila and Universi-
dad Autonoma Agraria Antonio Narro. Thank the Mexican Council of Science and Technology
(CONACYT) for the financial support during their graduate studies.



Appendices

CIMMYT

FC

HOC
IMM-UAAAN

Non-PE
PE
QPM
RAPD

Author details

Polyembryony in Maize: A Complex, Elusive, and Potentially Agronomical Useful Trait
http://dx.doi.org/10.5772/intechopen.70549

Centro International de Mejoramiento de Maiz y Trigo
Fat content
High oil content

Instituto Mexicano del Maiz of the Universidad Autonoma Agraria Antonio
Narro

Non-polyembryonic
Polyembryony, polyembryonic
High quality protein maize

Random amplified polymorphic DNA

Mariela R. Michel', Marisol Cruz-Requena', Marselino C. Avendano-Sanchez?,
Victor M. Gonzalez-Vazquez', Adriana C. Flores-Gallegos, Cristobal N. Aguilar’,
José Espinoza-Velazquez® and Raul Rodriguez-Herrera'

*Address all correspondence to: raul.rodriguez@uadec.edu.mx

1 Food Research Department, School of Chemistry, Universidad Autéonoma de Coahuila,
Saltillo, Coahuila, Mexico

2 Mexican Maize Institute, Universidad Autéonoma Agraria Antonio Narro,
Buenavista, Coahuila, Mexico

References

[1] Webber M. Polyembryony. The Botanical Review. 1940;6:575-598

[2] Batygina TB, Vinogradova GY. Phenomenon of polyembryony. Genetic heterogene-
ity of seeds. Russian Journal of Developmental Biology. 2007;38:126-151. DOI: 10.1134/
51062360407030022

[3] Trapero C, Barranco D, Martin A, Diez CM. Occurrence and variability of sexual polyembry-
ony inolive cultivars. Scientia Horticulturae. 2014;177:43-46. DOI: 10.1016/j.scienta.2014.07.015

[4] CraigSF, Slobodkin LB, Wray GA, Biermann CH. The ‘paradox’ of polyembryony: A review
of the cases and a hypothesis for its evolution. Evolutionary Ecology. 1997;11:127-143

17



18 Maize Germplasm — Characterization and Genetic Approaches for Crop Improvement

[5]

[6]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

Espinoza Velazquez ], Vega MC, Navarro E, Burciaga GA. Poliembrionia en maices de
porte normal y enano. Agronomia Mesoamericana. 1998;9:83-88

Maheswari P, Sachar RC. Polyembryony. In: Maheswari P, editor. Recent Advances in the
Embryology of Angiosperms. New Delhi: International Society of Plant Morphologists;
1963. p. 265-296

Shukla M, Babu R, Mathur VK, Srivastava DK. Diverse genetic bases of Indian poly-
embryonic and monoembrionic mango (Mangifera indica L) cultivars. Current Science.
2004,87:870-971

Erdelska O, Vidovencova Z. Cleavage polyembryony in maize. Sexual Plant Reprodu-
ction. 1992;5:224-226. DOI: 10.1007/BF00189815

Erdelska O. Polyembryony in maize: Histological analysis. Acta Societatis Botanicorum
Poloniae. 1996;65:123-125

Kermicle JL. Androgenesis conditioned by a mutation in maize. Science. 1969;166:1422-
1424. DOI: 10.1126/science.166.3911.1422

Hallauer AR, Miranda FO. Quantitative Genetics in Maize Breeding. USA: Iowa State
University Press; 1988. p. 468. DOI: 10.1007/978-1-4419-0766-0_6

Huang BQ, Sheridan WF. Embryo sac development in the maize indeterminate game-
tophytel mutant: Abnormal nuclear behavior and defective microtubule organization.
The Plant Cell. 1996;8:1391-1407. DOI: 10.1105/tpc.8.8.1391

Evans MMS. The indeterminate gametophyte 1 gene of maize encodes a LOB domain
protein required for embryo sac and leaf development. The Plant Cell. 2007;19:46-62.
DOI: 10.1105/tpc.106.047506

Litz RE, Schaffer B. Polyamines in adventitious and somatic embryogenesis in Mango
(Mangifera indica L.). Journal of Plant Physiology. 1987;128:251-258

Teppner H. Adventitious embryony in Nigritella (Orchidaceae). Folia Geobotanica &
Phytotaxonomica. 1996;31:323-331

Xi-mei D, Xu Y, Qun-ce H, Guang-yong Q. Observation on double fertilization and early
embryonic development in autotetraploid polyembryonic rice. Rice Science. 2009;16:124-
130. DOI: 10.1016/51672-6308(08)60068-2

Bittencourt NS Jr, Giorgi Moraes CI. Self-fertility and polyembryony in South American
yellow trumpet trees (Handroanthus chrysotrichus and H. ochraceus, Bignoniaceae): A his-
tological study of postpollination events. Plant Systematics and Evolution. 2010;288:59-
76. DOI: 10.1007/s00606-010-0313-2

Firetti-Leggieri F, Lohmann LG, Alcantara S, Ribeiro da Costa I, Semir J. Polyploidy
and polyembryony in Anemopaegma (Bignonieae, Bignoniaceae). Plant Reproduction.
2013;26:43-53. DOI: 10.1007/s00497-012-0206-3

Kempton JH. Floral Abnormalities in Maize. Bulletin U.S. Bureau of Plant Industry; 1913
No. 278



[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

Polyembryony in Maize: A Complex, Elusive, and Potentially Agronomical Useful Trait
http://dx.doi.org/10.5772/intechopen.70549

Weatherwax P. Anomalies in maize and its relatives-1. Bulletin of the Torrey Botanical
Club. 1921;48:253-255

Kiesselbach TA. False polyembryony in maize. American Journal of Botany. 1926;13:33-36.
DOI: 10.2307/2435405

Randolph LF. Developmental morphology of the caryopsis in maize. Journal of
Agricultural Research. 1936,53:881-916

Skovsted A. Cytological studies in twin plants. Comptes Rendus Des Travaux Du
Laboratoire Carlsberg. Serie Physiologique. 1939;22:427-446

Morgan DT, Rapleyye RD. Polyembryony in maize and lily, following X-radiation of the
pollen. Journal of Heredity. 1951;42:91-93. DOI: 10.1093/oxfordjournals.jhered.a106172

Pesev NR, Petrovi¢ L, Zecevi¢ ], MiloSevi¢ M. Study of possibility in raising maize
inbred lines with two embryos. Theoretical and Applied Genetics. 1976;47:197-201. DOI:
10.1007/BF00278378

Castro Gil M. Estudios sobre herencia y valor nutritivo de semillas con doble embrion.
In: Avances de investigacion. Secciéon Maiz. Universidad Autonoma Agraria Antonio
Narro; 1979. p. 24-25

Rebolloza-Hernandez H, Espinoza-Veldzquez ], Sdmano-Garduno D, Zamora Villa
VM. Polyembryony inheritance in two expperimental maize populations. Revista
Fitotecnia Mexicana. 2011;34:27-33

Gonzalez-Vazquez VM, Espinoza-Velazquez ], Mendoza-Villarreal R, De Leon-CastilloH,
Torres Tapia MA. Characterisation of maize germoplasm that combines a high oil con-
tent and polyembryony. Universidad y Ciencia. 2011;27:1-11

Espinoza-Veldzquez J, Valdés-Reyna ], Alcald-Rodriguez JM. Morfologia y anatomia
de radiculas multiples en plantulas de maiz derivadas de cariopsis con poliembrionia.
Polibotanica. 2012;33:207-221

Villarreal A, Rodriguez Herrera R, Reyes Valdés MH, Espinosa Veldzquez ], Castillo
Reyes F. Xenia y su relacion con la poliembrionia en maiz. Acta Quimica Mexicana.
2010;2:1-7

Martinez-Goémez P, Gradziel TM. Sexual polyembryony in almond. Sexual Plant
Reproduction. 2003;16:135-139. DOI: 10.1007%2Fs00497-003-0180-x

Koltunow AM, Hidaka T, Robinson SP. Polyembryony in citrus. Accumulation of seed
storage proteins in seeds and in embryos cultured in vitro. Plant Physiology. 1996,110:599-
609. DOI: 10.1104/pp.110.2.599

Aleza P, Juarez ], Ollitrault P, Navarro L. Polyembryony in non-apomictic citrus geno-
types. Annals of Botany. 2010;106:533-545. DOI: 10.1093/aob/mcq148

Nakano M, Shimada T, Endo T, Fujii H, Nesumi H, Kita M, Ebina M, Shimizu T, Omura M.
Characterization of genomic sequence showing strong association with polyembryony

19



20 Maize Germplasm — Characterization and Genetic Approaches for Crop Improvement

[35]

[36]

[37]

[38]

[39]

[40]

[41]
[42]

[43]

[44]

[45]

[46]

[47]
[48]

[49]

among diverse Citrus species and cultivars, and its synteny with Vitis and Populus. Plant
Science. 2012;183:131-142. DOI: 10.1016/j.plantsci.2011.08.002

Aron Y, Czosnek H, Gazit S. Polyembryony in Mango (Mangifera indica L.) is controlled
by a single dominant gene. HortScience. 1998;33:1241-1242

Zdruikovskaya-Rikhter, A. I. (1970). The phenomenon of polyembryony in the peach.
Trudy Gosudarstvennogo Nikitskogo opytnogo Botanicheskogo Sada.1970:46:173-177

Mu X, Jin B, Teng N. Studies on the early development of zygotic and synergid embryo
and endosperm in polyembryonic rice Aplll. Flora-Morphology, Distribution, Functional
Ecology of Plants. 2010;205:404-410. DOI: 10.1016/j.flora.2009.12.023

Kenworthy WJ, Brim CA, Wernsman EA. Polyembryony in soybeans. Crop Science.
1973;13:637-639. DOI: 10.2135/cropsci1973.0011183X001300060015x

Lebegue A. Recherches sur le polyembryonie les Rosacees (g. Fragaria et Achemilla).
Bulletin de la Société Botanique de France. 1952;96:38-39

Vegas A, Trujillo G, Sandrea Y, Mata ]J. Apomixis, poliembrionia somatica y cigotica in
vivo en lechosa. Interciencia. 2003;28:715-718

Liznev V. N., Burdasov V. M. Polyembryony in apple trees. Bot. Z. 1971;56:416-421

Vrijendra S, Deshpande MB, Nimbkar N. Polyembryony in safflower and its role in crop
improvement. In: Proceedings of the VIth International Safflower Conference, Istanbul-
Turkey, 6-10 June, 2005. SAFFLOWER: A Unique Crop for QOil Spices and Health
Consequently, a Better Life for You; 2005. p. 1-20

Bishop DS. Polyembryony and breeding behavior of polyhaploid twins in alfalfa MSc.
[thesis]. Kansas State University; 1958

Uzelac B, Ninkovic S, Smigocki A, Budimir S. Origin and development of secondary
somatic embryos in transformed embryogenic cultures of Medicago sativa. Biologia
Plantarum. 2007;51:1-6. DOI: 10.1007/s10535-007-0001-4

Pérez-Tornero O, Porras I. Assessment of polyembryony in lemon: Rescue and in vitro
culture of immature embryos. Plant Cell, Tissue and Organ Culture. 2008;93:173-180.
DOI: 10.1007/s11240-008-9358-0

Durham RE, Moore GA, Gray DJ, Mortensen JA. The use of leaf GPI and IDH isozymes
to examine the origin of polyembryony in cultured ovules of seedless grape. Plant Cell
Reports. 1989;7:669-672. DOI: 10.1007/BF00272057

Frandsen NO. Polyembryony in potato. Zeitschrift fur Pflanzenzuchtung. 1968;59:343-358

Green AG, Salisbury PA. Inheritance of polyembryony in flax (Linum usitatissimum).
Canadian Journal of Genetics and Cytology. 1983;25:117-121. DOI: 10.1139/g83-023

Sharmeen F, Rahman L, Alam MS, Shamsuddin AKM. Variation in the induction of hap-
loidy and polyembryony in spring wheat through wheat x maize system. Plant Tissue
Culture. 2005;15:7-14



[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]
[60]

[61]

[62]

[63]

Polyembryony in Maize: A Complex, Elusive, and Potentially Agronomical Useful Trait
http://dx.doi.org/10.5772/intechopen.70549

Rick CM. A cytogenetic study of polyembryony in Asparagus officinalis L. American
Journal of Botany. 1945;32:560-569

Grbic M. Polyembryony in parasitic wasps: Evolution of a novel mode of development.
International Journal of Developmental Biology. 2003;47:633-642

Segoli M, Bouskila A, Harari AR, Keasar T. Developmental patterns in the polyembryonic
parasitoid wasp Copidosoma koehleri. Arthropod Structure & Development. 2009;38:84-90.
DOI: 10.1016/j.asd.2008.05.003

Zhurov V, Terzin T, Grbi¢ M. (In)discrete charm of the polyembryony: Evolution of
embryo cloning. Cellular and Molecular Life Sciences. 2007;64:2790-2798

Loughry W], Prodohl PA, McDonough C, Avise J. Polyembryony in armadillos.
American Scientist. 1998;86:274-279

Edwards RG, Mettler L, Walters DE. Identical twins and in vitro fertilization. Journal
of In Vitro Fertilization and Embryo Transfer. 1986;3:114-117. DOI: 10.1007/BF01139357

Pershina LA, Rakovtseva TS, Belova LI, Devyatkina EP, Silkova OG, Kravtsova LA,
Shchapova Al Effect of rye Secale cereale L. chromosomes 1R and 3R on polyembryony
expression in hybrid combinations between (Hordeum L.)-Triticum aestivum L. alloplas-
mic recombinant lines and wheat-rye substitution lines T. aestivum L.-S. cereale L. Russian
Journal of Genetics. 2007;43:791-797. DOI: 10.1134/51022795407070113

Ravi BX. In vitro polyembryony induction in a critically endangered fern, Pteris tripartita
Sw. Asian Pacific Journal of Reproduction. 2016;5:345-350. DOI: 10.1016/j.apjr.2016.06.012

Sharman BC. A twin seedling in Zea mays L. twinning in the gramineae. New Phytologist.
1942;41:125-129. DOI: 10.1111/j.1469-8137.1942

Pollacsek M. Twin stalks in maize. Maize Genetics Cooperation Newsletter. 1984;58:56

Pilu R, Cassani E, Villa D, Curiale S, Panzeri D, Badone FC, Landoni M. Isolation and
characterization of a new mutant allele of brachytic 2 maize gene. Molecular Breeding.
2007;20:83-91. DOI: 10.1007/s11032-006-9073-7

Multani DS, Briggs SP, Chamberlin MA, Blakeslee JJ, Murphy AS, Johal GS. Loss of
an MDR transporter in compact stalks of maize br2 and sorghum dw mutants. Science.
2003;302:81-84. DOI: 10.1126/science.1086072

Espinoza, V.].y Vega, S. M. C. Maices de alta frecuencia poliembrionica. In: Zavala, G. F.;
Ortega, P. R.; Mejia, C. J. A,; Benitez, R. L. y Guillén, A. H. (Eds.). In: Memorias del XVIII
Congreso Nacional de Fitogenética: Notas Cientificas. SOMEFI. Chapingo, México. 2000

Duarte FEVDO, Barros DDR, Girardi EA, Soares Filho WDS, Passos OS. Polyembryony
and morphological seed traits in citrus rootstocks. Revista Brasileira de Fruticultura.
2013;35:246-254

Frost HB. Seed reproduction: Development of gametes and embryos. The Citrus Industry.
1968;2:290-324

21



22

Maize Germplasm — Characterization and Genetic Approaches for Crop Improvement

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

[77]

Valdez LEL. Ganancia en calidad nutrimental del grano como respuesta asociada a la
seleccion para poliembrionia en maiz [thesis]. Buenavista, Saltillo, Coahuila, México:
Universidad Autonoma Agraria Antonio Narro; 2005

Espinoza V. J.; Vega, S. M. C. y Jasso, C. D. Contenidos de grasa y proteina cruda en
semillas de maices poliembrionicos. In: Espinoza, V. J. y Del Bosque, C. ]J. (Eds.). In:
Memoria del 2do. Taller Nacional de Especialidades de Maiz. Buenavista, Saltillo,
Coahuila, México: Universidad Auténoma Agraria Antonio Narro; 1999. pp. 159-165

Requena MC, Herrera RR, Gonzdlez CNA, Velazquez JE, Martinez MG, Cardenas
JDF. Alkaline cooking quality of polyembryonic and non-polyembryonic maize popula-
tions. Advance Journal of Food Science and Technology. 2011;3:259-268

Braun A. Uber Polyembryonie und Keimung von Coelebogyne. Ein Nachtrag zu der
abhandlung tiber Parthenogenesis bei Pflanzen. Abh. Kon. Wiss; 1859. p. 109-263

Lakshmanan KK, Ambegaokar KB. Polyembryony. In: Johri BM, editor. Embryology of
Angiosperms. Berlin: Springer; 1984. p. 448-475. DOI: 10.1007/978-3-642-69302-1_9

Spillane C, Steimer A, Grossniklaus U. Apomixis in agriculture: The quest for clonal
seeds. Sexual Plant Reproduction. 2001;14:179-187. DOI: 10.1007/s00497-001-0117-1

Bhojwani S, Bhatnagar S. The Embryology of Angiosperms. India: Vikas Publishing
House Pvt Ltd; 1974. p. 355

Johri BM, Ambegaokar KB. Embryology: Then and now. In: Johri BM, editor. Embryology
of Angiosperms. Berlin: Springer; 1984. p. 1-52. DOI: 10.1007/978-3-642-69302-1

Pérez BP, Marquez G. Origen de los brotes multiples en la poblacion de maiz IMM-
UAAAN-BAP [thesis]. México, D.F: Universidad Autonoma de México; 2009

Leroy JF. La polyembryonie chez les Citrus son ineret dans la cultura et amélioration.
Revue internationale de botanique appliquée et d’agriculture tropicale. 1947;27:483-495.
DOI: 10.3406/jatba.1947.6126

Titova GE, Seldimirova OA, Kruglova NN, Galin IR, Batygina TB. Phenomenon of
“Siamese embryos” in cereals in vivo and in vitro: Cleavage polyembryony and fas-
ciations. Russian Journal of Developmental Biology. 2016;47:122-137. DOI: 10.1134/
510623604160300x61

Andrade-Rodriguez M, Villegas-Monter A, Gutiérrez-Espinoza MA, Carrillo-Castafieda
G, Garcia-Velazquez A. Polyembryony and RAPD markers for identification of zygotic
and nucellar seedlings in Citrus. Agrociencia. 2005;39:371-383

Andrade-Rodriguez M, Villegas-Monter A, Carrillo-Castafieda G, Garcia-Velazquez
A. Polyembryony and identification of Volkamerian lemon zygotic and nucelar seed-
lings using RAPD. Pesquisa Agropecudria Brasileira. 2004;39:551-554. DOI: 10.1590/
S0100-204X2004000600006



[78]

[79]

[80]

[81]

[82]

[83]

[84]

[85]

[86]
[87]

[88]

[89]

[90]

Polyembryony in Maize: A Complex, Elusive, and Potentially Agronomical Useful Trait
http://dx.doi.org/10.5772/intechopen.70549

Nakano M, Kigoshi K, Shimizu T, Endo T, Shimada T, Fujii H, Omura M. Characterization
of genes associated with polyembryony and in vitro somatic embryogenesis in Citrus.
Tree Genetics & Genomes. 2013;9:795-803. DOI: 10.1007/s11295-013-0598-8

Paul P, Awasthi A, Kumar S, Verma SK, Prasad R, Dhaliwal HS. Development of mul-
tiple embryos in polyembryonic insertional mutant OsPE of rice. Plant Cell Reports.
2012;31:1779-1787. DOI: 10.1007/s00299-012-1291-3

Kepiro JL, Roose ML. AFLP markers closely linked to a major gene essential for nucellar
embryony (apomixis) in Citrus maxima x Poncirus trifoliata. Tree Genetics & Genomes.
2010;6:1-11. DOI: 10.1007/511295-009-0223-z

Gupta P, Shivanna KR, Mohan HY. Apomixis and polyembryony in the guggul plant,
Commiphora wightii. Annals of Botany. 1996;78:67-72

Mendes-Rodriguez C, Carmo-Oliveira R, Talavera S, Arista M, Ortiz PL, Oliveira PE.
Polyembryony and apomixis in Eriotheca pubescens (Malvaceae-Bombacoideae). Plant
Biology. 2005;7:533-540. DOI: 10.1055/s-2005-865852

Espinoza Velazquez ], De Leon H. Apomixis, jun fendmeno en proceso de adopcion
natural en maiz? In: Valdez Reyna ], editor. Resultados de proyectos de investigacion
2004. Buenavista, Saltillo, Coahuila, México: Direccién de investigacion, Universidad
Auténoma Agraria Antonio Narro; 2005. p. 245-252

Leblanc O, Grimanelli D, Islam-Faridi N, Berthaud ], Savidan Y. Reproductive behavior
in maize-tripsacum polyhaploid plants: Implications for the transfer of apomixis into
maize. Journal of Heredity. 1996;87:108-111. DOI: 10.1093/oxfordjournals.jhered.a022964

Leblanc O, Graminelli D, Hernandez-Rodriguez M, Galindo PA, Soriano Martinez AM,
Perotti E. Seed development and inheritance studies in apomictic maize-Tripsacum

hybrids reveal barriers for the transfer of apomixis into sexual crops. International
Journal of Developmental Biology. 2009;52:585-596. DOI: 10.1387/ijdb.0828130l

Stebbins GL. Apomixis in angiosperms. Botanical Review. 1941;8:507-542

Khoklov SS. Evolutionary genetic problems of apomixis in angiosperms. In: Khoklov SS,
editor. Apomixis and Plant Breeding. New Delhi: Amerind; 1976

Kaur A, Ha CO, Jong K, Sands VE, Chan HT, Soepadno E, Ashton PS. Apomixis may
be widespread among trees of the climax rain forest. Nature. 1978;271:440-442. DOI:
10.1038/271440a0

Savidan Y, Carman ]G, Dresselhaus T, editors. The Flowering of Apomixis: From
Mechanisms to Genetic Enginneering. Mexico, D. F.: CIMMYT, IRD, European
Commission DG VI (FAIR); 2001. p. 258. ISBN: 970-648-074-9

Bulant C, Gallais A, Matthys-Rochon E, Prioul JL. Xenia effects in maize with normal
endosperm: II. Kernel growth and enzyme activities during grain filling. Crop Science.
2000;40:182-189. DOI: 10.2135/cropsci2000.401182x

23



24 Maize Germplasm — Characterization and Genetic Approaches for Crop Improvement

[91]

[92]
[93]

[94]

[95]

[96]

[97]

Chassaigne A. Desarrollo de maices especiales. In: S. Cabrera (ed.). IX Curso sobre pro-
duccién de maiz. Araure, Venezuela; 2002. pp. 358-368

Pilu R. The twin trait in maize. Maize Genetics Cooperation Newsletter. 2000;74:51

Rodriguez HS, Castro GME. Estudio sobre herencia de semilla con dos embriones. In:
Avances de investigacion en maiz. Buenavista, Saltillo, Coahuila, México: Universidad
Auténoma Agraria Antonio Narro; 1978. p. 19

Kumar V, Malik SK, Pal D, Srinivasan R, Bhat SR. Comparative transcriptome analysis of
ovules reveals stress related genes associated with nucellar polyembryony in citrus. Tree
Genetics & Genomes. 2014;10:449-464. DOI: 10.1007/s11295-013-0690-0

Puri A, Basha PO, Kumar M, Rajpurohit D, Randhawa GS, Kianian SF, Dhaliwal HS. The
polyembryo gene (OsPE) in rice. Functional & Integrative Genomics. 2010;10:359-366.
DOI: 10.1007/s10142-009-0139-6

Espinoza Velazquez ], Valdez LL, Gonzalez Vazquez VM, Musito Ramirez N, Gallegos
JE, Sanchez L], Villarreal AG, Alcala JM. Estudios genéticos sobre la poliembrionia en
maiz. Andlisis retrospectivo. In: Libro Cientifico Anual Agricultura, Ganaderia y Ciencia
Forestal UAAAN-2006. Buenavista, Coahuila, México: Universidad Autonoma Agraria
Antonio Narro; 2008. pp. 2-8. ISBN: 978-968-844-059-9

Musito Ramirez N, Espinoza Veldzquez ], Gonzalez Vazquez VM, Gallegos Solorzano
JE, De Leon Castillo H. Seedling traits in maize families derived from a polyembryonyc
population. Revista Fitotecnia Mexicana. 2008;31:399-402



