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ABSTRACT. The analysis of meiotic behavior has been widely used in
the study of plants as they provide relevant information about the viability
of a species. Meiosis boasts a host of highly conserved events and
changes in genes that control these events will give rise to irregularities
that can alter the normal course of meiosis and may lead to complete
sterility of the plant. The recombination of genes that occur in meiosis
is an important event to generate variability and has been important in
studies for genetic improvement and to create viable hybrids. The use
of fluorescence in situ hybridization and genomic in sifu hybridization
(GISH) in meiosis allows the localization of specific regions, enables
to differentiate genomes in a hybrid, permits to observe the pairing of
homoeologous chromosomes, and if there was a recombination between
the genomes of progenitor species. Furthermore, the GISH allows us
to observe the close relationship between the species involved. This
article aims to report over meiosis studies on plants and hybrids, the
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use and importance of molecular cytogenetic in meiotic analysis and
contributions of meiotic analysis in breeding programs.

Key words: Meiosis; GISH; FISH; Hybrids; Chromosome recombination;
Plant breeding

INTRODUCTION

Chromosomes are vital structures in the organization and genomic structure of
eukaryotic organisms. Their behavior in the reproduction controls the mechanisms of
inheritance, and their organization regulates gene activity in the cell division process. In sexual
reproduction, specific cells undergo meiosis and reduce to half their chromosomal set giving
rise to genetically different daughter cells, restoring the diploid number of a body in gametic
fertilization (Sumner, 2003). In meiosis, the main cellular events responsible for genetic
variability is the crossing over, which together with the independent chromosome segregation
provides the variability contained in a population, creating new allelic combinations, and thus
giving rise to individuals with a different genotypic constitution of their parents. In meiosis,
all steps are controlled by specific genes that operate in different processes to meiosis occurs
regularly. On the other hand, gene mutations are the main causes of meiotic deficiencies.
However, environmental and epigenetic factors may also influence the meiotic process
(Sumner, 2003).

Studies in different stages of meiosis provide detailed information about the
chromosome behavior and fertility of a species, providing information to help in crossing
inter- and intraspecific hybridization in plant-breeding programs (Kiihl et al., 2011). The
pairing between chromosomes, the genetic recombination, the degree of meiotic irregularities,
and viability of gametes are information acquired through the meiotic analysis, and which are
important for planning hybridizations through generations (Souza et al., 2003). An essential
event in meiosis is the chromosome pairing, both for the occurrence of recombination and for
the correct chromosome segregation (Fachinetto and Tedesco, 2009). When an error occurs in
the chromosome pairing, the maintenance of bivalent or in the formation of the spindle fibers,
the segregation can happen in an unbalanced way and gametes can receive an unbalanced
number of chromosomes, leading to decrease of viable gametes (Souza et al., 2003).

Meiotic instability caused by irregularities can affect the fertility of the plant and can
lead to the decadence of a plant variety of great importance to carry out continuous cytological
analysis in breeding programs (Pagliarini, 2001). The stages of pre- and post-meiosis are
controlled by a relatively small number of genes. The normal meiotic behavior demonstrates
the degree of fertility of the plants, although the genes that control this process may have
mutations that lead to irregularities and affect the fertility of an individual (Pagliarini, 2000).

In hybrids, meiosis consists of a key process that determines the fertility (Pagliarini,
2001). A hybrid will only be fertile or will only have some degree of fertility when presenting
a regular meiosis and consequently the production of viable gametes. The presence of
chromosomal irregularities during meiosis can significantly affect the genetic stability, meiotic
index (MI) and pollen viability in hybrids. In that way, the study of meiosis in hybrids can
speed up a breeding program because it provides information on fertility, and thus be more
successful in the later stages to crossings (Pagliarini, 2001).

Techniques involving molecular cytogenetic have been widely used and have been an
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excellent methodology for the study of meiotic behavior. The fluorescence in situ hybridization
(FISH) and genomic in situ hybridization (GISH) have been used to identify specific
chromosomal regions, such as the genes 45S and 5S rDNA, single copy genes, centromeric and
telomeric regions, through the application of FISH and identifying genomes of progenitors in
interspecific hybrids by the GISH technique, being generally used in paternity confirmation in
interspecific crosses (Silva and Souza, 2013). Moreover, when the GISH is applied in meiosis
allows to observe how the chromosome pairing is occurring (homologous and homeologous),
allowing to observe the meiotic behavior of hybrids, such as the formation of univalents,
bivalents, and multivalents, as well as observe the occurrence of pairing between homeologous
chromosomes, recombination frequency and position of chiasmata, and thus provides relevant
information on steps that are crucial to the viability of a hybrid, once the successful pairing
among homeologous chromosomes can determine the continuity of a breeding program (Silva
and Souza, 2013; Melo et al., 2015).

This article aims to report over meiosis studies on plants and hybrids, the use and
importance of molecular cytogenetic in meiotic analysis and contributions of meiotic analysis
in breeding programs.

Meiotic behavior

In sexually reproducing organisms, cells that are present in the female and male sexual
organs suffer two consecutive divisions, one reductional and other equational, halving their
chromosomal content (Sumner, 2003). This process is called meiosis, forming genetically
distinct bodies of genitors thanks to meiotic recombination. This entire process requires a
precise chromosomal replication, which occurs in the synthesis phase (S phase) and it is
ensured by checkpoints, which guarantee that the subsequent events of the cell cycle occur
correctly (Sumner, 2003). During the cell cycle, the chromosome segregation should also be
accurate to ensure cycle stability. The checkpoint of the spindle fibers regulates the segregation
by detecting the chromosomes that are not connected to the spindle microtubules; the voltage
loss of chromosomes that are aligned on the metaphase plate impedes cell cycle progression
at anaphase, keeping the chromosomes in metaphase until all kinetochores are captured by
spindle fibers (Gorbsky, 2015).

Meiosis is an event controlled by genes and high evolutionary stability; however,
mutations in the genes responsible for meiotic control may result in abnormalities,
directly affecting the fertility of the organism (Karsburg and Battistin, 2006). In plants, the
microsporogenesis haploid microspore results in four, while the gynosporogenesis results in a
haploid gynosporo (Singh, 2003).

In the first meiotic division occurs segregation of homologous chromosomes (reduction
division) and in the second division is the segregation of sister chromatids (equational
division) and each daughter cell carries half the parents’ genetic material (Zamariola et al.,
2014). The formation of a synaptonemal complex, allowing the pairing between homologous
chromosomes and meiotic recombination, is characteristic of prophase I of meiosis and is a
prerequisite for the reduction division (Bass et al., 2003).

In metaphase I, homologous chromosomes already in repulsion since the end of
prophase I are only connected by the chiasmata. All these meiotic events are also precisely
controlled by checkpoints and, in some meiotic mutants, mainly the synaptic points are
ignored (Singh, 2003). When the kinetochore in at least one chromosome is not captured by
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the spindle fibers in metaphase I or II, or when the chromosomes are not all aligned on the
metaphase plate, proteins that regulate the cycle indicate to pause cell division, and this delay
provides time for the cells to correct the error and ensure the perfect chromosome segregation
(Yamamoto et al., 2008).

Meiosis study associated with plant breeding

The study of the meiotic behavior of the plants and the observation of irregularities
in meiosis can affect the fertility of an individual and interfere with plant improvement
programs (Pagliarini, 2001). The genetic diversity of plant species has been explored, and
this variation can increase agricultural productivity and produce more economically viable
crops (Harrison et al., 2010). To increase this diversity and efficiency of cultures is important
to understand the mechanism that creates variability and how that variation is generated
and transmitted (Harrison et al., 2010). Meiosis represents a series of highly conserved and
coordinated events, and cytological and molecular studies have been conducted in different
organizations to understand how the genetic material is passed from generation to generation
(Boateng et al., 2008). Research with plant breeding started around the twentieth century and
played an important role in increasing productivity and improving characteristics of species
of agronomic interest (Pagliarini, 2001). The study of meiosis in plants has been relevant for
breeding, whereas in meiosis occurs recombination of genes (Fachinetto and Tedesco, 2009).
Understanding fertility of selected species for breeding programs and intra- or interspecific
hybridization increases the chances of successful crosses (Martins et al., 2010).

Interspecific hybridizations are performed in breeding programs, often for introgression of
resistance genes. In three wild species of Caricaceae family, Vasconcellea goudotiana, Vasconcellea
quercifolia, and Jacaratia spinosa, which are very promising for papaya improvement programs
due to the resistance to disease and cold, meiosis was partially typical, presenting pollen viability
with satisfactory values ranging from 68% in V. goudotiana to 96% in J. spinosa (Silva et al.,
2012). This study suggests that in breeding programs involving hybridization, the wild species V.
goudotiana can be used as a maternal parent, as this species had the lowest MI and lower pollen
viability, compared to the other studied species (Silva et al., 2012).

Meiotic studies have relevance in the species selection for interspecific hybridization
as an alternative to introgression of resistance genes from wild species cultivars. Three
species of Passiflora were analyzed for meiotic behavior, P. setacea, P. incarnata, and P.
edulis f. flavicarpa, the latter being a species of high economic importance; however, it is very
susceptible to diseases. The study of meiotic behavior showed regular chromosome pairing
in the three studied Passiflora species, which confirmed the presence of nine bivalent and
therefore the phases of meiosis were regular with little abnormalities and formation of viable
pollen grains, which may favor the use of these species in interspecific hybridizations (Soares-
Scott et al., 2003). The meiotic behavior of P. edulis f. flavicarpa genotypes identified as
self-compatible, with pure white flowers, was regular with MI of 96.3%, compared to self-
incompatible genotype with MI of 97.7%, indicating promising self-compatible genotypes for
use in breeding programs of yellow passion flower (Souza et al., 2010).

The variation in chromosome number, when not known, makes difficult the breeding
through hybridization. Studies of chromosome number and meiotic behavior were conducted
to identify and explain the high rates of gametes in unviable access and Brachiaria brizantha
(Gramineae) hybrids. The analysis carried out in 22 accessions of this species revealed
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the existence of 18 tetraploids, one diploid, and three hexaploids. Highly irregular meiotic
behavior was identified in hexaploid and tetraploid, with high levels of viable pollen grains
suggesting that these accesses are not used as parents in breeding programs (Mendes-Bonato
et al., 2002).

Meiotic behavior evaluation of various plant species allowed the identification of
abnormalities that affect fertility, and some mutations that can be successfully exploited by
breeding programs, mainly by the total male sterility (Pagliarini, 2000). In the male sterile, the
pollen grain is impractical and cannot germinate or produce seeds to impregnate, wherein the
female reproductive system is not changed. In triticale meiotic instability due to the occurrence
of laggard chromosomes, micronucleus formation in tetrads, irregular segregation, and
unviable pollen grains lead to the occurrence of male sterility (Guerra, 2008). This condition
can be quite exploited in breeding programs with the aim of producing hybrid seeds because
it prevents inbreeding; however, these individuals should be carefully selected because of
several meiotic irregularities (Guerra, 2008).

The meiotic analysis may be important to select strains that present meiotic stability
and have high levels of viable pollen grains to contribute to the planning of breeding programs.
Twelve strains of Capsicum L. were studied as the meiotic behavior and pollen viability to
identify which of these materials could be used in breeding programs. Meiosis analysis showed
normal behavior in most strains during the phases of meiosis and a high percentage of pollen
viability, but three lines, CNPH 0283, CNPH 3000, and CNPH 3773, had a lower percentage
of viable pollen grains with 77, 66, and 58%, respectively (Pozzobon et al., 2011). These
results indicate the importance of cytological studies to assist in the selection of genotypes that
present meiotic stability and are potentially fertile.

Genomes are considered unstable as the meiotic behavior may be the result of
evolutionary changes in some species. The observation of meiotic behavior in diploid species
of Solanum, S. macrocarpon, S. aethiopicum, S. gilo, S. anguivi, and S. melongena showed
unstable genomes with a high incidence of chromosomal bridges and uneven anaphase, leading
to the formation of unviable pollen grains. The meiotic behavior analysis of these species
indicated the need for careful selection in using them as progenitors in breeding programs
because of meiotic instability and low pollen viability, which can cause infertility in plants
(Oyelana and Nwangburuka, 2013).

Studies with Arabidopsis and autotetraploid revealed that the meiotic recombination
rates were significantly higher in tetraploid with a multivalent formation when compared
with diploid (Pecinka et al., 2011). These analyses showed that the evolutionary success of
polyploid plants in nature could be related to the increase in chromosomal recombination,
thereby increasing the genetic diversity and the potential for adaptation to more severe
natural environments. Furthermore, the duplicated genome of polyploid can help stabilize the
chromosome together with segregation in normal anaphase and improve bivalent formation in
allotetraploids, increasing the genetic diversity and contributing to the improvement of plants
(Pecinka et al., 2011).

Meiotic x fertility irregularities in plants
Meiotic instability is strongly associated with fertility of a species in plants, and it is

of great importance to the continuous cytological analysis in breeding programs (Pagliarini,
2001). The meiotic instability may lead to the formation of aneuploidy plants, involving the
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loss or gain of one or a few chromosomes and arise from gametes with a variable number of
chromosomes caused by irregular segregation, failures in the synapse or delays in chromatid
migration to the poles at anaphase I or II. These plants may have reduced fertility or be
completely infertile (Pagliarini, 2001).

The formation of unreduced gametes or 2n gametes may arise from errors in meiosis
I, in which the chromosomes do not migrate to the poles in the anaphase and form a cell with a
diploid number or when there is a failure in cytokinesis in meiosis II, forming dyads or triads.
This phenomenon can occur spontaneously in almost all plants or may increase with interspecific
crosses and environmental factors (Schifino-Wittmann and Dall’Agnol, 2001). Unreduced
gametes were observed in some species of Brassica at low frequencies; however, in interspecific
hybrids, the frequency was higher. It was reported that an interspecific hybrid (CnCcAB) of the
crossing B. napus (AACnCn) vs B. carinata (BBCcCc) yielded a high proportion of gametes with
approximately the same chromosomal complement and that such failure arose by chromosomal
segregation during the first meiotic division and by low temperatures, which may have also
interfered with the stages of meiosis. These unreduced gametes are viable and can be used in
breeding programs to induce polyploidy (Mason et al., 2011).

The polyploidy may be a way to combine genes from different species, having an
important role in the evolutionary process in some species and a valuable tool for plant breeding.
However, a small degree of relatedness of species for which there is a homology among the
chromosomes is required, resulting in the formation of divalent or multivalent and chromosomal
recombination among different species involved in hybridization (Pagliarini, 2001).

In plants, polyploidy multiplication of the entire chromosome complement may cause
problems in meiosis and the maintenance of the polyploid state over generations requires
special mechanisms to control the correct pairing and chromosome segregation of more
than two counterparts. However, high recombination rates in polyploid plants can lead to a
rapid process of diversification and optimize the domestication of wild species in different
environments (Pecinka et al., 2011). Polyploid plants can be generated through polyploidy
events by somatic duplication or unreduced gametes and are considered an evolution in the
plant genome (Zamariola et al., 2014).

In 22 Brachiaria brizantha accessions, several irregularities were found as the formation
of multivalent related to polyploidy, early chromosomes and stragglers, irregular segregation,
micronucleus formation and polyads, especially in polyploid. These irregularities may compromise
the viability of gametes and affect the fertility of the plant (Mendes-Bonato et al., 2002).

One of the responsible factors for the success of breeding is the selection of genotypes
with a high percentage of viable gametes (Techio et al., 2006). Pollen viability is considered a
valuable tool for assessing the fertility of the male gamete and can be determined by using different
methods and different dyes, such as acetic carmine, Alexander’s solution, fluorescein diacetate,
and Lugol reagent. These methods use chemical dyes that react with cellular components of the
mature pollen grain, indicating whether the pollen is viable or unviable (Souza et al., 2004).

The cytogenetic study in meiosis and estimated pollen grain fertility was made in
Citrus hybrids [Citrus clementine vs (C. paradisi vs C. tangerine)]. The meiotic behavior was
regular in most of the analyzed plants, with MI around 90% and pollen viability above 80%,
but six plants were observed presenting viability below 70% due to some irregularities in the
phases of meiosis, as univalent, laggard chromosomes and bridges in anaphase. However,
these irregularities do not affect the fertility of the plant and these hybrids had the ability to
produce viable gametes and can be used as pollen donors (Cavalcante et al., 2000).
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Analysis of meiotic behavior and pollen viability in four Capsicum accessions showed
regular meiosis in most analyzed cells, presenting few irregularities as the early migration of
chromosomes, laggard chromosomes, and asynchrony. In Capsicum, despite the irregularities,
the pollen viability ranged from 96.53 to 98.91%, and the irregularities did not affect the fertility
of the species (Martins et al., 2010). The pollen viability in most species of Passiflora has been
more than 80% (Souza et al., 2003, 2004). Studies performed in 17 Passiflora species, wild
and domesticated, showed high levels of pollen viability above 90%, except in P. pentagona
that obtained 78% viability (Souza et al., 2004). The pollen viability of P. edulis, P. incarnata,
P, setacea and two hybrids were observed for 2 years. In P. incarnata the pollen viability
ranged from 55% in the first year to 85.3% in the second year, with an average of 70.2% of
viable pollen grains; in P. edulis the average was 94.3%, and in P. setacea the average was
81.2%; when it comes to interspecific hybrids in Passiflora, the average pollen viability in the
somatic hybrid was 37.2%, and in the sexed hybrid it was 65.76% (Soares-Scott et al., 2003).

Through analysis by Alexander solution, the unviable pollen grains (GP) can be
considered of three types: empty (T1 - no cytoplasm), contracted (T2 - contracted cytoplasm), and
sprayed (T3 - sprayed cytoplasm) (Souza et al., 2004). The GP T1 is characterized by smaller size
than achievable in most Passiflora species, and the absence of cytoplasm observed by the green
staining with Alexander solution was only the wall that reacts with the dye. In the T2 GP both the
wall and the cytoplasm react to the staining; however, it is observed a space between the cell wall
and cell membrane and a cytoplasmic shrinkage (Souza et al., 2003). The GP T3 is little observed
in species of Passiflora and is characterized by staining both the wall and the cytoplasm; however,
the cytoplasm is observed in a fragmented way, with gaps in color with a lighter shade, and its size
is compared to the GP T2. They are also found in giant-type pollen grains (considered viable and
diploid) and micropolen resulting from unreduced gametes or chromosomal imbalance (Souza
et al., 2004). In P. edmundoi, the pollen viability was 97.9%, and the non-viable pollen grains
were measured. It was observed a higher percentage of voids and contracted viable pollen grains
relative to pollen grain suggesting that meiotic irregularities may have been the cause of pollen
unfeasibility (Souza et al., 2003). Biotic and abiotic factors can interfere with the fertilization
process in species that are not in their natural habitat (Souza et al., 2004) and mutations that occur
during meiosis and post-meiosis can affect and reduce pollen viability of a species.

Mutations in genes related to meiosis

Mutations can spontaneously occur of spontaneous origin in natural populations
induced by mutagens or as a result of interspecific hybridizations (Singh, 2003). Meiotic
mutations can occur during DNA synthesis leading to pre-meiotic mutants, during prophase I
causing synaptic mutants in anaphase [ up to telophase I, causing disjunction mutants; post-
meiotic mutations occur at the end of the second division, resulting in post-meiotic mutants,
although the meiotic mutants are the most common in plants (Singh, 2003).

Meiotic mutations are identified by cytological observations, genetic evidence and
quantity of eggs and aborted pollen (Singh, 2003). Synaptic mutants affect the formation
of a synaptonemal complex in sub-phases of prophase and metaphase I (Golubovskaya et
al., 2011). These mutants can be assynaptics (e.g., asy/), that cause synapses and affect the
pairing of homologous chromosomes or desynapticl (e.g., dsyl, dsy10) that cause desynapsis
and undo the pairing between chromosomes precociously. In both cases, there will be the
formation of univalents rather than divalent in prophase I (Liu and Qu, 2008).
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Cytological studies have been conducted to identify several important mutants
as “ameiotic 17 (aml), which are necessary to establish the meiotic cell cycle in maize,
and “absence of first division” (afd) necessary to occur the segregation of homologous
chromosomes and the halving of the chromosome set. Usually, these mutants are identified in
segregating generations and are distinguishable from normal plants by the amount of pollen
and aborted ovules. Synaptic mutants are the most frequent in the literature, and from the fifteen
disynaptic genes found, thirteen are from the spontaneous origin and two of X-ray radiation-
induced (Singh, 2003). The consequences are the formation of unbalanced androspore and
gymnosperms resulting in reduced pollen viability (Singh, 2003).

Many meiotic mutations have been identified in Arabidopsis, as in SYN1/DIF1 genes
that cause errors in chromosome pairing and lead to the formation of univalent with segregation
at irregular anaphase I and II; resulting in post-meiotic products of irregular sizes and shapes,
variable ploidy and formation of unbalanced and unviable gametes (Liu and Qu, 2008).

For the pairing occurrence, recombination and crossing over among homologous
chromosomes are required so that there is a break in the double-stranded DNA (DSBs - double
strand break), which, in most species, is catalyzed by the Spoll protein, highly conserved
among species (Edlinger and Schldgelhofer, 2011). Studies in Arabidopsis thaliana showed
that mutations in the Spoll protein drastically reduce the formation of chiasmata and is
associated with the absence of synapse in prophase 1. These mutations may affect the entire
course of meiosis since the decrease of genetic variability to total infertility of the plant (De
Muyt et al., 2009). Mutations in the 4SY/ gene result in assinapse and reduce the formation of
chiasmata that holds homologous chromosomes up to anaphase I, forming univalents. Other
studies show that the formation of DSB can be normal in asy/ mutants; however, recombination
levels decrease due to the low frequency of chiasmata (Sanchez-Moran et al., 2007).

In Zea mays L., maize mother cells of pollen grain were analyzed by molecular
cytogenetics using FISH to identify disynaptic meiotic mutants (Bass et al., 2003). Mutants dy
and dsy ! were identified by changing the organization of telomere-shaped bouquet in prophase
I. The mutant dsy! affects the formation of the synapse among homologous and the mutant dy
reduces recombination rates. Some telomeres were located in the center of the core preventing
telomere interaction/nuclear membrane, the recognition of homologous and chromosome
pairing, thus found many univalent chromosomes in the following stages of prophase I with
the formation of unbalanced pollen grains and reduction of plant fertility (Bass et al., 2003).

Studies on the meiotic mutants contribute to understanding the regulatory mechanisms
of meiotic cells and DNA repair that occur in eukaryotes. In maize more than 60 mutants
were identified, representing about 35 genes and the majority of these mutants are related
to errors in the formation of bivalent defects, homologous pairing, synapse adjustment, and
recombination, resulting in unviable gametes at the end of meiosis (Golubovskaya etal., 2011).

Study of meiotic behavior in hybrid

In breeding programs, the interspecific crosses are valuable tools to generate variability
in crop plants (Pagliarini, 2001), while meiotic analysis associated with improvement reduces
the time needed for producing new hybrid cultivars, once hybrids with meiotic irregularities
and/or unviable pollen grains can be discarded, and thus allow selection of more stable
genotypes (Pozzobon et al., 2011). Usually hybrids derived from crosses among species
with similar genomes tend to have high matching rate among homoeologous chromosomes,

Genetics and Molecular Research 16 (3): gmr16039582



Meiosis and viability in plants 9

whereas in species that are genetically distant, the pairing among homologous chromosomes
does not occur or occur at a very low level and hybrid cannot go through regular meiosis and
have some degree of fertility (Lee et al., 2011). Thus, the genetic distance can be a limiting
factor in breeding. In hybrids of Paphiopedilum delenatti vs P. callosum and P. delenatii vs
P. glaucophyllum many meiotic irregularities and low levels of chromosome pairing were
observed, which reflects the genetic distance among the progenitor species (Lee et al., 2011).

The use of data on chromosome pairing is useful in the genotype selection since
the degree of homology among the hybrid homoeologous chromosomes demonstrates the
degree of relationship between the parents (Techio et al., 2006). The chromosome pairing
of two tetraploid species Arachis glabrata and A. nitida (2n = 4x = 40) produced different
configurations in diakinesis and metaphase 1. In A. glabrata 21 different settings were found
since the 2011 formation until the 411 + 81V formation and in A. nitida, seven settings, from
2011 to 21 +1211 + 2111 + 2IV. The 81V association observed in 4. glabrata may be an indication
that this species arose from an autopolyploid (Ortiz et al., 2011). The occurrence of bivalent
and multivalent is considered as indicative of meiotic recombination, and the success of
hybridization depends on the recombination efficiency. Many wild species carry interesting
features to be exploited in breeding programs, and the ability to produce interspecific hybrids
is very relevant. The observation of meiotic behavior and pollen viability of wild species
can provide important information about the genome, recombination rate, fault degree and
viability of gametes so that crossings are successful in using these species in interspecific
hybridization programs (Souza et al., 2003).

The analysis of chromosome behavior in meiosis can also contribute with studies
and phylogenetic similarity among genomes from different species, and thus estimate the
frequency of recombination that may occur in interspecific hybrids (Techio et al., 2000).
Brassica interspecific hybrids have been produced to identify the relationship among the
genomes of three species: B. rapa (2n =20, AA), B. nigra (2n = 16, BB), and B. oleracea (2n
= 18, CC) through pairing chromosome analysis in meiosis. Three allotetraploid individuals
of Brassica were produced: B. juncea (2n = 4x =36, AABB), B. napus (2n = 4x =38, AACC),
and B. carinata (2n = 4x = 34, BBCC) derived from crosses among diploid species; the study
of the behavior of these hybrids showed that the genomes A and C most recently differed by a
great distance from a common ancestor and B genome (Mason et al., 2011). In Paphiopedilum,
chromosomal behavior at metaphase I of eight hybrids was analyzed to identify homology in
the genome of the progenitor’s species and provide useful information in the creation of this
species breeding programs. The chromosome pairing in hybrids of P. delenatti vs crossing P.
bellatulum (2n = 26) had an average of 6.9 univalents and 10.7 bivalents per meiocyte; in P
delanatii hybrids vs P. micranthum (2n = 26) 3.1 univalents and 11.6 bivalents were found,
suggesting greater homology between the genomes of these two last species (Lee et al., 2011).

In hybrid triploids (2n = 3x = 21) resulting from the crossing of elephant grass
(Pennisetum purpureum, 2n = 4x = 28) with millet (Pennisetum glaucum, 2n =2x = 14), several
chromosomal alterations were observed such as formation of univalents and multivalents, early
rise of chromosomes in the first and second meiotic division, irregular segregation, bridges in
anaphase, adherent chromosomes, asynchrony, cells forming with unequal sizes, cytomixis,
abnormal spindle, binucleate cells, and formation of micronuclei (Techio et al., 2006). These
changes were due to the hybrid triploid nature where the pairing and chromosome segregation
are always irregular and lead to the complete sterility of the plant.

In a somatic hybrid (4n = 4x =36) obtained from crossing Passiflora edulis f. flavicarpa
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vs P. cincinnata (2n = 18) the formation of 18 bivalents was observed in most cells, revealing
a stable meiosis (Barbosa et al., 2007). The study of meiotic sexual behavior in a sexual hybrid
(P, edulis . Flavicarpa vs P. setacea, 2n = 18) and a somatic hybrid (P. edulis f. Flavicarpa vs
P, incarnata, 2n =36) showed the formation of bivalents and multivalent in metaphase I and the
presence of some abnormalities in the different stages of meiosis; these hybrids produced viable
pollen grains and can be used in the improvement of passion fruit (Soares-Scott et al., 2003).

The crossing between species with different chromosome numbers can be difficult,
since the chromosome number is a limiting factor for the occurrence of a regular meiosis with
all chromosomes paired in meiosis I. The interspecific cross between Passiflora sublanceolata
(2n=22) vs P. cincinnata (2n = 18) was probably unsuccessful due to the fact that they possess
different chromosome number (Conceigao et al., 2011).

Molecular cytogenetic (FISH) and studies on meiosis in plants

The FISH extends the power of resolution to the chromatin display, providing essential
information for the study of chromosome behavior in meiosis, data that cannot be obtained by
classical cytogenetic application techniques (Dang et al., 2015). In the meiotic analysis, the
observation of numerical chromosomal changes such as nullisomics (Jietal., 1997) and genome
structure (Scholes, 2011) has been facilitated by the identification of homologous chromosomes
using rDNA probes, genomic regions commonly found and used in the comparative meiotic
analysis. The location of particular regions by FISH for repetitive sequences, like telomeric,
and for satellite DNA or for sequences with a few copies brought benefits for understanding
the meiotic behavior of various organisms whose essential cytological events in meiosis, as
the recognition and matching among homologous chromosomes (crossing over), chromosome
disjunction, and formation of recombinant complexes, are the main target elements in
cytogenetic analysis before and during the meiotic cycle (Schwarzacher, 2003).

The chromosome pairing before leptotene has been an important subject of study,
suggesting mechanisms acting on the recognition of homologous chromosomes and
chromosomal regions where multiple sequences are involved in this process. Such regions
can be located and characterized through the use of FISH by allowing the definition of the
recognition pattern of chromosomes in meiosis. The telomere, which in plants generally
has the monomer sequence TTTAGGG, has the important role of recognition and pairing of
homologous chromosomes, even before the leptotene being the first chromosome region to form
synapse while the interstitial regions are not yet matched, and being such essential recognition
for the progression of the meiotic process (Bozza and Pawlowski, 2008). Additionally, the
lack of homology in distal regions of chromosome arms causes the wrong pairing between
homologous in meiosis. The telomeric region operates in chromosomal organization and
formation of chromosomal domains in the interphase nuclei and pre-meiotic often connected
to the nuclear membrane. As telomeric regions, subtelomeric regions are also essentials for
the recognition and pairing of homologous chromosomes at the beginning of meiosis and in
some cases even before the leptotene (Schwarzacher, 2003). In potato (Solanum tuberosum L.)
two subtelomeric regions were identified and then located by FISH, revealing chromosomes
with preferred regions in chromosome short and long arms as well as the colocalization of
two different sequences in the same subtelomeric region. This suggests the role of these
chromosomal regions in nuclear domains for the correct recognition and pairing between
homologous chromosomes in meiosis (Torres et al., 2011).
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Meiotic chromosomes can be greater than the mitotic chromosomes in the sense of the
information obtained via the application of FISH technique using probes for few copies or of
a single copy. Pachytene chromosomes have been used for the location of sequences via FISH
that are not displayed in metaphase chromosomes allowing visualization of chromosomal
initial pairing in meiosis in relation to the distribution of cytological markers for physical
mapping (Han et al., 2009), mainly for preparing pachytene maps using bacterial artificial
chromosome (BAC) clones (Kulikova et al., 2001).

The location of contigs in BACshave been used in BAC FISH for chromosome
painting, recombination view and pairing at meiosis, and promising technique for analysis the
synteny and of collinearity between chromosomal markers (Han et al. 2009). As BACs, other
genomic vectors are also widely used in FISH cells in meiosis 1. Fosmids with genomic insert
to the sixth chromosome pair of Cucumis sativus L. was used for heterologous hybridization
in pachytene chromosomes of C. melo L., where hybridization in the first chromosome pair
showed centromeric and neocentromeric repositionings as major evolutionary events acting in
speciation of phylogenetically close taxa (Han et al., 2009).

The in situ location of single copy sequences or small repetitive regions, such as
simple sequence repeats (SSR), is difficult in later levels of chromosome compaction and
was observed in meiotic chromosomes whose compression in prophase I favored the location
of smaller sequences (Schwarzacher, 2003). The location of SSR regions in chromosomes
and the development of physical maps revealed the existence of variability in SSRs located
in situ in Brassica rapa ssp chinensis morphotypes, whose centromeric and pericentromeric
distribution can be attributed to meiotic stability and other events related to cell cycle (Zheng
et al., 2016). The karyotype analysis by location of rDNA 458 sites in chromosomal mitotic
showed chromosomal translocations among genomes in a hybrid of allopolyploid oat species
(Avena), suggesting that this characteristic is the main cause of meiotic incongruity in the
analyzed allopolyploid (Nikoloudakisa and Katsiotisa, 2015).

Use of GISH for meiotic analysis in hybrids

GISH consists of an FISH modification, in which the total genome of a species is
labeled and used as a probe to identify the genomic interspecific hybrids (Schwarzacher, 2003).
The meiotic analysis of hybrids based on GISH have been conducted for viewing the matching
among homoeologous chromosomes, especially the rate of chiasmata and thus recombination
among homoeologous chromosomes, since recombination allows genes that are introgressed
in species of agronomic interest and promotes chromosome pairing at metaphase, resulting in
the normal segregation during anaphase of meiosis 1.

Using GISH, it was possible to distinguish the genomes of two closely related species,
Lycopersicon esculetum and L. peruvianum (both 2n = 2x = 24), currently belonging to the
Solanum genus, and so check the match among the homoeologous chromosomes and the
presence of recombinations (Parokonny etal., 1997). The RC , RC, and RC, progenies involving
somatic hybrids (L. esculetum vs L. peruvianum) were analyzed, being possible to observe a
regular pairing and a high degree of recombination between homoeologous chromosomes in
the RC, progeny. In RC, and RC,, the homoeologous continued to be chromosome pairs (in
the absence of homologous) and chiasmata were found exclusively in the distal segments of
chromosomes (Parokonny et al., 1997). The chromosome pairing in meiosis was studied in
lines of cultivated tomato, L. esculetum, which contained one or two chromosomal segments
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of wild Solanum lycopersicoides species. The average chiasma frequency of chromosome
seven, containing introgression terminal at the long arm was estimated at 0.78. In two long
lines, which had introgressed segments, the frequency of chiasmata was greatly reduced when
compared with strains with a single introgression. The frequency of cells with univalent was
also much greater in those strains with two introgressions, indicating chromosome pairing
failure (Ji and Chetelat, 2007).

GISH was used to verify the formation of bivalents between two species of different
types, Festuca and Lolium. A hybrid F, (n = 4x = 28) was obtained from F. arundinacea
var. cross with tetraploid glaucescens (GGG’G’) vs L. multiflorum artificial tetraploid
(LmLmLmLm). This F, hybrid was back-crossed to diploid L. multiflorum, producing an
RC, triploid progeny (2n = 3x = 21, LmLmG) (Morgan et al., 2001). The GISH revealed
that at metaphase I of individuals RC  meiosis there is a predominance of bivalents formed
by homologous chromosomes (LmLm), univalents (G), and the presence of some trivalents
formed by two homologous (LmLm) and one homoeologous (G), with the presence of two
chiasmata per chromosome. Although only occurs the formation of some trivalents, it was
possible to occur the recombination among the genomes, in which the features of interest of
the genome G were introduced in the genome Lm (Morgan et al., 2001).

In F, hybrid and RC, and RC, plants involving a cross between Lilium longiflorum (LL)
vs L. rubellum (RR), the GISH was used to verify whether recombinations between homoeologous
chromosomes occurred. F, plants (LR) were only observed in the presence of a chiasma among
homoeologous chromosomes, but when these hybrids were transformed into amphidiploid
(LLRR), pairing occurred only among homologous chromosomes without any recombination
among the genomes. The RC1 and RC2 individuals had no recombinant chromosomes, indicating
the absence of linkage among homoeologous chromosomes (Lim et al., 2000).

Detailed analysis of metaphase I in six hybrids of Festuca pratensis vs Lolium perenne
(2n = 4x = 28) found that the chromosomal average settings in all hybrids were: 1.13 univalents,
11.51 bivalents, 0.32 trivalents, and 0.72 quadrivalents. The frequency was 21.96 chiasmata per
cell. GISH showed that the pairing was predominantly intragenomic (Zwierzykowski et al., 2008).

The chromosome pairing at metaphase I analyzed in eight hybrids involving
Paphiopedilum species of the genus using GISH showed the phylogenetic relationship
among the progenitor’s species. The inability to discriminate parental chromosomes with
GISH technique in P. delenatii hybrids vs P. micranthum may have been due to the short
distance between the genomes of the parents of these hybrids (Lee et al., 2011). In hybrids
involving Brassica maurorum (2n = 16, MM) vs B. rapa (2n = 20, AA) all chromosomes
remained without pairing in 28% of mother cells of the pollen grain, suggesting a relatively
low homology between the genomes M and A (Yao et al., 2010).

In metaphase I of meiosis in interspecific hybrids of Musa acuminata (AA) vs M.
balbisiana (BB), via GISH, the presence of univalents, bivalents, trivalents, and multivalents
involving homoeologous chromosomes and the presence of recombinant chromosomes
between the genomes A and B were observed. The presence of recombinant chromosomes
in Musa hybrids, as well as in other plant species, is important for the domestication and
breeding cultivars (Jeridi et al., 2011).
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