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Abstract: The species Tropaeolum pentaphyllum Lam. (batata-crem or crem)
is of great economic and medicinal importance. For being an endangered
species, the knowledge of its genetic variability is necessary. Considering the
lack of cytological studies on this species, this work describes the chromosome
numbers, the meiotic behavior, the meiotic index, and the viability of the pollen
grains of three populations of T. pentaphyllum from Rio Grande do Sul, Brazil.
The three populations presented 2n = 28 chromosomes. Meiotic behavior was
regular, with low abnormality frequency (<1%), which culminated in IMx>90% in
the three accessions. This meiotic stability resulted in high production of viable
pollen grains, which will favor the use of these accessions in selection programs
for commercial purposes, conservation and sustainable use.
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INTRODUCTION

The family Tropaeolaceae is formed by three genera, two of them,
Trophaeastrum (Sparre) and Magallana (Cav.), are restricted to the region of
Patagonia. The third genus, Tropaeolum, is composed of 86 species, and is found
in South America and Central America (Sparre and Andersoon 1991, Fabbri and
Valla 1998). In Brazil, the species Tropaeolum pentaphyllum Lam., popularly
known as “batata-crem”, or “crem”, is more abundant in the southern states,
especially in regions of higher altitudes (Kinupp et al. 2011).

Despite being considered a species of economic importance with immense
potential and usefulness, it is neglected and little cultivated (Kinupp et al.
2011). The tuber is used in the preparation of antiscorbutic and depurative
infusions (Mors et al. 2000), and is popularly recommended for reduction and
control of cholesterol and microbial activity. In addition, leaves and flowers can
be consumed (Kunkel 1984, Facciola 1998, Kinupp et al. 2011), and the plant
can be used in ornamentation (Crovetto-Martinez 1981). However, the tuber
is the most used part of the plant, being commercialized in natura or canned
(Kinupp et al. 2011).

Propagation is carried out basically by planting tuber seed. However, it
presents irregular and non-uniform sprouting, which represents reduction of
productive potential, due to the need of reserving part of the production for the
next planting (Kinupp et al. 2011). The use of seeds for propagation of crem has
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not been the best strategy. Despite producing seeds in a reasonable quantity, the species presents dormancy and low
germination index; moreover, no protocol for cultivation from seeds has been developed yet (Donazzolo et al. 2013).
Thus, propagation is one of the main problems associated with the difficulty of commercial production (Otalakosky et
al. 2014), which leads to the exploitation of the tubers in the native forest where it naturally occurs (Kinupp et al. 2011),
hindering its genetic variability, which, according to Grossi et al. (2011), is fundamental both for the maintenance of the
evolutionary process and for plant breeding.

Singh (1993) highlights meiosis as one of the sources of variability used by organisms for their adaptation to the
environment, and consequently for their perpetuation through progenies. The mode of action of genes is very broad,
revealing several irregularities in all phases of cell division. The meiotic behavior of an organism plays decisive role in
its evolutionary stability due to the complexity of the mechanical, biochemical and genetic phenomena (Singh 1993).

Thus, cytogenetics has been widely used to study genetic variability, evolution, phylogeny, origin and taxonomy, as
well as to determine strategies in breeding and conservation programs in cultivated and native species (Chen et al. 2004,
Fuller et al. 2015). According to Pagliarini and Pozzobon (2004), cytogenetic studies involving chromosome counting,
determination of ploidy level, evaluation of meiotic behavior, and pollen viability are essential in the characterization
of germplasm collections.

Thus, in cytogenetics, the determination of chromosome number is one of the most used information for the
characterization of a species and for the determination of strategies to be used in plant breeding and in the establishment
of conservation strategies of a species. On the other hand, the study of pollen viability allows evidencing the male
reproductive potential, which contributes to the breeding planning (Souza et al. 2004).

In view of the lack of genetic information on T. pentaphyllum, the objectives of this study were to determine the
chromosome numbers and to cytogenetically characterize three populations from Southern Brazil, by means of the
analyses of meiotic behavior, meiotic index and pollen viability.

MATERIAL AND METHODS

Plant materials of three populations of T. pentaphyllum were analyzed. Tubers were collected in 2013 from the
municipalities of Ipé (n=58 —cultivated area; lat 28° 49’ 12” S, long 51° 16’ 45” W, alt 750 m asl), Vacaria (n=20 — cultivated
area; lat 28° 30’ 44” S, long 50° 56’ 02” W, alt 971m asl), and Frederico Westphalen (n=49 — natural area; lat 27° 21’ 33”
S, long 53° 23’ 40” W, alt 522 m asl), Southern Brazil. Each tuber was considered to be from a different plant, although
it is not possible to genetically define if they are distinct, considering the asexual reproduction (Kinupp et al. 2011) of
the species. However, there is no possibility of gene flow among populations considering their distance (> 50km).

After collection, tubers were cultivated in the years of 2013, 2014 and 2015 in an experimental area of the Federal
University of Technology — Parand (UTFPR), located in Campus de Dois Vizinhos — state of Parand, Brazil (lat 25° 42’ 52”
S, long 53° 03’ 94” W, alt 530 m asl), as described in Donazzolo et al. (2013) and Otalakosky et al. (2014). The climate is
classified as Cfa, according to Képpen, with annual average temperature of 19.3 °C (Alvares et al. 2013).

During the flowering phenophase in 2015, 50 pre-anthesis floral buds from 10 different plants were collected from
each population and stored in Carnoy (ethanol-acetic acid 3:1) for 24 h, transferred to 70% alcohol, and then stored
under refrigeration (6 to 10 °C) until analysis. Analyses were carried out in the Cytogenetic Laboratory of the Central
West State University (UNICENTRO), Campus de Guarapuava — Parana. Initially, the plant material was dissected for
microsporocytes extraction, and were prepared using the squashing method, and stained with 0.5% propionic carmine,
according to Guerra (2002).

The material was observed using an Olympus X31TM microscope with up to 1000 X magnification. Chromosomes
were counted from the diakinesis phase, and could be observed in metaphase |, anaphase |, and prophase Il. At least
20 randomized cells of each origin were analyzed to determine chromosome number, according to Dahmer et al (2008)
and Simioni and Valle (2011).

For the analysis of the meiotic behavior, all meiosis phases, from the diakinesis, were considered. At least 500
microsporocytes were counted per population (n=10 plants). The most significant meiotic abnormalities were photographed
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using an image capture Olympus X31TM microscope, with 40 X objective lens. Images were captured by the software
Pixelview station v5. 23 TV, and scanned by the Corel Photo-Paint X6.

The meiotic index (IMx) was calculated according to Love (1951): IMx = number of normal tetrads/total number of
tetrads x 100. Pollen mother cells (PMC) with four microspores were considered normal tetrads, and those with numbers
of microspores different from four (dyads, triads, polyades) were considered abnormal (Corréa et al. 2005).

For the counting and analysis of the pollen grains, at least 1000 (50 of 20 glass microscope slides) cells per population
were used and stained with 1% Lugol. Viability was determined by the coloring ability of the pollen grains; the ones
with dark tonality and with a lot of genetic material were considered as viable, and those with clear tonality and with
little or no genetic material were considered as unviable (Guerra 2002).

Data were subjected to descriptive statistics, and frequencies were subjected to association analysis in a contingency
table with chi-square test, using the Past software (Hammer et al. 2001).

RESULTS AND DISCUSSION

The three populations of T. pentaphyllum analyzed in this study have 2n=28 chromosomes (Figure 1a), with different
types of chromosome associations in diakinesis, varying from bi to tetravalent (Figure 1b). Based on the literature, the
determination of chromosome number for species of the genus Tropaeolum does not contemplate T. pentaphyllum,
which makes the present results extremely important, since it complements information on the species. Among the
chromosome number already reported for the genus, 2n= 24, 26, 28, 30, 42, 48 and 52 should be cited (Sugiura 1925,
Darlington and Ammal 1945, Gibbs et al. 1978, Johns and Towers 1981, Sparre and Andersson 1991, Alfredo et al. 2003),
with basic number x=7.

In the genus, other species with 2n=28 are found, such as T. majus and T. peltophorum (Sugiura 1925). However,
chromosome studies for the genus Tropaeolum have shown contradictory results. The presence of high ploidy levels,
hybridization and sexual an asexual reproduction, are the likely factors that contribute to a blurred picture (Alfredo et
al. 2003). No studies have been found in the literature on the chromosomal variation of T. pentaphyllum. The present
work suggests that the species is a polyploidy 2n=4x=28 chromosomes.

In angiosperms, between 30 and 35% to 80% of the species are considered polyploid (Soltis and Soltis 1999), 70% of
which have undergone one or more polyploidization processes (Masterson 1994). According to Stebbins (1971), polyploidy,
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Figure 1. Aspects of the microsporogenesis of Tropaeolum pentaphyllum Lam.: a) Prophase Il with 28 chromosomes; b) diakinesis
with bivalent and tetravalent associations (arrow); c) metaphase with precocious chromosome migration to the pole; d) anaphase |
with laggard chromosome; e) normal telophase Il and f) viable and unviable pollen grains. (400x).
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i.e., the existence of more than two genomes in the same nucleus, is the most important cytogenetic alteration in the
speciation and evolution of native and cultivated plants.

In the family Tropaeolaceae, hybridization between species has already been reported (Sparre and Andersson 1991).
According to Johns and Towers (1981), T. tuberosum ssp. tuberosum is an allopolyploid, i.e., it is the result of the crossing
between T. tuberosum ssp. silvestre and other species of the genus Tropaeolum, possibly T. cochabamba (2n=26).

From the three populations of T. pentaphyllum, chromosome associations were observed in some cells. Among them,
the tetravalent associations stood out (Figure 1b). According to Stebbins (1947), the low frequency of multivalents is an
argument used in defense of a segmental allopolyploid. In this type of association, the genomes are not identical, and are
the result of the hybridization of narrowly diploid species (AAA'A’), followed by duplication of the chromosome number,
resulting in the pairing between the identical chromosomes, consequently forming bivalent, and some multivalent
associations. Conversely, Sybenga (1994, 1996) considers that the pairing affinity, and therefore the homology between
chromosomes is not a reliable indicator, since many autopolyploid may present chromosome pairing in both multivalent
and tetravalent associations, but in low frequency and polysomic inheritance. In the case of T. penthaphyllum, due to
the few reports on the genus, a genomic study involving the in situ hybridization is necessary, in order to contemplate
information on the origin of the studied populations and their evolution.

Meiotic abnormalities resulting from irregular segregation of chromosomes were observed in some meiosis phases
in the populations from Vacaria and Ipé (Table 1). Precocious chromosome migration to the poles in metaphase |
(Figure 1c), laggard chromosomes in anaphase | (Figure 1d), and micronuclei in telophase | and prophase Il were the
most frequent abnormalities. Significant association between the observed abnormalities and the population for Ml
(metaphase 1), Al (anaphase 1), and Tl (Telophase |) were observed; no association was observed for abnormalities in PlI
(prophase Il). However, the total abnormality frequency was lower than 1% in populations from Vacaria and Ipé&, and no
meioticirregularities were observed for the population from Frederico Westphalen, which resulted in a non-association
between abnormality frequency and population (Table 1).

Despite the statistical dissimilarity verified between some meiosis phases, this difference was not enough to imply
significant alterations in meiotic behavior. Even with irregular segregation, at the end of the process, chromosomes
reached the telophase nucleus, concluding the division with 100% normal tetrads. In any case, further studies involving
other populations should be carried out in order to evaluate if environmental issues have any effect on meiotic behavior.

Meiosis is characterized by the occurrence of a series of mechanical and biochemical events, which results in the
formation of four haploid microspores. Such sequence of events involves pairing homologous chromosomes, occurrence
of genetic exchange, formation of chiasmas, and chromosome segregation, all of them controlled by a large number
of genes (Golubovskaya 1979). In this way, the normal and harmonious course of meiosis guarantees the viability of
the gamete (Pagliarini 2000). In this study, the meiotic process was totally controlled for the population from Frederico
Westphalen.

Recent studies in native species of the state of Rio Grande do Sul show irregularities in meiotic behavior similar to
that of crem, but with a predominance of regularity and high pollen viability in lemon grass (Elionurus muticus) (Fuller
et al. 2015), cherry tree accessions (Eugenia involucrata) (Guerra et al. 2016), and Paspalum notatum tetraploidized
plants (Krycki et al. 2016).

Table 1. Microsporogenesis considering 2n, number of microsporocytes (M.A.) analyzed, percentage of abnormalities (% A), abnor-
mality frequency (A.F.) and meiotic index (IMx) in three populations of Tropaeolum pentaphyllum, collected in Rio Grande do Sul

Population 2n N. M.A. %A AF. (%) IMx (%)
M Al TI PIl Mil All T

Vacaria 28 1360 5.7% 0* 0* 2.2 0 0 0 0.59 100

Ipé 28 849 0 9.5 7.7 2.5 0 0 0 0.95 100

Frederico West- 28 440 0 0 0 0 0 0 0 0.00 100

phalen

Total 28 2649 1.4 1.3 1.0 1.7 0 0 0 0.61 100

Ml (metaphase 1), Al (anaphase I), Tl (Telophase 1), Pll (prophase Il), MIl (metaphase Il), All (anaphase I1), TI (Telophase Il). * = Significant association (p <0.01) in contingency
analysis with chi-square test.
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Table 2. Estimate of pollen viability in three populations of Tropaeolum pentaphyllum collected in Rio Grande do Sul

Population N. pollens analyzed Pollen viability

% Unviable % Viable
Vacaria 1432 0.14 99.86
Ipé 1575 0.13 99.87
Frederico Westphalen 1275 0.47 99.53
Total 4282 0.24 99.76

According to Pagliarini (2000), irregular chromosome segregation is the most common meiotic abnormality in both
cultivated and native species, being characterized by the presence of chromosomes in precocious chromosome ascension
and laggard choromosome. These abnormalities have been reported in Zeas mays (Ricci et al. 2007), Saccharum officinarum
(Pagliarini et al. 1990), Avena sativa (Baptista-Giacomelli et al. 2000), in species of the genus Paspalum (Pagliarini et al.
2001; Dahmer et al. 2008), in genus Capsicum L. (Souza et al. 2012), and in Brachiaria (Boldrini et al. 2009, Boldrini et
al. 2011, Mendes-Bonato et al. 2006).

Irregular chromosome segregation can be caused by several genetic and environmental factors. The presence of
univalent in diakinesis and precocious chromosome migration to the poles in metaphase | may be a result of the precocious
chiasma terminalization, causing the migration of precocious chromosomes to the poles, since chiasmas are generally
responsible for the maintenance of the bivalents for the perfect segregation occurrence (Singh 1993, Pagliarini 2000),
or due to the presence of synaptic or disynaptic genes in prophase | (Koduru and Rao 1981). In Capsicum baccatum
accession, small chromosome alterations can occur in the process of domestication and improvement (Souza et al. 2012).

Regardless of the factors involved in segregation, the result of this meiotic behavior is always the same, with the
presence of precocious chromosomes migration to the poles in metaphase |, or of laggard chromosomes in anaphase
I. However, the presence of the latter is also related to the formation of micronuclei, and this irregular chromosome
segregation occurs since they do not bind to the spindle fibers, forming micronuclei (Risso-Pascotto et al. 2003).
When micronuclei are formed in telophase I, they may persist during meiosis I, and even reach the tetrad phase or be
reincorporated into the equatorial plate of the second division, and then they are no longer visualized (Adamowski et
al. 2000, Mendes-Bonatto et al. 2001, Risso-Pascotto et al. 2003). Such behavior was observed in the populations from
Vacaria and Ipé. However, irregular segregation was not enough to hinder the production of normal tetrads (Figure 1e).

Considering that the meiotic index (IMx) is a complement to the meiotic analysis and an indicator of regularity,
according to Love (1951), results found in this work (Table 1) demonstrate meiotic stability. The author states that the
IMx explores post-meiotic products, such as tetrads, triads, dyads, monads and polyads, and usually, during meiosis,
greater numbers of normal tetrads are expected. Thus, genotypes with meiotic indices below 90% describe a species
with low meiotic stability, suggesting a tendency to the occurrence of abnormalities during the gametogenesis process.

Specimens with meiotic index above 90%, as observed in “crem” (100%), are considered as of high meiotic stability,
which is not a problem for hybridization in breeding programs or for conservation purposes. The meiotic stability
observed in T. penthaphyllum resulted in the high percentage of viable pollen grains (Table 2) (Figure 1f), with values
above 99% of pollen viability, probably reflecting the development conditions of the male reproductive structure of
the flower, which contributes to its productive capacity and seed production. According to Fabbri and Valla (1998), 52%
of T. penthaphyllum flowers produce seeds; however these flowers depend on cross-pollination, since only 2.5% of
protected flowers produce fruit.

CONCLUSION

The three populations of T. penthaphyllum from the southern of Brazil presented 2n=4x=28 chromosomes. In this
study, the meiotic behavior was regular, resulting in high IMx (100%), and a high percentage of viability of viable pollen
grains (above 99%).

The populations from Vacaria, Ipé and Frederico Westphalen have reproductive potential, which enables their sexual
reproduction, and assists the conservation process in natural habitat and the use of T. penthaphyllum in plant breeding programs.
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