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Abstract: 

The cassava crop Manihot esculenta crantz is the third resource more important to 
provide calories to the population in the marginal tropical countries of Africa, Asia 
and South America. However, socioeconomic factors, market conditions, pest, 
diseases, biotic and abiotic constraints affect cassava production of smallholders. 
Multiple efforts in cassava breeding program have been made, but his high 
heterozygous and strong inbreeding depression difficult the production of 
homozygous parental, causing that conventional crossings lead to a time large. For 
this reason the doubled haploid technology by isolated microspore culture for 
production of homozygous plant is an interesting alternative, reducing time and 
cost in hybrid production 

This study was conducted in the International Center of Tropical Agriculture, we 
assessed cytology and cytogenetic features of microspores tetrads in TMS60444 
and SM1219-9 cassava genotypes for optimize efficient protocols of doubled 
haploid production through evaluation of meiotic abnormalities, meiotic index and 
viability in microspore tetrads of donor plant used for doubled haploid production. 
Abnormalities during microsporogenesis like multiple nucleoli, sticky 
chromosomes, micronuclei, irregular spindles, dyads, triads and polyads were 
evidenced although in a low frequency. However, the great level of meiotic index 
and high microspore viability lead to conclude that these cassava genotypes are 
meiotically stable and can be used in breeding programs or conservation 
strategies. 

 

Keywords: Cassava, Double haploid, cytogenetics, meiosis 
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PROBLEM STATEMENT 

The tall heterozygocity and the strong inbreeding depression that present the 
cassava crop does difficult the use in breeding program. Currently, doubled haploid 
production techniques are developing in cassava plant to facilitate its use in 
breeding program. However, effective procedures for double haploid production in 
cassava and the identification of physiological parameters for effective induction of 
androgenic tissue have not been optimized yet. The unknown pathway and biology 
of embryonic development in vitro culture of cassava microspores make difficult the 
haploid plant production. Yet, has been not identify the mechanism that induce to 
sporophytic way in the microspores, and the in vitro change of gametophytic way 
toward sporophytic way of the cassava microspores. 

Biological status of the development and viability in microsporogenesis in donor 
parents is unknown, have not been identified abnormalities of pollen mother cell 
during meiosis, and how affect the viability in the formation of microspores tetrads 
and pollen grain, is unknown the chromosomal alterations in donor plants that 
using in the haploids plant production, and that can affect positively the androgenic 
response. 



12 
 

JUSTIFICATION 

The cassava crop is the third more important resource of calories in the tropic, is 
consumed by more of 700 million of humans of little resources in Africa, Asia and 
South America (Fauquet and Tohme, 2004). Nevertheless the socio-economic 
factors, market conditions and abiotic limitation affect the cassava production; 
moreover the plague and disease reduce the production and increase the 
economic loss in the crop (Herrera et al., 2011). 

The cassava is a highly heterozygous crop and the production of homozygous 
parents is difficult, because conventional crossings delay between 8-10 years 
(Aerni, 2005; Jain, 2007; Ceballos et al., 2007; Prem et al., 2012); this difficult its 
use in breeding programs (Fauquet and Tohme, 2004; Aerni, 2005; Ceballos et al., 
2007). The production of homozygous plant using microspores isolation is the most 
efficient method for the production of haploid plants (Dubas et al., 2010), reducing 
to two generations the time required to generate fully homozygous lines (Prem et 
al., 2012); the advantage in using doubled haploid plants is that the traits useful 
can be fixed without multiple cycles of hybridization, (Ochatt et al., 2009; Ferrie and 
Möllers, 2011); another advantage is the selection of plants directly by their 
phenotype, decreasing the laborious and the time of process of new varieties 
(Soriano, 2008). The doubled haploid is also ideal for producing and studying the 
cytogenetic level and molecular segregation in a population, which have additive 
effect and dominance, superiority and genetic stability (Jain, 2007); influencing in 
the heterosis and hybrid vigor (Ceballos et al., 2002; Ceballos et al., 2007). The 
doubled haploid technology also reduce cost in the production of hybrid in breeding 
programs (Aerni, 2005; Jain, 2007; Ceballos et al., 2007), because its permit the 
elimination of undesirable and deleterious alleles, the discovery and exploitation of 
recessive traits commercially useful, the germoplasm conservation, an established 
and consistent genetic progress over time (Fauquet and Tohme, 2004; Ceballos et 
al., 2007). 

The study of the embryogenesis in cassava microspores allows knowledge of the 
most important aspect in the development of in vitro culture, identifying changes 
during the embryogenesis and changes in the storage structure during all culture. 
Is important know the embryogenic pathway direct or indirect through the formation 
of callus, to adjust efficient protocols and apply the optimal stress pretreatment for 
induction of embryogenesis. The studies of the embryogenesis in cassava 
microspores permit understand the key process in vitro culture to increase the 
efficiency of doubled haploid plant production. The in vitro culture of isolated 
microspores provides a great opportunity for the study of cellular events that show 
reprogramming and totipotency in individual cells (Prem et al., 2012), the study of 
specific changes in cellular architecture that occur during the change gametogenic 
to embryogenic path (Ochatt et al., 2009; Prem et al., 2012). Ideal for biochemical, 
genetic and molecular analysis, and as a model for cytological and physiological 
study in embryonic development (Dubas et al., 2010). Biological, oncology and 
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structural study in the male gametophyte are a prerequisite for development of 
doubled haploid techniques (Perera et al., 2012). 

The cytology and cytogenetic study during the development in the pollen mother 
cell and pollen grain formation in donor plants of cassava for your use in the 
haploids plants production androgenesis way, search optimize the efficient of the 
protocols of in vitro culture of isolated microspores to through of the evaluation and 
study of factors that could alter the normal development of the donor plants and the 
production of flowers, such as the genotype, donor plants growth, meiotic stability 
in the microsporocyte and identify chromosomal abnormalities during the 
microsporogenesis in cassava 
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OBJECTIVES 

General 

 Study the abnormalities during the microsporogenesis in Cassava Manihot 

esculenta Crantz. 

 

Specífics 

 Study chromosomal abnormalities during the microsporogenesis in cassava 

trough DAPI/Carmine staining 

 Determine the meiotic index in microspores of cassava 

 Assess the viability of microspores of cassava with fluorescein diacetate 

FDA  and Alexander staining 
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1. INTRODUCTION 

Cassava is a plant of the Malpiguiales order, Euphorbiaceae family, Manihot 
genus, Manihot esculenta Crantz specie. The genus Manihot is comprised by 98 
species native to the Neotropics that are distributed from South of North America to 
Argentina in South America, and some representatives in the Caribbean islands. 
The center of origin and diversity is found in the American tropics, where wild M. 
esculenta plants growing in countries like Brazil, Bolivia, Peru, Venezuela, Guyana 
and Suriname (Allem, 1994); and was domesticated by native American between 
5,000 and 7,000 B.C (Hershey and Amaya, 1980; Hahn et al., 1990), probably 
domesticated from wild populations of M. esculenta ssp. Flabellifolia Pohl, along 
the southern border of the Amazon basin (Olsen and Schaal 1999; Sardos et al., 
2009). The main center of origin and diversity is found in the Brazilian Amazon 
where are reported 80% of the species (Olsen and Schaal, 1999), in pre-
Columbian times cassava migrated westward in Peru, then moved to Colombia 
north and from there distributed to Central America, to south migrated to Paraguay 
and Argentina, after of the fifteenth century, cassava was carried by the Spanish 
and Portuguese to secondary centers of diversity in Africa and Asia (Hershey and 
Amaya, 1980) and then spread throughout the tropical regions around the world 
(Sardos et al., 2009). 

The genus Manihot, only cassava M. esculenta have economic relevance and is 
cultivated (Ospina and Ceballos, 2002) is a perennial crop, produced by small 
farmers in marginal areas of the tropics and subtropics and consumed by the 
significant contribution of calories by over 800 million people in Africa with 50% of 
production, Asia with 30% of production and South America with 20% of production 
(FAO, 2000; Fauquet and Tohme, 2004; Jain, 2007; Ortiz and Nassar, 2007; 
Perera et al., 2012). Cassava has a high content of carbohydrates in their root 
system and proteins in the aerial parts (Carvalho and Guerra, 2002), adapted to 
broad environmental ranges, tolerant to drought and acid soils (Mathews et al., 
1993; Aerni, 2005; Sardos et al., 2009). However, socioeconomic factors, market 
conditions and abiotic constraints negatively affect cassava production by 
smallholders; also pests and diseases substantially decrease yields and increase 
the economic losses in crops (Herrera et al., 2011). 

Cassava is a highly heterozygous crop, strong inbreeding depression and risky 
dissemination; this makes difficult their use in breeding programs (Fauquet and 
Tohme, 2004; Aerni, 2005). The cassava microspore culture and technique of 
Double Haploid (DH) is ideal for producing 100% pure homozygous lines 1-2 
generations, in contrast to conventional breeding cassava take between 8-10 years 
(Ceballos et al., 2002; Jain, 2007; Ceballos et al., 2007; Ochatt et al., 2009; Vélez 
et al., 2010; Ferrie and Möllers, 2011; Prem et al., 2012; Perera et al., 2012); 
another advantage of producing DH plants, is that may be selected directly by their 
phenotype from the beginning, reducing the hard work and time in the production 
process of new varieties (Soriano, 2008), increasing efficiency in crop improvement 
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programs (Ceballos and Lentini, 2004; Fauquet and Tohme, 2004; Ceballos et al., 
2007; Dubas et al., 2010; Germanà et al., 2011); however, the attempts made 
clearly demonstrate the difficulty of achieving success in the production of doubled 
haploids in cassava, for this reason the DH biological technology demand 
morphology, pollen biology and other studies in the male gametophyte as a 
prerequisite to the development of techniques DH plants (Perera et al., 2012). 
Furthermore, the study of the development of the microspores is a very important 
response factor to embryogenesis, because small differences in pollen 
development would result in significant changes in the production of plants derived 
from pollen (Roca et al., 1991; Perera et al., 2012). By this reason Perera et al., 
(2012) study for first time the formation of uninucleate and binucleate tetrads, to 
help identify tetrad maturity when used for microspore culture. 

The meiosis consists of two consecutive cell divisions (first meiosis and second 
meiosis), without DNA synthesis between them; and its purpose is the exchange of 
genetic material and generation of gametes with a reduced number of 
chromosomes, this is accomplished through of a proper chromosome behavior 
protecting the structural integrity of the genome and the correct segregation to 
daughter cells (Pawlowski, 2010). The first meiosis is a specialized division; its 
onset is associated with the reorganization of chromatin, the change in the 
structure and the level of chromosome condensation (Ronceret et al., 2007) and 
continues with fundamental processes of recombination, pairing and synapsis of 
chromosomes in a coordinated manner at first prophase (Pawlowski and Cande, 
2005); the failure in the recombination results in an incorrect chromosome 
segregation at first metaphase (Ronceret et al., 2007). Finished the first 
metaphase, the key events in cell division are the segregation of homologous 
chromosomes at first meiosis, and later the segregation of sister chromatids in 
second meiosis. Segregation requires the formation of spindle apparatus, which is 
a temporary bipolar structure responsible of chromatid assembly and generating 
forces required for the correct segregation of chromosomes toward the poles 
during first and second anaphase (Dawe, 1998; Franklin and Cande, 1999; 
Ronceret et al., 2007). Second meiosis is similar to a mitotic division, but the result 
is four haploid cells (Malmanche et al., 2006; Harrison et al., 2010). The completion 
of cell division results in a cytokinesis characterized by deposition of cell wall 
between daughter nuclei by phragmoplast formation, which is an enriched 
vesicular region that provides all necessary components for synthesis of new 
components in the cell wall (Francis, 1992). There are two mechanisms of 
formation of the interesporal cell wall at meiosis, cytokinesis type successively in 
monocotyledonous and type simultaneously in dicotyledonous. In successive type, 
the cell wall is assembled after each telophase (first and second); while in 
simultaneous type, the cell wall is formed between the four haploid nuclei resulting 
at the same time after the second telophase (Mc Cormick, 1993; Heese, Mayer 
and Jurgens, 1998; Otegui and Staehelin, 2000; Jurgens, 2005; Harrison et al, 
2010). 

The core is shared with protruding compartments that starting in nucleolus called 
origin sites of nucleolus or nucleolus organizer region (NOR) and corresponds to 
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the site of synthesis and ribosome assembly (Franklin and Cande, 1999; Stace, 
2000). The nucleolus usually disintegrates at the end of prophase, although in 
certain plant groups persist until the transition from metaphase and is rebuilds at 
telophase (Murugesan et al., 2001). In first prophase the formation of more than 
one nucleolus is observed, this can explained by the codominant expression of 
NOR that is located to alleles of some chromosomes, NOR regions of different 
genomes may be acting independently producing nucleolus per genome (Sanabria, 
2006). 

A useful and simple criterion to evaluate fertility is the study of abnormalities by 
meiotic index (MI) as an indicator of meiotic regularity (Love, 1951). Wheat plants 
(Triticum spp) with meiotic index between 90 and 100% can be considered as 
cytologically stable while a meiotic index below to 90% indicates cytologically 
unstable plants and quite undesirable for breeding purpose (Love, 1951; Szpiniak, 
1983; Maich and Manero, 2007); similar report by Kumar and Dwivedi, (2013) in 
Brassica campestris with meiotic index ≥90% are meiotically stable. In triticale (x 
Triicosecale) and pearl millet (Pennisetum spp) found that among least 
abnormalities higher fertility indicating that disturbance during the meiotic process 
may be responsible for a reduced fertility (Szpniak, 1983; Maich et al., 1999; 
Techio et al., 2006). Also, Caetano et al., (2008) and Narducci et al., (2012) 
reported in Vasconcellea spp and Carica spp that meiotic abnormalities directly 
affected the formation of the final meiotic products and had a direct influence on 
the meiotic index and pollen viability. According to Maich and Manero, (2007), the 
cytological behavior and mitotic index varies by crop management; this indicates 
that the meiotic irregularities are polygenic inheritance and are highly influenced by 
the environment. Usually those characters governed by many genes tend to have a 
low heritability (Maich and Manero, 2007). Also, Szpiniak, (1983) says that the 
meiotic abnormalities probably derived from the genetic distance of parents, 
interactions between different genomes and their karyotypic differences (Szpiniak, 
1983). 

The ancestry of cassava and other Manihot spp is not known, although it has been 
speculated that several Manihot species are its ancestors, and cassava could have 
derived from an allotetraploid that evolved through the ages to diploid level 2n=36 
(Hahn et al., 1990; Ogburia et al., 2002; Sardos et al., 2009). Hahn et al., (1990) 
and Sreekumari et al., (1999), consider diploid by your regular meiosis and bivalent 
chromosome pairing. However the cassava species are considered allotetraploids 
with chromosome number 2n=4x=36, according to basic number x=9 for the family 
Euphorbiaceae, the number of nucleoli chromosomes and the pachytene 
karyology, this suggests that cassava is derived from crosses between two closely 
related parental taxa (Magoon et al., 1970; Carvalho and Guerra, 2002; Carvalho 
et al., 2009).  

The karyotype analysis in meiotic or mitotic cells enables the identification of 
numerical and structural chromosomal polymorphisms among karyotypes and 
description of homology cultivars, providing relevant information such as 
chromosomal abnormalities, fertility problems in the recognition of homologous 
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chromosome, generation of aneuploidy gametes by non-disjunction at anaphase, 
percentage of parental genomes in hybrids among others advantages (Carvalho 
and Guerra, 2002). The genus Manihot appears to have a strong homogeneity 
among its species to karyotype level, unlike the extensive botanical plasticity 
observed among their species. Study of karyotype in different cassava present a 
similar chromosome numbers of 2n=36, showing metacentric to submetacentric 
chromosomes morphology with average size of 1.75um at metaphase and two 
pairs of satellites with subterminal secondary constrictions (Carvalho et al., 2009). 
Other karyotype analyze was reported by Magoon et al., (1970) in pachytene 
chromosome and present a range from 21.2 um to 36.5um; presenting seven 
metacentric chromosomes and eleven submetacentric chromosomes and three 
chromosomes with nucleoli organizer regions. 

Hybrid, cultivated clone and wild cassava behaves like diploid because show 
regular meiotic in the PMC´s in terms of cell division with complete pairing and 
formation of 18 bivalents at metaphase I (Hahn et al., 1990; Nassar et al., 1994; 
Vasquez and Nassar, 1995; Carvalho and Guerra, 2002); normal segregation of 
homologous chromosomes in anaphases I and II and formation complete of four 
haploid microspores in tetrads stage with similar size and tetrahedral disposition 
(Nassar et al., 1994; Nassar et al., 2010). Also Perera et al., (2012) study the 
development and formation of pollen grain is normal during uninucleate and 
binucleate stage identify the time of exine and intine synthesis, aperture of the 
future pollen grain, increase the size of the pollen grain, movement of the nucleus. 
However, some species Manihot produces fewer or even more than four 
microspores per PMC. In general, showing a completely regular meiosis (Ogburia 
et al., 2002; Carvalho et al., 2009); but different authors reported meiotic 
irregularities in cassava cultivars, clones and hybrid such as variable chromosome 
association, pairing lack or asynapsis, non-orientation and non-congregation of 
bivalents at metaphase I, laggards chromosomes and delayed separation of 
bivalents at anaphase I, formation of monads, dyads, and triads by spindle 
abnormalities and nuclear restitution, usually larger than normal members of a 
tetrad and large pollen grains and also polyads. There are differences in pollen 
size indicating trimorphism with larger, normal and smaller diameters; however 
pollen dimorphism via abnormal meiosis or mitosis is still to be investigated and the 
percentage of viability was higher in the normal and large sized pollen grains as 
compared with the smaller ones (Wang et al., 2010; Perera et al., 2012); the 
formation and different amounts of micronuclei with distinct sizes in each 
microspore at tetrad stage (Hahn et al., 1990), irregular wall development 
producing abnormal pollen spores, conducing to unbalanced gametes and low 
sterile in pollen grain (Vasquez and Nassar, 1995; Ogburia et al., 2002; Sardos et 
al., 2009). 

Reports of diploid pollen resulting from abnormalities during microsporogenesis 
(Ogburia et al., 2002), in diploids potatoes, exist three mechanisms of 2n pollen 
formation; parallel spindles, premature cytokinesis I and II (Hahn et al., 1990); in 
cassava hybrid Nassar et al., (1994) established possible nuclear restitution at 
anaphase II, 36 chromosomes forming each pole. Seem to indicate more than one 
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mechanism involved in the formation of diploid pollen grain, and that this character 
is heritable and genetically controlled and not due to the disturbance of 
chromosome asynapsis (Vasquez and Nassar, 1995). The production of dyads and 
triads in wild, hybrid and clones of cassava species leads to 2n gamete formation 
and consequently polyploidization (Hahn et al., 1990; Sardos et al., 2009; Perera et 
al., 2012), these mechanisms of diploid pollen formation in cassava was 
investigated by different authors (Ogburia et al., 2002; Sardos et al., 2009); 
reporting variation of diploid gamete production among different cassava (Perera et 
al., 2012). Also Vasquez and Nassar (1995) reported a high frequency of 
unreduced microspores among cassava clones; however, Nassar et al., (1994) 
informed low production of diploid pollen grain. Different authors reported that exist 
species with a tendency to form unreduced microspores and the frequency of such 
gametes may vary between genotype, the variation in the frequency of 2n gametes 
may be attributed mainly to their genotypic differences (Vasquez and Nassar, 
1995). From the plant breeding viewpoint, these gametes are important because 
they may lead to the development of highly productive triploids and tetraploids by 
sexual reproduction and the formation of 2n gametes could play a major role in 
polyploidy origin and evolution (Perera et al., 2012). 

In plants, recurrent and cyclic polyploidization events followed by genome 
reduction constitute a major evolutionary process accompanied by phenotypic 
variation, an increase in allelic diversity and heterozygosis (Sardos et al., 2009). It 
is believed that these Manihot species have been diploidization along the 
evolutionary process and today showing the typical behavior of a diploid. This 
mechanism may have occurred within the genus Manihot leading to their stable 
karyotype (Carvalho et al., 2009).  

The spontaneous and induced events of polyploidy seems to be a frequent event in 
the Manihot genre by occurrence of meiotic irregularities due to PMC produce 
unreduced gametes, that could form polyploid organism, but in wild M. esculenta 
individuals seems to be rare (Carvalho et al., 2009; Sardos et al., 2009; Perera et 
al., 2012). In genetic improvement of cassava has been done of diploid level 
toward triploids and tetraploids level (Hahn et al., 1990); and these polyploidy 
present a higher starch yield potential (Sreekumari et al., 1999). Superior cassava 
genotypes can be perpetuated indefinitely through apomixes, which is strongly 
associated with polyploidy in cassava. Is evidently that there is a strong correlation 
between polyploidy and apomixes in Manihot (Nassar et al., 2010). 

The contribution of this work is to generate information on cytogenetic and viability 
of microspore in the genotypes used for the production of cassava doubled haploid 
plants and for the optimizing of protocols, through of study biological development 
in MPC, identification of abnormalities during meiosis and analysis of normal 
meiotic products in tetrads stage, as well as asses the viability in microspores of 
donor plants. 
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2. METHODOLOGY 

2.1  LOCATION 

The study is realized in the International Center of Tropical Agriculture, the 
cassava genotypes were seeding in fields (I, M, N, P, Q, T) of International Center 
of Tropical Agriculture (CIAT) in Palmira – Valle del Cauca - Colombia (3°30´N, 
76°19´W, elevation of 965 meter above sea level). 

The cytological evaluation is performed in Light Microscopy Laboratory of Virology 
Unit and the Anthers Culture Laboratory at International Center of Tropical 
Agriculture (CIAT) 

. 

2.2  PLANT MATERIAL 

Male flower buds in different division stage of PMC, size between 2.0 to 2.8mm of 
cassava elite materials used in breeding programs identified as SM1219-9 (SM) 
and TMS60444 (TMS) were selected for their abundant flowering, adaptation to 
different environments, synchronization of the development in PMC, maturation 
process of the pollen grains and positive response to in vitro culture for production 
of DH lines of cassava. 

The SM1219-9 material is a Colombian genotype; it is the result of multiple open 
crosses made in 1988, where the female parent is CG1450-4 derived from 
Colombian landraces identified as MCOL1505 and MCOL1940. The TMS60444 
genotype was developed by crosses between cassava varieties 53101 and 42074 
(selection of cassava germplasm in 1953 and recommended to farmers in 
Southwestern Nigeria) in the years 1967 to 1977 in the IITA from Nigeria, and 
released to farmer in 1977. This genotype has been used also as a line model for 
genetic transformation work. 

 

2.3  DYES PREPARATION 

2.3.1 Preparation 100 ml of carmine acetic 4% 

To prepare 100 ml of acetic carmine 4%, in an extraction chamber and using 
gloves take a graduated cylinder of 100 ml, aggregate 55 ml of distilled water and 
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load slowly 45 ml of glacial acetic acid by using a graduated pippet of 20 ml. Mix 
and transfer to an Erlenmeyer flask of 250 ml in a heat stir plate to 60°C, in 
constant magnetic agitation. In mouth of the Erlenmeyer flask place an inverted 
funnel for avoid evaporation. In a digital balance place the tare, reset to zero the 
digital balance and weigh 4 g of carmine. Load the carmine very slowly into the 
Erlenmeyer when the temperature reach 60°C, maintain overnight in constant 
agitation, after 12 hours to stop the heating, allow cooling and filtered with filter 
paper #2 in a funnel to an amber bottle and store at 4°C. 

2.3.2 Preparation DAPI working solution (100ng/ml in 1X-PBS) 

To prepare DAPI working solution, first is necessary prepare DAPI stock solution (5 
mg/ml). In an extraction chamber and using gloves dissolve in a vial 5 mg of DAPI-
dihydrochloride with 1 ml of deionized water using a micropipette of 1000 ul; mix 
with the micropipette, loading and unloading slowly the drops until homogenize the 
stock solution; aliquoted to 100 ul in eppendorf tubes of 0,5 ml and cover the tubes 
with alum foil, label the tubes (name, date, concentration) and store at <-20°C. 
Second, to Prepare DAPI working solution; in a graduated cylinder in extraction 
chamber, dissolve 2 ul of DAPI stock solution (5 mg/ml) using a micropipette of 20 
ul in 100 ml of PBS, incubate the solution in dark for 30 minutes at room 
temperature and protect DAPI work solution from light with alum foil, storage the 
solution at 4°C. 

2.3.3 Preparation FDA working solution (2 ul stock solution/ml 1X-
PBS) 

To prepare FDA working solution, first is necessary prepare FDA stock solution (2 
mg/ml). In an extraction chamber and utilize gloves, dissolve 2 mg of FDA in 1ml of 
acetone in eppendorf tube of 1 ml, using a micropipette of 1000 ul, mix softly using 
the micropipette, loading and unloading slowly the drops, until homogenize the 
stock solution. Aliquot to 100 ul in opaque tubes and label the tubes (name, date, 
Concentration) and stored at <-20°C. To prepare FDA work solution (2 ul of Stock 
Solution in 1 ml of 1X-PBS), dissolve 1 ul of FDA stock solution using a 
micropipette of 20 ul in 1 ml of the buffer 1X-PBS. Cover FDA work solution from 
light with alum foil and storage at 4°C  

2.3.4 Preparation phosphate-buffered saline (1L of 1X-PBS) 

Start with 800 ml of distilled water in a beaker of 1000 ml in magnetic stirring in stir 
plate. In digital balance weigh and add 8 g of NaCl to beaker, 0.2 g of KCl, 1.44 g 
of Na2HPO4, and 0.24 g of KH2PO4. With pH-meter adjust the pH from buffer to 7.4 
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with HCl, add distilled water a total volume of 1 liter and aliquots and sterilize by 
autoclaving (20 minutes at 121°C), store at room temperature 

 

2.4  MEIOTIC ABNORMALITIES 

2.4.1 Material and sampling 

Male immature flower buds of cassava of the genotypes SM and TMS, of size 
between 2.0-2.8 mm were collect in different stages during the microsporogenesis, 
for analysis of meiotic abnormalities according to table data recording in Protocol 3 
related in annexes 

 Analyze one time per year (February) 

 Analyze 20 flower buds of each genotype during the microsporogénesis 

 Mount and analyze one by one flower buds in each slide  

 Count all cell in stage division in each slide 

2.4.2 Data recording 

The data recording of the conditions at the time of material collection is important 
because the gametogenesis depends on several factors such as environment 
(climate, weather), soil environment, chemical application (pesticide, weedicide, 
fertilize etc.) physiological status of the plant, age of the plant etc. 

 Weather condition: sunny 

 Age of the plants: field M, 7 month 

 Soil condition: weed controlled 

 Chemical application: no chemical is applied 

The data recording belong to normal and abnormal cell in each stage of cell 
division, type of abnormality, nucleolus number in each microspore in tetrads 
stage; besides, chromosomal association, physic position of chromosomes at 
anaphase I (central or peripheral), and chromosomes number during segregation 
at anaphase I. 

2.4.3 Cytogenetic methodology 

Nuclei staining with acetic carmine 4%. Collect and select 20 fresh floral bud in 
PMC division of each genotype, size between 2.0–2.8 mm diameter; fix with 
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Farmer solution for overnight to 4°C; transfer the sample to ethanol 70% and store 
to 4°C. Wash the flower bud three times with distilled water, place the bud in the 
slide, extract all anthers and add two drops of carmine acetic 4%; transfer the 
anthers to new slide, macerate to extract the microspores and add one drop of 
carmine acetic 4%, leave for 5 minutes; heat briefly the slide with a lighter and 
cover with cover slip, seal the slide and observe in light microscope to 
magnification 10X, 40X and 100X. 

Nuclei staining with DAPI (100ng/ml in PBS). Collect and select fresh floral bud, 
size between 2,0–2,8 mm diameter, load the sample in blender machine with 25 ml 
of 1X-PBS buffer, and blend during 20 second to low speed; filter microspores with 
149 um filter (discard), filter with 104 um filter (discard) and filter with 70um filters 
and wash the last filter (70 um) into falcon tube of 15 ml with 10 ml 1X-PBS for 
recuperate the sample; centrifuge with 500 rpm during 1 minute, discard the 
supernatant. Fix the sample with Farmer solution (absolute ethanol-glacial acetic 
acid) relation 3:1 for overnight to 4°C; centrifuge with 500rpm for 1 minute, discard 
the supernatant; add 70% ethanol and store to 4°C; centrifuge with 500 rpm for 1 
minute. Wash the sample three times with 1X-PBS buffer; centrifuge with 500 rpm 
during 1 minute in each washing, extract quickly the microspores of the tubes with 
Pasteur pipettes, load the sample in slide and aggregate two drop of DAPI working 
solution, cover with coverslip and incubate for 10 minutes in dark; view the sample 
using a fluorescence microscope with filters (excitation=358 nm; emission=461 
nm). Captured images are related in the chromosomal stainig with DAPI annexes. 

 

2.5  MEIOTIC INDEX 

2.5.1 Material and sampling 

Male flower buds of cassava genotypes SM and TMS, size between 2.3-2.8 mm, 
were collect in tetrad stages during the microsporogenesis, for analysis of meiotic 
index according to table data recording in Protocol 1 related in annexes 

 Analyze two times per year (June, January) 

 Analyze 100 flower buds in each time, of each material in tetrads stage 

 Analyze 100 flower buds in each genotype 

 Observe by separate 3 anthers from each external and internal whorls 

 Observe 3 fields by slide 

The meiotic index (MI) as percentage of normal tetrads, is calculate according to 
Love (1951), being described as: 

MI% = (Number of normal tetrads/Number of total tetrads)×100 
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Plants with MI higher than or equal to 90%-100% are meiotically stable, tetrads 
with four similar size microspores are assumed as normal and any irregularity are 
considered aberration, abnormality of monads, dyads, triads, polyads, micronuclei, 
microcytes. 

2.5.2 Data recording 

The data recording of the conditions at the time of material collection is important 
because the gametogenesis depends on several factors such as environment 
(climate, weather), soil environment, chemical application (pesticide, weedicide, 
fertilize etc) physiological status of the plant, age of the plant etc. Therefore, 
sampling should be done to minimize the error occurred due to these factors. 

In the repeat 1 (June), the data recording were: 

 Weather condition: sunny 

 Age of the plants: field Q, 8-10 month; field I, 9-13 month 

 Soil condition: weed controlled 

 Chemical application: no chemical is applied 

In the repeat 2 (January), the data recording were: 

 Weather condition: sunny 

 Age of the plants: field N, 7 month 

 Soil condition: weed controlled 

 Chemical application: one month before went applied Sistemin 40EC 

(insecticide) and fluorescence induction 

The data recording in the analyze of meiotic stability, is count the number of 
formed microspores in tetrads stage during the cell division; count normal cell (4 
microspores with similar size) and abnormal cell (1, 2, 3, 5 or more), as a result of 
the meiotic product.  

2.5.3 Cytogenetic methodology  

Collect male flower buds with diameter between 2.3 to 2.8 mm of each genotype 
and fix in Farmer solution ethanol: acetic acid (3:1), during 24 hours to 4°C, 
procedure to transfer to ethanol 70% and keep to 4°C. Analyze one by one 
anthers, take the first bud, wash in distilled water and extract three external anthers 
and three internal, put internal and external anthers in separate side of one slide, 
mount and smear the anthers load one drop of carmine staining 4%, cover with 
coverslip, and observe in light microscope to 10X magnification. 
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2.6  VIABILITY IN TETRAD MICROSPORES 

2.6.1 Material and sampling 

Cassava male flower buds, size between 2.3-2.8 mm of the two genotypes SM and 
TMS were collect in tetrads stage during the microsporogenesis for analysis of 
microspore tetrads viability according to table data recording in Protocol 2 related 
in annexes 

 Analyze two times per year (August, March) 

 Analyze 50 flower bud in each time 

 Three times repeat each experiment in each time per year 

 Analyze at least 500 cell in each genotype, SM and TMS 

 Count the viability and non-viable of cell in each one of the microspores at 

tetrads stage 

 Aliquot the pellet to 10 slide  

 Observe 3 fields by slide and count the cell viability 

 

2.6.2 Data recording 

The data recording of the conditions at the time of material collection is important 
because the gametogenesis depends on several factors such as environment 
(climate, weather), soil environment, chemical application (pesticide, weedicide, 
fertilize etc.) physiological status of the plant, age of the plant etc. 

 Weather condition: sunny, cloudy 

 Age of the plants: field P, 6-8 month; field T, 6-8 month  

 Soil condition: weed controlled 

 Chemical application: no chemical is applied 

The data recording correspond to cell viability in least 500 cells at tetrads stage 
during the microsporogenesis, analyzing the viability in cell with 4, 3, 2, 1 and 0 
stained or viability microspores with FDA and Alexander staining. 
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2.6.3 Cytology methodology  

Collect and select 50 fresh floral buds, size between 2,3–2,8 mm diameter, 
maintains the samples in ice during all protocol for conserve the viability. Load the 
sample in blender machine with 25 ml of sucrose 10% and blend during 20 second 
to low speed; filter microspores with 149 um filter (discard filter), 104 um filter 
(discard filter), filter with 70 um filters and wash the filters (70 um) into falcon tube 
of 15 ml with 10 ml of sucrose 10% for recuperate the sample; centrifuge with 500 
rpm during 1 minute, discard the supernatant briefly; load 10 ml of 1X-PBS buffer, 
and centrifuge with 500 rpm during 1 minute, make this three times more. For the 
staining with FDA, place two drops of the working solution (FDA-1X PBS buffer 
mixture) in falcon tube, containing the sample; to maintain at least five minutes in 
the dark. Place one drop of the sample in one slide, cover with coverslip and view 
the sample using a fluorescence microscope with filters (excitation 488 nm; 
emission 530 nm), Indicator: live cell (yellow-green). 

 

2.7  STATISTICAL ANALYSIS 

The variables were processed using descriptive statistics in Microsoft Excel 
(Microsoft Office Standard, Excel 2007) MSO (12.0.4518.1014) software. 
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3. RESULTS 

3.1  CHROMOSOMAL ABNORMALITIES 

Twenty flower buds of TMS and SM genotypes were assessed by counting of 
normal and abnormal cells during the development of the meiotic stages in order to 
identify different chromosomal abnormalities as shown in Table 1. In TMS 
genotype 3248 cells in meiotic activity were evaluated. In the SM genotype 5016 
cells in meiotic divisions were counted. Both genotypes presented meiotic 
abnormalities. The SM genotype presented a lower number of abnormalities during 
the meiosis than TMS genotype. But, in general the two genotypes presented a low 
frequency of abnormalities, and only in some stages of division, indicating that the 
genotypes are stable meiotically and recommended for use in cassava breeding 
programs. 

A Normal meiosis begins with prophase I. The chromosomes start to become 
visible in long and thin fibers; attraction between homologous chromosomes is 
initiated, which leads to the synapse, mating and recombination stable of 18 
bivalent, finally disintegration of the nuclear envelope and nucleolus occurs. Then 
begins to form microtubule spindle apparatus giving beginning to prometaphase I; 
18 bivalents are randomly oriented in the equatorial plane of the cell and the 
chromosomes are anchored to the spindle by special protein structures of 
kinetochore chromosomes that interact with spindle microtubules. During 
anaphase I breaking chiasmata and separation of homologous chromosomes 
occur by action of the forces that pull to opposite poles of the spindle. During 
telophase I, the two nuclei newly formed begin to form the nuclear membrane and 
the nucleoli reappear. In prophase II each nucleus has 18 chromosomes; nucleoli 
begin their disintegration while the chromosomes have the highest degree of 
condensation. Begins the formation of the spindle fibers and the chromosomes 
tend towards the equatorial plate of each of the two newly formed cells. In 
metaphase II, chromosomes are in the equatorial plane of each cell, the 
chromosomes are properly anchored to the spindle to be pulled toward the spindle 
poles. In anaphase II, sister chromatids are separate and migrate correctly towards 
the ends poles of the spindle. Later, in telophase II, the chromosomes constitute a 
compact mass, is formed again the nuclear envelope and resulting four haploid 
nuclei. Finally at telophase II occur cytokinesis of simultaneous type and 
microspores tetrad continue its development until the formation of pollen grains. 
Above normal cell division is defined and other different behavior to that previously 
described corresponds to chromosomal abnormalities during meiosis in cassava 
microspores. In chromosomal staining with DAPI annexes is related normal 
meiosis described in pictures. 
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Table 1. Meiotic abnormalities at different meiotic stages in TMS and SM cassava 
genotypes (Manihot esculenta Crantz). 

n=20, where “n” is the sample size. N: normal cell A: abnormal cell. SD: standard deviation. SE: 
standard error. 

Table 1, shown 100% normal cells in metaphase I, II, anaphase I, II and telophase 
I, II in TMS and SM genotypes; in prophase I, 99.82% and 99.48% of normal cells 
in TMS and SM respectively; in prophase II, 48.58% and 1.13% of normal cell in 
TMS and SM respectively and in telophase II, 17.96% and 5% in TMS and SM. 
The TMS presented several abnormalities in different division stages. During 
prophase I stage, six cells with multiple nucleoli (Figure 1a) and 13 cells with 
stickiness chromosomes (Figure 2a) were counted, of a total 874 of cells 
evaluated; at prophase II stage, 181 cells with multiple nucleoli (Figure 1b) and one 
cell with micronucleoli (Figure 2c) was counted, of a total of 354 cells evaluated; 
during telophase II, three cells with micronuclei (Figure 1i), 899 cells presenting 
different nucleoli number (Figure 1c), three cells with tripolar spindle (Figures 2d, 
2e), ten cells with abnormal cytokinesis leading to triad formation (Figure 4b) and 
three cells leading to polyads formation (Figure 4d) were observed, of a total of 
1119 cells evaluated. In others stages of meiotic division, chromosomal 
abnormalities were not observed.  

Table 2. Nucleoli number in microspores tetrad on 350 cells of TMS cassava 
genotype and 500 cells in SM cassava genotype. 

Genotype/# 
tetrads  

Nuclei number in microspore tetrads 

 

1 nucleolus 2 nucleoli 3 nucleoli 4 nucleoli 5 nucleoli 

TMS60444/365  826 477 140 11 1 

SM1219-9/500  1003 743 243 8 0 

               

The SM genotype presented a lower number of abnormalities at meiotic division 
than TMS genotype. In the SM genotype during prophase I, seven cells presented 
multiple nucleoli (Figure 1d), of a total of 1360 cells evaluated; in prophase II, 435 
cells exhibited multiple nucleoli (Figure 1e), of a total of 440 cells evaluated; 
Finally, at telophase II, five cells with micronuclei of different sizes (Figure 1m), 

N A N A N A N A N A N A N A N A

% 97.826 2.174 100 0 100 0 100 0 48.587 51.413 100 0 100 0 17.962 82.038

Average 42.75±15.75 0.95±0.65 15.15±3.31 0±0 4.15±1.14 0±0 3.05±0.81 0±0 8.6±3.12 9.1±2.51 10.25±2.35 0±0 12.45±4.1 0±0 10.05±2.96 45.9±16.74

SD 70.468 2.946 14.837 0 5.122 0 3.649 0 13.986 11.239 10.538 0 18.36035 0 13.26 74.886

SE 15.757 0.658 3.317 0 1.145 0 0.815 0 3.127 2.513 2.356 0 4.105 0 2.965 16.745

% 99.485 0.515 100 0 100 0 100 0 1.136 98.864 100 0 100 0 5.006 94.994

Average 67.65±19.26 0.35±0.22 21.15±4.74 0±0 6±1.47 0±0 10.1±2.03 0±0 0.25±0.12 21.75±4.14 21.9±3.86 0±0 20.8±3.74 0±0 4.05±1.16 76.85±17.16

SD 86.147 0.988 21.211 0 6.601 0 9.084 0 0.55 18.553 17.282 0 16.76 0 5.226 76.749

SE 19.263 0.22 4.743 0 1.476 0 2.031 0 0.123 4.148 3.864 0 3.747 0 1.169 17.161

Prophase I Metaphase I Anaphase I Telophase IStatical 

MeasuresGenotype

Abnormal cell in meiosis

TMS60444

SM1219-9

Prophase II Metaphase II Anaphase II Telophase II
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1502 cell presenting multiple nucleoli (Figure 1f) and five cells with abnormal 
cytokinesis leading to triads formation (Figure 4f) were observed, of a total of 1618 
cells evaluated. 

At meiosis I, the two materials presented a few abnormal cells with multiple 
nucleoli at prophase I (Figures 1a, 1d), stickiness chromosomes at anaphase I. 
These abnormalities occurred principally at meiosis II and corresponding to 
multiple nucleoli at prophase II (Figures 1b, 1e) and telophase II (Figures 1e, 1f). 
According to this was estimated the nucleoli number at telophase II in each 
microspores tetrad. Multiple nucleoli were formed in each of the four microspores; 
finding a random distribution of 1, 2, 3, 4 and 5 nucleoli in each microspore. The 
table 2 shown nucleoli numbers in microspores; 826 and 1003 microspores with 
one nucleolus in TMS and SM respectively; 477 and 743 with two nucleoli in TMS 
and SM respectively; 140 and 243 microspores with three nucleoli in TMS and SM 
respectively; 11 and 8 microspores with four nucleoli in TMS and SM and only one 
microspore with five nucleoli in TMS.  

Occasionally, microspores were formed with only one nucleolus (Figure 2f). The 
multiple nucleoli are considered abnormalities because there is co-dominance in 
nucleolus expression, and should be a process of silencing of one or several 
nucleoli organizer regions NOR; having total or partial repression of NOR. 
Generally the nucleoli numbers represent the number of NOR chromosomes pairs 
and multiple nucleoli formation occurs by the presence of additional pairs of 
chromosomes NOR with nucleoli formation activity. The presence of additional 
nucleoli indicates a hybrid origin of cassava, suggesting that if two or more nucleoli 
are formed, there is co-dominant in NOR expression of ancestral genomes. 

A normal meiosis produces four haploid microspores of similar size. In cassava 
genotypes were evidenced dyads, triads and polyads and nuclei formation of 
different sizes. Dyads formation (Figures 1g, 1k) occurs by a mechanism of nuclear 
restitution, corresponding to parallel spindle by recessive gene producing 2n 
gametes. Nuclear restitution at triads formation during anaphase II was also 
evidenced, where two nuclei newly formed tends to segregate to the same 
location, fusing their nuclei (Figure 2b). The polyads or triads are formed by tripolar 
spindles (Figures 2d, 2e) during anaphase II. The spindle position determines the 
correct cytokinesis. Polyads are also formed by nuclear fragmentation (Figures 1h, 
1l) and cytokinesis multiple (Figures 1j, 1n) without replication during microspore 
tetrads stage, where acts mutant recessive gene, which evidenced supernumerary 
division and finally microspores degeneration. The micronuclei were resulting by 
chromosome stickiness, while microcytes were resulting from multiple cytokinesis 
(Figures 1j, 1n) generated by mutant gene.  
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Figure 1. Abnormalities at cassava meiosis. Multiple nucleoli at prophase I (a), prophase II (b) 

and tetrad stage (c) in TMS genotype. Multiple nucleoli at prophase I (d), prophase II (e) and tetrad 
stage (f) in SM genotype. Nuclear restitution and unreduced gametes in TMS (g) and SM (k). 
Nuclear fragmentation in TMS (h) and SM (l). Micronuclei formation in TMS (i) and SM (m). Multiple 
cytokinesis in TMS (j), and SM (n). 

There were few abnormalities in both cassava genotypes, unreduced gametes by 
dyads and triads formation (Figures 1g, 1k). The multiple micronucleoli and the 
unreduced gametes formation, allows infer an allopolyploids origin of cassava 
species. This polyploidy could be originate by fertilization of unreduced gametes, 
allowing duplicate the chromosome number and continues with bivalent 
chromosome pairing typical of a diploid. 

Another abnormality was stickiness chromosome at prophase I, causing those 
chromosomes not segregate correctly, leading to micronuclei formation. This 
abnormality is controlled by recessive genes, and expressed like chromosome 
fragmentation and spindle abnormalities. 
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Figure 2. Abnormalities during meiosis division in TMS and SM genotypes. Stickiness 

chromosome at prophase I (a). Nuclear restitution producing triads at telophase II (b). Micronuclei 
formation at prophase II (c). Tripolar spindle at telophase II (d, e). Normal cell with only one nucleoli 
by nuclei at telophase II (f).  

The samples behave as diploid with chromosomal association of 18 bivalents 
(Figure 3a), normal segregation during anaphase I separating the 36 homologous 
chromosomes in 18 chromosomes for each nuclear region newly formed, (Figure 
3b). Chromosomes pairs have a stable homeology due to fertility restorer genes 
allowing the synapse between chromosomes that are not homologous. 

 
Table 3. Chromosome position, chromosome pairing and segregation during 
meiosis division of TMS and SM cassava genotypes. 

Genotype 
Chromatin position at 

metaphase I cells 
Chromosome association 

Chromosome segregation 
at anaphase I 

  Center Periphery 18-II 16-II; 1-IV 12-II; 3IV 18-18 22-14 

TMS60444 169 155 9 6 1 9 1 
SM1219-9 209 201 18 4 0 3 0 

 

Table 3 presents at metaphase I, 169 and 209 cells in TMS and SM genotypes are 
placed in a position of centric chromosomal plates (Figure 3c); and 155 and 
201cells in TMS and SM with peripheral position of chromosomal plates (Figure 
3d), and there is no difference between genotypes. During metaphase II, there are 
different positions among metaphase plates (parallel, perpendicular and 
orthogonal), giving rise to different arrangements in microspore tetrads such as 
tetrahedral, crisscrossed, lineal and isobilateral (Figures 3e-h) respectively. The 
type of tetrahedral tetrad (Figure 3e) associated with convergent spindles is 
considered the most primitive arrangement tetrads and it’s the most common in 
cassava. 
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Figure 3. Chromosomal association at prometaphase I (a). Chromosomal segregation at 

anaphase I (b). Centric chromosome position (c). Peripheral chromosome position (d). Arrangement 
microspores at tetrad stage, tetrahedral (e), crisscrossed (f), lineal (g) and isobilateral (h). 

 

3.2  MEIOTIC INDEX (MI) 

Hundred flower buds of TMS and SM genotypes in each repetition were evaluated 
through of data recording in three external and internal anthers by separate slide in 
each flower bud. In TMS genotype 18275 cells were evaluated in the first 
repetition, while in the second repetition 15967 cells. In the SM genotype, 18390 
cells were counted in the first repeat, and second time, 15602 cells. In both 
genotypes, microspores tetrads were formed in a 99% per repetition. The data 
recording were similar for external and internal anthers, as shown in Table 4. 

TMS and SM genotypes presented abnormal meiotic products, as dyads, triads 
and polyads, these abnormalities were in low rate, less than 1%. Monads formation 
was not evident in any genotype. Dyads presented two microspores of similar size 
with parallel position and one facing each other. Some triads were formed by three 
microspores of similar size, while other triads presented two microspores of a 
similar size and one of a small size, like as a microcyte. The polyads were 
established with different number of nuclei (5 to 12 nuclei) and with different sizes 
(Figure 4d and Figure 4h). 

TMS genotype presented higher frequency of abnormal cells than SM genotype, 
mainly by increased of triads. TMS genotype presented principally tetrads (Figure 
4c), and less frequently abnormal cells in both replicates and in the internal and 
external anthers, corresponding to dyads (Figure 4a), triads (Figure 4b) and 
polyads (Figure 4d). 
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Table 4. Meiotic products of the external and internal anthers of immature flower 
buds in TMS and SM cassava genotypes. 

 
n=300, where “n” is the sample size. SD: standard deviation. SE: standard error. 

 

The SM genotype was more stable, and give rise to a higher number (Figure 4g), 
and less commonly dyads (Figure 4e), triads (Figure 4f) and polyads (Figure 4h). 
The first repetition of the SM genotype only evidenced one abnormal cell (triad) in 
internal anthers; in external anthers not showed abnormal cells. However, the 
second repeat presented more abnormal cell than the first repetition, principally 
triads, the second repetition had an application of Sistemin one month before 
(systemic insecticide of contact and residual action). 

Table 5. Meiotic index in TMS and SM cassava genotypes. 

 
                          MI%: Percent meiotic index; n=300, where “n” is the sample size.  

The meiotic index consists in count the number of normal and abnormal post-
meiotic products (microspores), as shown in Table 5, determining that tetrads with 
four microspores of similar size are assumed as normal. Any conformation different 
to tetrads are considered aberration. The meiotic index measures the degree of 
meiotic stability of a genotype through of their meiotic products. Those materials 
with meiotic index higher than or equal to 90%-100% are considered meiotically 

Mon Dyad Triad Tetra Poly Mon Dyad Triad Tetra Poly

% 0.00 0.01 0.71 99.23 0.05 0.00 0.01 0.83 99.13 0.03

Average±SE 0±0 0.003±0.003 0.227±0.029 31.687±0.591 0.017±0.009 0±0 0.003±0.003 0.24±0.028 28.73±0.611 0.01±0.006

SD 0 0.058 0.499 10.234 0.152 0 0.058 0.479 10.579 0.1

SE 0 0.003 0.029 0.591 0.009 0 0.003 0.028 0.611 0.006

% 0.00 0.00 0.67 99.31 0.02 0.00 0.00 0.43 99.51 0.06

Average±SE 0±0 0±0 0.183±0.025 27.373±1.063 0.007±0.005 0±0 0±0 0.11±0.019 25.533±1.042 0.017±0.007

SD 0 0 0.429 18.42 0.082 0 0 0.334 18.048 0.128

SE 0 0 0.025 1.063 0.005 0 0 0.019 1.042 0.007

% 0.00 0.00 0.00 100.00 0.00 0.00 0.00 0.01 99.99 0.00

Average±SE 0±0 0±0 0±0 31.62±0.372 0±0 0±0 0±0 0.003±0.003 29.677±0.314 0±0

SD 0 0 0 6.439 0 0 0 0.058 5.444 0

SE 0 0 0 0.372 0 0 0 0.003 0.314 0

% 0.00 0.03 0.34 99.53 0.10 0.00 0.09 0.32 99.55 0.04

Average±SE 0±0 0.007±0.005 0.087±0.016 25.577±0.245 0.027±0.009 0±0 0.023±0.009 0.083±0.017 26.193±1.018 0.01±0.006

SD 0 0.082 0.282 4.236 0.161 0 0.151 0.289 17.63 0.1

SE 0 0.005 0.016 0.245 0.009 0 0.009 0.017 1.018 0.006

January

External anthers
Genotype

TMS60444

TMS60444

SM1219-9

SM1219-9

June

January

June

Internal anthersTime 

Period

Statistical 

Measures

MI% MI%

External Internal

June 99.23 99.12

January 99.31 99.51

June 100 99.99

January 99.53 99.56

Time 

period
Genotype

TMS60444

SM1219-9
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stable. The meiotic index analysis in producing double haploid cassava plants by 
culture of isolated microspores is important as an indicator of genetic stability of the 
materials used for the in vitro culture. Also meiotic index allow identify abnormal 
meiotic products as poliads that could be confused as potentially embryogenic 
pollen. 

Meiotic index is used for selection and addressing in plant breeding programs as 
an indicator of meiotic stability and fertility of plants, besides being a useful and 
simple criterion to assess abnormalities during microsporogenesis. A result of 
abnormal meiosis leads to reduced viability and low fertility in pollen grains. 
Moreover, the selection of plants with higher normal meiotic improves selection 
results, because most plants have lower fertility chromosomal abnormality. 

The meiotic index was high for the two materials, up to 99%, indicating that the 
genotypes are meiotically stables. However the SM material is more stable than 
TMS material, because showed a lower frequency of abnormal post-meiotic 
products. In both genotypes an important number of unreduced gametes were 
formed resulting in dyads and triads. 

 

Figure 4. Meiotic products (dyad, triad, tetrad and polyad, respectively) in TMS (a-d) and SM (e-

h) cassava genotypes 

 

3.3  MICROSPORE TETRADS VIABILITY  

In TMS genotype, 3753 total cells were evaluated, being 1675 cells with Alexander 
staining and 2079 cells with FDA staining with a viability of 73.01% and 69.05% 
respectively. In SM genotype 3570 cells were evaluated, being 1789 cells were 
evaluated with Alexander staining and 1781 cells with FDA staining with a viability 
of 70.49% and 72.42% respectively. Both genotypes presented themselves similar 
results and also similar for the two stains, where viable microspores stained with 
FDA staining showed a fluorescent yellow-green color and nonviable microspores 
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presented no fluorescence. Viable microspores stained with Alexander staining 
had dark purple and nonviable microspores had a light green stain or no staining. 

Table 6. Viability of microspores tetrad in TMS and SM cassava genotypes with 
FDA and Alexander staining,  

 
FDA Staining 

Genotype 
Statistical 
measures 

Viable 
nonviable 

1m 
nonviable 

2m 
nonviable 

3m 
nonviable 

4m 

TMS60444 

% 55.871 22.377 12.079 6.352 3.321 
Average±SE 12.9±0.318 5.167±0.171 2.789±0.139 1.467±114 0.767±0.08 

DE 3.017 1.629 1.319 1.088 0.765 
SE 0.318 0.171 0.139 0.114 0.08 

SM1219-9 

% 64.627 18.248 9.826 4.773 2.527 
Average±SE 12.788±0.3 3.611±0.13 1.944±0.104 0.944±0.084 0.5±0.065 

DE 2.85 1.242 0.987 0.798 0.622 
SE 0.3 0.13 0.104 0.084 0.065 

 
Alexander Staining 

Genotype 
Statistical 
measures 

Viable 
nonviable 

1m 
nonviable 

2m 
nonviable 

3m 
nonviable 

4m 

TMS60444 % 65.254 18.09 7.582 5.672 3.403 
  Average±SE 12.144±0.301 3.367±0.126 1.411±0.105 1.056±0.092 0.633±0.066 
  DE 2.862 1.203 1.004 0.878 0.626 
  SE 0.301 0.126 0.105 0.092 0.066 

SM1219-9 

% 60.537 20.123 10.62 5.981 2.793 
Average±SE 12.033±0.275 4±0.154 2.111±0.127 1.188±0.101 0.544±0.067 

DE 2.611 1.461 1.212 0.958 0.638 
SE 0.275 0.154 0.127 0.101 0.067 

n=90, where “n” is the sample size. 

TMS and SM genotypes presented principally microspore tetrads with four cells 
viable and fewer cells with zero microspores viable. In TMS genotype, 55.87% of 
tetrads presented four viable microspores with FDA staining and 65.25% presented 
four viable microspores with Alexander staining. Tetrads with three viable 
microspores presented the 22.38% of viability with FDA staining and 18.09% viable 
with Alexander staining. Cells with two viable microspores were 12.08% with FDA 
and 7.58% with Alexander staining. Cells with one viable microspore were 6.35% 
and 5.67% with FDA and Alexander staining respectively. Cells with nonviable 
microspores were 3.32% with FDA staining and 3.40% with Alexander staining 
shown (Figure 5). 

In SM genotype, 64.63% of cells with four viable microspores with FDA staining, 
and 60.54% cells with four viable with Alexander staining. Three viable cells 
presented 18.25% with FDA staining and 20.12% with Alexander staining. Cells 
with two viable microspores were 9.82% and 10.62% with FDA and Alexander 
staining respectively. The 4.77% with FDA staining and 5.98% with Alexander 
staining presented one viable microspore. Cells with four nonviable microspores 
presented the 2.53% with FDA staining and 2.79% with Alexander staining, shown 
(figure 6).  
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Figure 5. Viability in TMS genotype. Zero viable microspores with Alexander staining (a), and 

FDA staining (b) light (c). One viable microspore with Alexander staining (d), and FDA staining (e) 
light (f). Two viable microspores with Alexander staining (g), and FDA staining (h) light (i). Three 
viable microspores with Alexander staining (j), and FDA staining (k) light (l). Four viable 
microspores with Alexander staining (m), and FDA staining (n) light (o). 
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Figure 6. Viability in SM genotype. Zero viable microspores with Alexander staining (a), FDA 

staining (b) light (c). One viable microspore with Alexander staining (d), FDA staining (e) light (f). 
Two viable microspores with Alexander staining (g), FDA staining (h) light (i). Three viable 
microspores with Alexander staining (j), FDA staining (k) light (l). Four viable microspores with 
Alexander staining (m), FDA staining (n), light (o). 
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4. DISCUSSIONS 

4.1  CHROMOSOME ABNORMALITIES 

The TMS and SM cassava samples behave as diploid with chromosomal 
association of 18 bivalents in prophase I, segregation during anaphase I separating 
the chromatids in 18 chromosomes for each nuclear region newly formed. In 
cassava wild spp and cultivars present a chromosome number of 2n=36 and 
homologous chromosomes association of 18 bivalents at metaphase I plate (Hahn 
et al., 1990; Vasquez and Nassar, 1995; Fregene et al., 1997; Carvalho and 
Guerra, 2002; Jennings and Iglesias, 2002; Sardos et al., 2009; Wang et al., 2010), 
normal segregation of 18 chromosomes toward each pole at anaphase I (Singh 
and Nair, 1968). Even, is reported regular pairing and total synapsis in 
interespecific hybrid (Magoon et al. 1970; Nassar et al., 1994; Nassar and Freitas, 
1997; Carvalho and Guerra, 2002; Nassar et al., 2010).  

Chromosomes are similar in their degree of high condensation and relatively 
uniform in size. During anaphase I, the homologous chromosomes separated, 
allowing for chromosomal counting, and move towards opposite poles driven by 
the spindle apparatus (Wang et al., 2010), chromosomal segregation is stable with 
18 chromosomes to each pole at anaphase I. Cultivars of cassava with normal 
meiosis and regular chromosomal segregation at anaphase I and II (Carvalho and 
Guerra, 2002; Almeida, 2011); no laggards at anaphase I and not micronuclei at 
the tetrads stage were observed by Vasquez and Nassar, (1995); At the end of 
telophase II a simultaneous cytokinesis occur giving rise to tetrads formation of 
four haploid (n) microspores of equal size (Singh and Nair, 1968; Ogburia et al., 
2002). Wang et al., (2010) and Perera et al., (2012) reported in cassava different 
rearrangements in tetrads stage, more common a tetrahedral configuration 
associated with convergent spindles and  characterized by having one microspore 
in a plane and three microspores on another plane. During metaphase II, there are 
parallel and perpendicular positions among metaphase plates; it could be due to 
chromosomal plates placed in centric and peripheral position giving rise to different 
arrangements in microspore tetrads such as tetrahedral, crisscrossed, linear and 
isobilateral. 

Abnormalities in cassava microspores have been reported by different authors; 
Singh and Nair, (1968) reported chromosomes at the metaphase I as univalent. 
Separation and disjunction of chromosomes at meiosis I varied from normal to 
nearly normal (Hahn et al., 1990). Nassar et al., (1994) and Almeida, (2011) 
reported no disjunction of chromosomal laggards during anaphase I; this 
chromosomal laggards eventually form scattered univalents on cytoplasm and then 
are eliminated as micronuclei of different sizes (Ogburia et al., 2002; Nassar et al., 
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2010). Study of PMC in the tetrad phase revealed the formation of abnormal 
tetrads having 1-3 micronuclei in hybrid plants (Nassar, 2000). In this work we 
evidenced stickiness chromosomes that not segregate correctly and leading to 
micronuclei formation; this abnormality is controlled by recessive genes and 
expressed like chromosome fragmentation and spindle abnormalities which 
determine an incorrect cytokinesis. At prophase II stage were observed 
micronucleoli. In telophase II presented tripolar spindle allowing polyads formation, 
abnormal cytokinesis leading to triad formation and cells leading to polyads 
formation. 

Singh and Nair, (1968); Ogburia et al., (2002); Perera et al., (2012) reported that 
callose matrices produced fewer or even more than four cells (2 or 16), asserting 
that could be a possible result of abnormal meiosis or mitosis. Polyads formation is 
given by polyspory, usually the result of the occurrence of lagging chromosomes 
which form micronucleus or to be due to the additional division of members of a 
tetrad caused by Polymitotic gene (Singh and Nair, 1968). The microcytes 
evidenced multiple cytokinesis at microspore tetrads stages generated by 
Polymitotic gene, its polyads are formed by nuclear fragmentation and cytokinesis 
multiple without replication during microspore tetrads stage, where acts Polymitotic 
mutant recessive “po” gene, which produces supernumerary division and finally 
microspores degeneration. 

During tetrad microspores stage were observed multiple and different nucleoli 
number (2 to 6) formed in each of the four microspores; this results are similar to 
reports in cassava did by Magoon et al., (1970); Hahn et al., (1990); Nassar et al., 
(1994) and Carvalho et al., (2009). The maximum number of nucleoli per nucleus 
was six, although in most cells it were lower, probably due to restricted NOR 
activation and nucleoli fusion; multiple micronucleoli formation occurs by the 
presence of additional pairs of chromosomes NOR with nucleoli formation activity. 
Generally the nucleoli number represent the number of NOR chromosomes pairs 
with secondary constrictions or satellite, at mitosis two of them are not visible as 
secondary constrictions or are rarely activated (Carvalho and Guerra, 2002). The 
multiple nucleoli are considered abnormalities because there is co-dominance on 
nucleolus expression, carrying processes of silencing of one or several nucleoli 
with total or partial repression of NOR; however multiple nucleoli could not affect 
the viability of the meiotic products and not interfere with the meiotic processes 
Pers. Comm. Caetano, C. 

The most convincing cytological evidence for the occurrence of unreduced 
gametes in higher plants has probably come from research on microspores 
(Nassar, 2000); due to larger pollen could represent unreduced gametes and be 
indicative of polyploidy (Ickert-Bond, et al., 2002). A normal meiosis produces four 
haploid microspores of similar size. Further, in many plants have been evidenced 
monads, dyads, triads. Reports of 2n functional gametes resulting from 
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abnormalities during microsporogenesis and megasporogenesis in crop plants 
have been published (Ogburia et al., 2002).  

The formation of unreduced microspores like dyads and triads appears to be a 
common phenomenon in all Manihot group by meiotic restitution and other meiotic 
irregularity (Nassar, 2001; Almeida, 2011); also its supported by Hahn et al., 
(1990); Nassar et al., (1994); Vasquez and Nassar (1995), who have reported a 
high frequency of unreduced microspores among cassava wild and clones. Wang 
et al. (2010) and Perera et al., (2012) reported that the existence of cassava pollen 
dimorphism could be due to unreduced pollen grains, as also is reported in Ipomea 
spp, Ephedra spp and Gossypium species (Becerra and Orjeda, 2002; Ickert-Bond, 
et al., 2002; Sheidai, 2008). Nassar, (2000) reported variation in 2n gamete 
production varying from one line to another of cassava; these variation may be 
attributed mainly to genotypic differences. It is believed, therefore, that this 
character is heritable and genetically controlled and not due to the disturbance of 
chromosome asynapsis. It was probably acquired by cassava from its wild 
ancestors (Nassar et al. 1995), representing an evolutionary remnant in cassava 
(Nassar and Freitas, 1997; Vasquez and Nassar, 1994. In various crops, 
interespecific hybridization has led to the disturbance of meiotic division, with 
consequent meiotic restitution; this phenomenon is apparently caused by 
chromosomal meiotic disturbance in hybrids due to the disharmony between 
different genomes (Nassar et al., 1994).  

The mechanisms of 2n pollen formation in cassava are being investigated, the 
frequencies of microspores observed at the tetrad stage for interspecific crosses 
with cassava seem to indicate more than one mechanism involved (Hahn et al., 
1990; Nassar, 2000). According to reports; monads, dyads and triads are formed 
owing to nuclear restitution by failure of the meiotic divisions, possibly formed by 
chromosomal breakdown at anaphase I and irregular wall development resulted in 
abnormal spores usually larger than normal members of a tetrad (Singh and Nair 
1968; Ogburia et al., 2002). Dyads with 36 chromosomes formed each pole could 
occur in first and second meiotic division, both types are capable of producing 2n 
gametes. First meiotic restitution is more valuable since it preserves most heterosis 
and epistatic interactions (Nassar et al., 1994). Also, dyads are forming due to 
spindle abnormalities at meiotic metaphases I and II (Vasquez and Nassar, 1995; 
Nassar, 2000). Moreover, dyads could be by fusion of the metaphase plates at 
second division, forming one binucleate spore as twin pollen (Singh and Nair, 
1968). Triads arise due to irregularities in the formation of the wall, forming a 
binucleate and two uninucleate spores (Singh and Nair, 1968). Similar results in 
this work were identified, dyads formation occurs by a mechanism of nuclear 
restitution, corresponding to parallel spindle, where the parallel spindle gene “ps” 
produces 2n gametes (Becerra and Orjeda, 2002). Nuclear restitution at triads 
formation during anaphase II was also evidenced, where two nuclei newly formed 
tends to segregate to the same location, fusing their nuclei.  
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Formation of unreduced microspores and megaspores is a common phenomenon 
in angiosperm and plays an important role in polyploidization (Nassar, 2000); the 
significance of this phenomenon is that it provides direct evidence on 
polyploidization from lower ploidy levels through the mechanism of unreduced 
gametes and not through other types of somatic doubling (Nassar and Freitas, 
1997). Reports of 2n functional gametes Manihot resulting from spontaneous 
meiotic abnormalities observed in microsporogenesis and megasporogenesis 
suggests that the genetic base in cassava could also be of a bilateral sexual 
polyploidization in diploid cassava plants (Ogburia et al., 2002). Its unreduced 
gametes seems to have anticipated the emergence of whole group and is 
response of their fast speciation by weak crossing barriers in the Manihot genus, 
contributing to the success and reproduction of sterile interspecific hybrids by 
providing them fertility (Nassar, 2001).  

According to basic number x=9 of Euphorbiaceae family, suggested that cassava 
and other Manihot spp. could be an allotetraploid with chromosome number 
2n=4x=36 derived from the basic number of the family (Jennings 1963; Hahn et al., 
1990; Fregene et al., 1997; Nassar and Freitas, 1997; Jennings and Iglesias, 
2002). It could have derived from an ancestor that evolved through the ages to 
diploid level; and relatively recent, without the establishment of strong barriers of 
reproductive isolation or important modifications in the original n=18 karyotype of 
the group (Carvalho and Guerra, 2002; Pessoa, 2011). Also Manihot species are 
considered segmental allotetraploids that was derived by crossing between two 
closely related parental taxa and fertilization of unreduced gametes allowing 
duplicate the chromosome number and continues with bivalent metaphase 
chromosomes complete pairing at meiosis typical of a diploid (Hahn et al., 1990; 
Fregene et al., 1997; Nassar and Freitas, 1997; Jennings and Iglesias, 2002). 
Chromosomes have a stable homeology pairs due to fertility restorer genes that 
allow the synapse between chromosomes that are not homologous. The bivalent 
pairing present inheritance disomic for chromosome pairing allows inferring that 
cassava is allotetraploid specie (Fregene et al., 1997). Also, structure of the 
inflorescence wild Manihot species are typically allogamous (Nassar, 2000) 
conferring a possible hybrid origin. However, not found wild Manihot with 
chromosome number of 2n=18, which could supports the allopolyploid theory in 
cassava species (Fregene et al., 1997). But, no occurrence of spontaneous 
tetraploids 2n=72 chromosomes was found to be produced by unreduced gamete 
fertilization, it seems to be rare (Allem 1994; Nassar, 2000; Sardos et al., 2009). 
But, tetraploid and triploid cassava clones with enormous vigor and genetic 
variation have been produced (Hahn et al., 1990; Sreekumari et al., 1999). 

Various authors present evidence allopolyploid origin in Manihot by studies of 
pachytene karyology, three or four nucleolar chromosomes with satellites and two 
sets of dissimilar nucleoli organizing regions (Jennings, 1963; Fregene et al., 1997; 
Carvalho and Guerra, 2002; Jennings and Iglesias, 2002). The presence of 
additional micronucleoli confirm a hybrid or polyploid origin of cassava, suggesting 
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that if two or more nucleoli are formed there is co-dominant expression of NOR's 
and two o more ancestral genomes are expressing the nucleoli regions and are 
active.  

4.2  MEIOTIC INDEX 

The SM genotype presented a lower number of abnormal microspores tetrads than 
TMS genotype with 99.76% y 99.29% respectively; this is similar to that reported 
by Perera et al., (2012) in pollen grains, who evidenced that frequency overall were 
90 % of the pollen grains of lines SM with normal size and 70 % in the line TMS; 
also showed large pollen grains was significantly higher in TMS genotype as 
compared with SM genotype. In general, the meiotic products in genotypes TMS 
and SM are very stable, because they produce a high number of microspore 
tetrads with meiotic index were over 99% indicated high degree of meiotic stability 
in their meiotic products in both genotypes; according to Love (1951) meiotic index 
higher than or equal to 90%-100% is considered as meiotically stable. Reports by 
Nassar et al., (2010) in cassava lines at tetrads were almost 100% normal in the 
1176 spores of the diploid hybrid; also Nassar et al., (1994) studied cassava 
tetrads with 99.15% of normal tetrads and 0.31% of triads, similar in TMS and SM 
genotypes evaluated in this work. Other study of hybrid cassava in the tetrad 
phase revealed the formation of abnormal tetrads having 1-3 micronuclei (Nassar 
and Freitas, 1997). 

Abnormal microspores formation in cassava is reflected in reports of CIAT Annual 
Report, (1990); Wang et al., (2010) and Perera et al., (2012), who reported 
dimorphism in pollen grains by evidence of larger or smaller size pollen as 
compared with the normal pollen size. According to CIAT Annual Report, (1990) 
normal pollen grains were 140-160um in diameter and smaller grains were 80-
100um in diameter, having a strong correlation between pollen dimorphism and 
fertility, where normal grains showed a fertility level of 23-75%, while abnormal 
pollen ranged from 0-16%. This indicated that abnormal size in pollen grain could 
be correlated with unbalanced gametes sterile. 

The presence of giant grains has frequently been used as an indicator of 2n pollen. 
Based on this information, it was initially hypothesized that dimorphism in cassava 
could be due to unreduced pollen grains Wang et al., (2010); Perera et al., (2012). 
However, Perera et al., (2012) reported that majority of abnormal pollen grains 
were non-viable. Several workers have reported species with a tendency to form 
unreduced microspores and frequency of such gametes may vary from one line to 
another, indicating that microspore formation is gene controlled and not due to the 
disturbance of chromosome. Vasquez and Nassar, (1995), find variation for 2n 
gamete production among the cassava clones. Similarly Hahn et al., (1990), 
identified that the majority of the interspecific hybrid clones produced 2n pollen, but 
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their frequencies varied with cross-combinations and also with clones within 
respective cross-combinations. 

Unreduced gametes like dyads and triads were formed by abnormal meiotic 
products, similar to that reported in cassava cytogenetic studies. Singh and Nair, 
(1968) studied clones that produced fewer or even more than four microspores per 
PMC; dyads normally arise as a result of failure of the archesporial nucleus to 
complete division after the chromosome segregation and fusion of the metaphase 
plates at second division. Dyads and triads were also observed owing to nuclear 
restitution after the first or second meiotic division or irregular wall formation at 
cytokinesis, usually larger than normal members of a tetrad, very large pollen 
grains (Nassar et al., 1994; Vasquez and Nassar, 1995; Ogburia et al., 2001; 
Perera et al., 2012).  

Polyads seem to occur by multiple cytokinesis at tetrad stages, similar reported in 
cassava by Singh and Nair, (1968), who declared that polyspory appears to be due 
to division of the members of tetrads. Also Perera et al., (2012) reported callose 
matrices in cassava containing from 5 to 12 cells, and could be a possible result of 
abnormal meiosis or mitosis. Is evident that polyads was formed in abnormal 
meiotic products by “po” single recessive polymitotic gene, which carries 
supernumerary divisions in tetrad stage Kaul and Murthy, (1985). Normal and 
abnormal pollen grains would exhibit differential behavior in anther and isolated 
microspore culture, and abnormal pollen grains could be confused as embryogenic 
(Annual Report, 1990). For this reason, is ideal work in microspore and tissue 
culture with plant meiotically stables and with high tetrads and pollen viability for to 
be used in vitro culture. 

4.3 MICROSPORE VIABILITY 

Studies conducted by Wang et al., (2010) revealed that the use of acetic carmine, 
Alexander’s and potassium iodide (lugol) staining method in pollen grain was 
restricted due to the thick and auto-fluorescent exine wall in cassava. The current 
study showed the viability in immature pollen grains using fluorescein diacetate 
and Alexander staining, indicating that both staining methods presented viability 
greater than 70% in cassava immature pollen; these values were lower than the 
studies performer by Perera et al., (2012) in pollen viability in the same genotypes. 

There are a number of non-genetic causes of pollen non-viability, including pollen 
age and physical factors such as temperature and humidity. The degree of pollen 
sterility varies between clone, and low seed yield per pollination and seed sterility 
have frequently been reported as problems in cassava breeding (Hahn et al. 1979). 
Gradual pollen death occurs with maturity, resulting in decreased viability at the 
time of anthesis. The death of pollen grains was similar in the lines studied after a 
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certain stage of starch reserve accumulation. Although viability tests revealed a 
high percentage (≥80 %) of viable pollen at the tested stage (3.2 mm), it decreased 
to 10 % at anthesis (Perera et al., 2012). Cassava with 94.09% of viable pollen 
grain and 0.26% of diploid pollen grains formation. Only 36.68% diploid pollen 
grains were viable (Nassar et al., 1994), this low viability is attributed to irregularity 
of chromosome pairing. Nassar and Freitas, (1997); (Carvalho and Guerra, (2002), 
studied pollen viability in Manihot interspecific hybrids observed up to 94.03 % of 
viable pollen; Also, Nassar et al., (2010) observed in hybrid diploid 83.5% pollen 
viable. Ogburia et al., (2002) find between 56–97% of pollen stainability in clones 
studied. Pollen viability was assessed SM with 85% of viable and TMS with 90% of 
viable (Perera et al., 2012). The high pollen viability of the diploid hybrid reflected 
too this regular chromosome pairing, and regular segregation in anaphase of the 
diploid. Tetrads were almost 100% normal in the 1176 spores of the diploid hybrid 
(Nassar et al., 2010). 

The formation of tetrads was regular. After release from the callose wall the 
microspores started to mature and produce the thick sporoderm stratification 
typical in Manihot species (Tang et al., 1983). In anaphase I separation and 
disjunction of chromosomes varied from normal to nearly normal. Subsequent 
meiotic divisions were also nearly normal in a majority of the PMCs observed, with 
high pollen stainability (Hahn et al., 1990). Callose matrices containing 8 or 12 
cells, the majority of these pollen grains, however, were non-viable and it would be 
interesting to analyze whether the few viable small pollen grains become nonviable 
later in their development (Perera et al., 2012). Also Almeida, (2011) observed 
meiotic irregularities, but these were not enough to impair fertility, hybrid had a 
normal meiotic behavior and segregation regular and therefore with formation of 
viable pollen suggesting fertile individuals. 
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5. CONCLUSIONS 

 Most PMCs had a proper cell division, but also very few cells had 
abnormalities in their division. Abnormalities occurred mostly during the 
second phase of meiosis making unstable meiosis II; this favors the correct 
formation and viability of microspores because during prophase I there are 
more complex transient structures and greater chromosomal interaction 
than during meiosis II. 
 

 Chromosomal abnormalities in cassava leads to the formation of unreduced 
gametes (dyads and triads), the formation of multiple nucleoli is considered 
abnormal for co-dominancy in their expression and / or silencing of the 
activity of NOR; these abnormalities and added the correct chromosome 
bivalent pairing do indicate that cassava is an allotetraploid plant, and 
therefore the Manihot genus should be considered tetraploids, as all species 
of the genus have been reported with 2n = 36 chromosomes. 
 

 The viability using Alexander staining and fluorescein diacetate in cassava 
microspore tetrads was high and very similar for both viability tests, these 
data are related with the high degree of meiotic index, indicating a high 
percentage of viable and properly microspores formed. A meiosis correct 
form normal microspore tetrads, and the formation of normal tétradas leads 
to high viability in microspores and pollen 
 

 According to their meiotic index> 99% and high viability of microspores 
tetrads, the TMS and SM cassava varieties, form mainly stable and 
balanced meiotic products, ideal for use in the Project of doubled haploid 
plant production of cassava. 
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ANNEXES 

Protocol 1. Meiotic Index 

1. Objetives:  

 
a. Estimate the frequency of abnormal tetrads per anther 

b. Find the reason for occurrence of abnormalities in meiosis  

 
2. Material: SM1219-9; TMS60444 

 
3. Sampling: Flowers bud/anther 

The gametogenesis depends on several factors such as environment (climate, 
weather), soil environment, chemical application (pesticide, fertilize etc) 
physiological status of the plant, age of the plant etc. Therefore, sampling should 
be done to minimize the error occurred due to these factors.  

a. Analyze two times per year (July, October, January) 

b. Collect the material from two fields on each time (Eg. field 2, field 3) 

c. Analyze at least 100 buds containing tetrads for material 

d. Observe 3 anthers from each external and internal whorls 

 
4. Methodology: Cytogenetic preparation of PMC using carmine staining 

Collect 200 flower buds of each genotypes, fix in ethanol: acetic acid (3:1), after 24 
hours, renovate the fixer solution, transfer to ethanol 70%, take the first bud and 
extract three external anthers and three internal anthers; smear and mount each in 
one slide and analyze one by one anther, stain with carmine staining. The means 
values of MI are analyzed considering each slide as a replication 

Plants with MI higher than or equal to 90%-100% are meiotically stable. Tetrads 
with four similar size microspores are assumed as normal and any irregularity are 
considered aberration, abnormality of monads, dyads, triads, polyads. 
 
The meiotic index (MI) as percentage of normal tetrads, is calculate according to 
Love (1951), is described as: 
 

MI% = (Number of normal tetrads/Total number of tetrads)×100 
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5. Data recording: Record the following conditions at the time of material 

collection 

 Weather condition (dry, sunny, rainy, cloudy) 

 Age of the plants (for each field) 

 Soil condition (whether -irrigated, weed controlled, fertilizer applied) 

 Chemical application (whether any chemical is applied) 

 Any other related thing 

 

Data Recording – Tetrads Analysis 
 
Genotype: ______________ Period: __________________ Magnification: 
__________ 
 
Branch: ________________ Field: ____________________ 
 

Bud number External anthers Internal anthers 

# Slid Mon Dyad Triad Tetra Poly Total Mon Dyad Triad Tetra Poly Total 

1 1             

2             

3             

2 1             

2             

3             

3 1             

2             

3             

4 1             

2             

3             

5 1             
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2             

3             

6 1             

2             

3             

7 1             

2             

3             

8 1             

2             

3             

9 1             

2             

3             

10 1             

2             

3             

Protocol 2. Viability of cell using FDA staining 

Objectives: 

 Develop a staining technique for cassava tetrads with FDA 

 Evaluate the viability of cassava tetrads with FDA staining 

 Study the changes of viability that occur within the microspores at different 

stages of the protocol in vitro culture 

Material: TMS60444 

Sampling: tetrads of microspores/ pollen grains/ multicellular structure 
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 Analyze 50 samples in the material TMS60444 

 Analyze 50 samples in each treatment of material TMS60444 

 Count the viability and non-viable of cell 

 Count the viability of each one of the microspores in tetrads 

 Use the protocol of isolation of microspores 

 Revise three fields in each slide 

Treatments 

 T1. Before sterilization 

 T2. After sterilization 

 T3. After cold pretreated 

 T4. Culture after 3 days 

 T5. Culture after 7 days 

Methodology 

1. Collect, selection and prepare the samples 

 Collect fresh floral bud, size between 2,3–2,6 mm diameter for evaluate the 

viability in microspores tetrads 

 Collect samples of in vitro culture of different stages, for evaluate the 

viability in multicellular structure  

 Blend 50 flower buds to evaluate in each treatment 

 Add the samples in eppendorf tubes 

 Centrifuge with 500rpm for 1 minute, discard the supernatant briefly 

 
2. Staining with FDA 

 Place two drops of the working solution (FDA-buffer mixture) in eppendorf 

tube, containing the sample  

 Maintain five minutes in the dark 

 
3. Mount in slide 

 Place the sample in one slide,  

 Cover slip and mount 

 Seal coverslips 

 
4. View with fluorescence microscope 

 View the sample using a fluorescence microscope with filters (excitation 

488nm; emission 530 nm) 

 Indicator: live cell (yellow-green) 
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Data recording: 

 Tetrads with 4 stained microspores 

 Tetrads with 3 stained microspores 

 Tetrads with 2 stained microspores 

 Tetrads with 1 stained microspores 

 Tetrads without any stained microspores 

 Stage of  treatment 

 Count viable cell 

Solutions 

 
FDA Stock Solution (2 mg FDA/ml of acetone) 
 

 In an extraction chamber dissolve 2mg of FDA in 1ml of acetone using a 
micropippet of 1000ul 

 Mix softly using the micropippet, loading and unloading slowly the drops, 

until homogenize the stock solution 

 Aliquoted to 100ul in opaque tubes and label the tubes (FDA, date, 

Concentration) 

 stored at <-20°C 

FDA Working Solution (2ul of Stock Solution in 1ml of 1X-PBS) 

 Dissolve 1ul of FDA stock solution using a micropippet of 20ul in 1ml of the 

buffer 1x-PBS, pH7.5 

 protect FDA work solution from light with aluminum foil  

 Storage the solution at 4°C  

 The stock solution of FDA is very volatile – the FDA-buffer mixture will not 

keep for more than 2h 

Data Recording – Viability analysis 

Genotype: ______________ Period: ______________ Magnification: 
____________  

Branch: ________________ Field: ____________________ 

Slide Field Treatment Viable non viable 
1m 

non viable 
2m 

non viable 
3m 

non viable 
4m 

Total 
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1 1        

2        

3        

2 1        

2        

3        

3 1        

2        

3        

4 1        

2        

3        

5 1        

2        

3        

6 1        

2        

3        

7 1        

2        

3        

8 1        

2        

3        

9 1        

2        
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3        

10 1        

2        

3        

Total - -       

 

Protocol 3. Chromosomal abnormalities with carmine/DAPI staining 

Objective: Develop a staining technique for cassava tetrads with carmin/DAPI 

Material: SM1219-9. Immature pollen grains and tetrads of microspores 

Treatments: 

T1. Freshly extracted microspores in PBS 
T2. Dehydrate with ethanol series (30%, 50% and 70%) 
T3. Fix in Farmer solution (ethanol-glacial acetic acid) relation 3:1 for 
overnight and then store in 70% Et-OH 
T4. Fix with FAA (Formaldehyde, acetic acid, ethanol) 
T5. Hydrolysis with HCL 1N during 10, 20 and 30 minutes to 37°C 

Methodology 

5. Collect, selection and prepare the sample 

 Collect 200 fresh floral bud, size between 2,0–2,3 mm diameter 

 Blend with 25ml of 1X-PBS buffer during 20 second to low speed 

 Filter microspores with 104um filter (discard) 

 Filter with 70um filter and wash the filter into falcon tube of 15ml with 9ml 

1X-PBS for recuperate the sample 

 Centrifuge with 500rpm for 1 minute, discard 4ml of supernatant  

 Mix well the pellet and divide it in 5 tubes eppendorf with 1ml everyone  

 Label the tubes eppendorf 

 Centrifuge with 1000rpm for 1 minute, discard the supernatant 

 
6. Conserve the sample 

 Do the sampling according to the above three method T1, T2,T3 and T4 for 

conserve the sample 
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 The better treatment was fix the sample in 1.5ml of Farmer solution 

(ethanol-glacial acetic acid) relation 3:1 for overnight to 4°C 

 Centrifuge with 1000rpm for 1 minute, discard the supernatant 

 Add 70% Et-OH and store to 4°C 

 Centrifuge with 1000rpm by 1 minute 

 
7. Counterstaining DAPI 

 Wash the sample three times briefly with 1X-PBS 

 Centrifuge with 1000rpm by 1 minute 

 Extract quickly the microspores of the tubes with Pasteur pippet 

 Add the sample in slide and aggregate two drop of DAPI working solution  

 Cover with coverslip 

 Incubate for 10 minutes 

 Wash the sample briefly with 1X-PBS 

 
8. Mount in slide 

 Drain excess of buffer 1X-PBS from coverslip and mount 

 Seal coverslips 

 
9. View with fluorescence microscope 

 View the sample using a fluorescence microscope with filters 

(excitation=358nm; emission=461nm) 

 

Solutions 

DAPI Stock Solution (5mg/ml - 14.4mM for the dihydrochloride) 

 In an extraction chamber dissolve a vial of 5mg of DAPI-dihydrochloride in 

1ml of deionized water using a micropippet of 1000ul 

 Mix using the micropippet, loading and unloading slowly the drops, until 

homogenize the stock solution 

 Sonicate if is necessary 

 Aliquoted to 100ul in eppendorf tubes and label the tubes (DAPI, date, 

Concentration) 

 stored at <-20°C 

DAPI Working Solution (100ng/ml in PBS) 
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 Dissolve 2ul of DAPI Stock Solution using a micropippet of 20ul in 100ml of 

PBS 

 Incubate the solution dark for 30 minutes at room temperature 

 protect DAPI work Solution from light with aluminum foil  

 Storage the solution at 4°C  

Phosphate-Buffered Saline (1L of 1X-PBS) 

 Start with 800ml of distilled water in a beaker of 1000ml 

 Weigh and add 8g of NaCl to beaker 

 Weigh and add 0.2g of KCl 

 Weigh and add 1.44g of Na2HPO4 

 Weigh and add 0.24g of KH2PO4 

 With pH-meter adjust the pH from buffer to 7.4 with HCl 

 Add distilled water a total volume of 1 liter 

 aliquots and sterilize by autoclaving (20 minutes at 121°C) 

 Store at room temperature 

Stock solution - Phosphate-Buffered Saline 1X-PBS 

Component MW 100ml 200ml 500ml 1000ml 

NaCl 58,4g/mol 0,8 1,6g 4g 8g 

KCl 74,55g/mol 0,02g 0,04g 0,1g 0,2g 

Na2HPO4 141,95g/mol 0,14g 0,28g 0,72g 1,44g 

KH2PO4 136,08 g/mol 0,024g 0,048g 0,12g 0,24g 

 

 
Data Recording – count chromosome 

 
 

Genotype: ________________ Period: ___________________ Branch: _______________ Field: 
____________ 

 
 Abnormal cell in meiosis 

 

Bud number 

Profase I Metafase I Anafase I Telofase I Profase II Metafase II Anafase II Telofase II 

N A T N A T N A T N A T N A T N A T N A T N A T 

1                         

2                         
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3                         

4                         

5                         

6                         

7                         

8                         

9                         

10                         

 

 

Abnormalities Profase 
I 

Metafase 
I 

Anafase 
I 

Telofase 
I 

Profase 
II 

Metafase 
II 

Anafase 
II 

Telofase 
II 

Precocious 
chromosome 
migration 

         

Laggard 
chromosome 
migration 

        

Chromosome 
stickiness 

        

Chromosome 
stickiness bridge 

        

Tripolar spindle         

Dyads         

Triads         

Polyads         

Nucleolus number         

Micronucleus         

Unreduced 
gametes 
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Cell 
number 

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 

Univalent                         

Bivalent                         

Trivalent                         

Tetravale                         

 

Chromosomal staining with DAPI 

 

 

 

 

 

 

 

 

chromosome 
number 

Microspore 
1  

Microspore 
2  

Microspore 
3  

Microspore 
4  

Microspore 
5 

Microspore 
6 

Segregation 
Meiosis I 

                              

Segregation 
Meiosis I 

                              

Segregation 
Meiosis II 

                              

Segregation 
Meiosis II 
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Meiotic división in PMC. a. Prophase I (up) and metaphase I (down) b. Early 
anaphase I. c. Anaphase I. d. telophase I. e. prophase II. f. methaphase II. 
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Microspore tetrads. a. telophase II without occurs cytokinesis b. lineal microspore 
tetrad occurs cytokinesis. c. isobilateral microspore tetrad occurs cytokinesis. d. 
tetrahedrical microspore tetrad finished cytokinesis 

 

Microspore tetrads. a-b. Microspore with mix DAPI/carmine staining in 
fluorescence and light respectively. c-d. Microspore tetrad with mix DAPI/carmine 
staining in fluorescence and light respectively 
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Microspores. a. Microspores tetrad, one microspore in mitotic anaphase. b 
Microspores tetrad, one microspore with nuclear fragmentation. c. polyad with 
nucleoli multiple . d. fragmentation and degeneration of microspores 

 


