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Abstract

Meiosisisan event of high evolutionary stability which culmi-
natesin areduction of chromosome number. The normal and
harmonious course of meiosisensures gameteviability. Thecy-
tologic events of gametogenesis are controlled by alarge num-
ber of genesthat act from premeiotic to postmeiotic mitosis.
M utationsin these genes cause anomaliesthat may impair fertil-
ity, and many abnormalitiesaffecting plant fertility or causing total
mal e sterility have been detected during the eval uation of mei-
otic behavior in some species. Some of these abnormalitieshave
been frequently described in theliterature, while others have not
been previously reported. Themost frequent abnormalitiesfound
inthe speciesanalyzed wereirregular chromosome segregation,
cytomixis, chromosome stickiness, mixoploidy, chromosome
fragmentation, syncyte formation, abnormal spindles, and fail-
ure of cytokinesis. Uncommon abnormalities, such as chromo-
some elimination during microsporogenesis, werefound in one
species. Original meiotic mutations affecting different steps of
meiosiswere al so observed in these species, especialy in maize,
Paspalum and soybean. Some mutants present characteristics
that may be exploited successfully in breeding programs because
they causetotal male sterility.

INTRODUCTION

Meiosisisaseemingly paradoxical processinwhich
universality and uniquenessare harmonioudy combined. All
organisms, irrespective of their evolved complexity, mei-
otically reduce the chromosome number at the start of
sexual reproduction, compensating for fertilization and
maintaining the diploid chromosome set from generation
to generation (Golubovskaya, 1979).

Micro- and megasporogenesis comprise three se-
guential stagesthat culminatewith gamete formation, that
ispre-meiosis, meiosis and post-meiosis, which are con-
trolled and coordinated by adiversity of genes. Meiosis,
in addition to being the stage of longest duration, isalso
the stage that consumesthemost cellular energy andiscon-
trolled by alarger number of genes than the other stages.
Although consisting of individual components, suggesting
independent hierarchical gene control at each step, meio-
sisisahighly coherent integrated process, athough the
steps may be changed by the presence of mutant genes
resulting in abnormal meiotic products that prevent ga-
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mete formation and impair plant fertility. Similarly, pre-
and post-meiosis may also be affected by the action of
mutant genes, but these events, in contrast to meiosis, are
controlled by arelatively small number of genes. The ma-
jor mutations causing mal e sterility are post-meiotic, and
sterile male mutants provide apotential starting point for
the genetic and molecular investigation of anther and pol-
len development in higher plants. In addition, such mu-
tants have often been investigated for their applicationsto
plant breeding, and in particular for their potential usein
the production of hybrid seed (Kaul, 1988). Seventeen
years ago, the Laboratory of Plant Cytogenetics of the
State University of Maringa (PR, Brazil) started some stud-
ies aimed at the evaluation of meiotic behavior in plant
species economically important to Brazil. About 50 spe-
cieswereanayzed and, in general, most of them presented
some problem related to seed production.

MATERIAL AND METHODS

Various specieswereinvestigated, including those of
agronomic value (Zea mays, Brassica napus, Brassica
campestris, Glycine max, Saccharumofficinarum, Cedrela
fissilis, Hevea brasiliensis, Euphorbia heterophylla, Vitis
vinifera, Avena sativa and more than 30 Paspalum spe-
cies), medicina value (Centellaasiatica, Ochna sp., Pilo-
carpus pennatifolius, Aloysia lycioides, Cissus sp.), and
ornamental value (Chlorophytum comosum, Thunbergia
mysorensis, Aptenia cordifolia, and Boungainvillea). Spe-
ciesof agronomic value (usually represented by commer-
cial cultivars, inbred lines or accessions from germplasm
collections) were donated by private breeding companies
or governmental enterprisesinvolvedin plant breeding, es-
pecialy the nationa research centers for specific crops
(Embrapa). Medicinal specieswere collected in the Me-
dicina Garden of the State University of Maring4, whereas
those of ornamental valuewere collected in Maringacity.

Thenumber of plantsanayzed in each study wasvari-
able, depending on the objectivesand the avail ability of the
material. For all species, the methodology employed for
mel otic analys swasthe same. Flower budsintheideal stage
for meiotic studies were fixed in 3:1 alcohol:acetic acid,
transferred to 70% al cohol and stored under refrigeration.
Slideswere prepared by the squash techniquefollowed by
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staining with 1% propionic carmine. Starting from the
pachytene, all meiotic phaseswere anayzed. When neces-
sary and possible, pollen viability wasal so tested.

RESULTS AND DISCUSSION

Maize is the crop most frequently analyzed in our
[aboratory, with studieshaving been started twenty yearsago
to assessthe genetic control of chiasmafregquency (Paglia-
rini, 1980) which we showed to be under polygenic con-
trol, suggesting that inbred lines may present differences
in chiasma frequency after inbreding. This fact was later
confirmed by Aguiar-Perecin et al. (1984), who showed that
alow chiasmafrequency leadsto the appearance of univa-
lent chromosomes. In order to correlate chiasmafrequency
with combining ability many inbred linesof maizewereana
lyzed (Pagliarini, 1983, 1989; Pagliarini et al., 1986), and
in all casesthere was a correlation between thetwo traits,
showing that univalents lost during the meiotic process
impair pollen fertility and seed production.

Themost common meictic abnormality found wasir-
regular chromosome segregation, characterized by preco-
cious chromosome ascension and laggards. Thisirregular-
ity waswidely observedininbred linesof maize (Pagliarini,
1983, 1989; Pagliarini et al., 1986; Defani-Scoarizeet al.,
1995a,b, 1996), Chlorophytum comosum (Pagliarini etal.,
1993), sugarcane (Pagliarini et al., 1990), Bougainvillea
(Adamowski et al., 1996), Aloysia lycioides (Corazza-
Nuneset al., 1993, 1995), Hevea brasiliensis (Pagliarini et
al., 1992a), Ochna sp. (Pagliarini et al., 1992b), Pilocarpus
pennatifolius (Pagliarini and Pereira, 1992), Aptenia
cordifolia (Pagliarini, 1990a), Centellaasiatica (Consolaro
and Pagliarini, 19964), Brassica napus and B. campestris
(Souzaet al., 1997), and in many Paspalumspecies (Freitas
et al., 1997; Adamowski et al., 1999). The causes of this
abnormality can bediverse. Univaent chromosomesat di-
akinesis or metaphase | may result from low chiasmafre-
guency, precocious chiasmaterminalization or by the pres-
ence of asynaptic or desynaptic genes in prophase | (for
review, see Gottschalk and Kaul, 1980a,b; K oduru and Rao,
1981). Irrespective of their origin the meiotic behavior is
alwaysthe same, with univalents showing precocious as-
cension a metaphase | or remaining aslaggards a anaphase
I Inboth casesthey may originate micronuclei at telophase
| andinmeiosisll. Inall speciesinwhichirregular chromo-
some segregation occurred acorrel ation between this char-
acteristic and pollen fertility or seed production was ob-
served. Another more rare segregational abnormality ob-
served was hon-congressed bivalents at the equatoria plate
in metaphase |, only found in Chlorophytum comosum
(Pagliarini et al., 1993), Glycine max (Bione et al., 1999)
and Avena sativa (Baptista-Giacomelli, 1999).

Chromosometransfer from cell to cell through cyto-
plasmic connections, aphenomenon known as cytomixis,
has been observed in Pilocar pus pennatifolius (Pagliarini
and Pereira, 1992), Centella asiatica (Consolaro and

Pagliarini, 1995), Brassica napusand B. campestris (Souza
and Pagliarini, 1997), maize (Cagtano-Pereiraand Peglliarini,
1997), and Glycine max (Bione et al., 1999). Although
cytomixis has been reported in several plant species, its
originisnot clear, but among thefactorsthought to causeit
are the influence of genes, abnormal cell wall formation
during premeictic divisions, chemicals, pathological con-
ditions, herbicides, radiation, temperature, mechanical in-
jury, hybridization and polyploidy. The causesof cytomixis
inthe speciescited abovewere not identified, although the
affected plantswere grown under the same environmental
conditionsasnormal ones. Although therole of cytomixis
in plant evolution is considered an additional mechanism
for theorigin of aneuploidy and polyploidy, thedeviationin
chromosome number affects pollenfertility. Inall the spe-
cies investigated the number of cells showing cytomixis
waslow, althoughit, along with other cellular abnormali-
ties, contributed to increased pollen sterility.

Chromosome stickinesswas another abnormality ob-
served in some plants, occurring in maize (Caetano-Pereira
etal., 1995a), Centella asiatica (Consolaro and Pagliarini,
1996b), Brassica napus and B. campestris (Souza and
Pagliarini, 1996) and Glycine max (Bione et al., 1999).
Stickinessis characterized by chromosome clustering dur-
ing any phase of the cell cycle. The phenotypic manifesta-
tion of gtickinessin these specieswashighly variable, rang-
ing from amild phenomenon involving only afew chromo-
somesin the genome, to an extensive oneinvolving the en-
tire chromosome complement. Chromosome stickiness
may be caused by genetic and environmental factors, and
several agents have been reported to cause chromosome
stickiness. In maize cultivated in Brazilian cerrado (Bra-
Zilian savanna) soils, whereal uminum saturationisnaturally
high, Caetano-Pereiraet al. (1995a) observed intense chro-
mosome stickiness in microsporocytes, with inbred lines
being more affected than hybrid lines, while in the other
species, the results suggested that interactions between the
plant genotype and the environment caused chromosome
stickiness. In severe cases of stickiness, the lack of chro-
mosome separation provoked the formation of single or
multiplepycnotic nuclei which culminatedin full chroma-
tin degeneration. Depending on the intensity of chromo-
some stickiness, pollen fertility may be partial or totally
affected. Although many studies have reported the occur-
rence of chromosome stickiness, the primary cause and
biochemical basisof the phenomenon areunknown. Gaulden
(1987) postulated that stickiness may result from the de-
fective functioning of one or two types of specific non-
histone proteins involved in chromosome organization
which are needed for chromosome separation and segrega
tion. Thealtered functioning of these proteinsis caused by
mutation in the structural genes coding for them (heredi-
tary stickiness) or by thedirect action of mutagens (induced
stickiness).

Chromosome fragmentation, chromosome degenera-
tion, mixoploidy and cell fusion were also observed among
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the speciesinvestigated, especially in maize. Someinbred
lines, single-crossand double-cross hybrids, cultivated in
cerrado soilsand in the south of the country, presented in-
tense chromosome fragmentation (Caetano-Pereiraet al .,
1995b), closely resembling the chromosome shattering
reported in the literature. The spontaneous appearance of
thisabnormality in plantsisunusual, and previous descrip-
tions have indicated that it was due to induction by radia-
tion, sometimes associated with chemicals and agents
known to be clastogenic and mutagenic (Cremer et al.,
1981; Albanese, 1982; Cremer and Cremer, 1986). The
chromosome fragmentation observed in maize microspo-
rocytes may be associated with damaged of DNA repair
mechanisms caused by genetic and/or environmental fac-
tors. This assumption is due to the fact that inbred lines
from distinct locations, but of common origin, were much
more affected than heterozygous genotypes, and the phe-
notypic expression of this abnormality was much higher
when the lines were cultivated on acid soils. Mixoploidy
also occurredin thisgroup of genotypes (Caetano-Pereira
et al., 1998a), and 13 genotypes out of 43 evaluated pre-
sented pollen mother cells with different levels of ploidy
inthe same anther, ranging from diploidy to octaploidy. In
plants cultivated in southern Brazil al cells with altered
ploidy levels presented nuclear fusion, i.e., al chromosomes
shared the same nucleus, but in plants cultivated in the cen-
ter western region, in addition to thistype of behavior for
4n cells, other cells(4n, 6n and 8n) only showed cytoplasm
fusion, with the nuclei remaining individualized. Although
mixoploidy iswidely reported in somatic tissues (for are-
view, see Nirmala and Rao, 1996), it is rare in anthers.
Mixoploidy isoften associated with the occurrence of poly-
ploidy, hybridization, chemicals and, in same cases, it is
genetically controlled. Inthe affected maize genotypes, the
resultssuggest that the abnormality isunder genotypic con-
trol. Mixoploidy isacytogenetic event of great importance
with practical and evolutionary implications. In higher plants
lacking sexual reproduction, mixoploidy isapotentia force
inevolution, whilein sexualy propagated species, the chro-
mosomal instability in reproductivetissue can produce ga-
metes with variable chromosome numbers with the addi-
tion or loss of chromosomes and the formation of gametes
that can produce aneupl oidsin subsequent generationswhich
may present low fertility due to meiotic irregularities. In
the mai ze genotypes aff ected by mixoploidy, unbalanced
gametesside-by-sidewith normal onescauseimpaired seed
production. Also in this group, the mgjority of genotypes
showed syncyteformation (Caetano-Pereiraet al., 1998b);
although for most genotypes the number of syncyteswas
small, insomeit was higher. These syncytesmust havere-
sulted from cell fusionin premei otic mitosis because they
were observed from the early stagesof meiosis. In another
group of genotypes, aso cultivated in cerrado soils, one
inbred line showed syncyte formation (Caetano-Pereiraet
al., 1999). In some plantsthe syncytes showed progressive
nuclear degeneration at the beginning of meiosis, produc-

ing pycnotic micronuclei and incomplete cell cycle, while
in other plants, meiosiswas compl ete despite syncytefor-
mation. Chromosome degeneration did not occur. Mi-
crospores and pollen grains anomal ous in terms of shape,
size and number of nuclei were observed, but thenucle al-
waysremained separate, and we could not identify the cause
of the abnormality. According to Nirmalaand Rao (1996)
cell fusion and chromatin degeneration may be caused both
by environmental and genetic factors. Cell fusion, with or
without chromatin degeneration, isconsidered to beasource
of male sterility.

Abnormalitiesrelated to abnormal spindlesand fail-
ure of cytokinesis were also frequently observed. Failure
of cytokinesis was found in maize genotypes (Defani-
Scoarize et al., 1995a,b, 1996; Caetano-Pereira et al.,
1998b) and in many accessions of Paspalum species
(Pagliarini etal., 1999). In maize, two geneshave beenre-
ported to disrupt cytokinesis, theva (variable steril€) gene
(Beadle, 1932) and the €l (elongate) gene (Rhoades and
Dempsey, 1966), whereas the absence of cytokinesis has
not been reported in Paspalum. The absence of cytokine-
sisin maize occurred at the end of both meiotic divisions,
with a prevalence for meiosis |1, and as a consequence,
tetranucl eate monads, binucleate dyads and triadswere ob-
served. In some dyads, arestitutional nucleuswasformed.
In Paspalum, only dyadsand triadswereformed, and there
was no cytokinesis at the end of the first meiosis. Abnor-
mal spindles were found in Thunbergia mysorensis
(Pagliarini, 1990b), Ochna (Pagliarini et al., 1992b),
Aloysia lyciodes (Corazza-Nunes et al., 1993), maize
(Defani-Scoarize et al., 1995a,b, 1996; Caetano-Pereiraet
al., 1998b), and canola (Souza et al., 1999). Abnormal
spindlesare a so animportant meiotic irregul arity, because
depending on its shape, the spindle can rejoin or split the
chromosome complement. Tripolar spindles, for example,
produce 2n gametes, while multipolar spindles produce
unbalanced and sterile gametes. The formation of 2n ga-
metes has been investigated both for studies of evolution
(Harlan and De Wet, 1975) and for breeding programs
(Vellleux, 1985). Most specieswith apolyploid serieshave
relied upon 2n gametesfor theevolution of cultivated forms
through sexual polyploidization. Breeders of many vegeta-
tively propagated crops have been taking advantage of the
occurrence of 2n gametes from wild diploid species for
their cultivated polyploid crops through ploidy manipula-
tion (Peloquin and Ortiz, 1992). Unilateral or bilateral
polyploidization through the action of 2n gameteshasbeen
used for geneticimprovement in many crops (Ortiz, 1997).

Chromosome elimination during microsporogenesis,
an uncommon abnormality in plants, was detected in
Paspalum subciliatum (Adamowski et al ., 1998). Chromo-
some elimination occurs preferentially during the early
stages of embryo development (Davies, 1974; Laurieand
Bennett, 1986). Few reports have described this phenom-
enon during gametogenesi sand many mechanismshavebeen
described showing how the chromosomes can be diminated
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(Singh, 1993; Fuge, 1997). The mechanism of elimination
foundin P. subciliatumhasnever been reported in any other
species. In this species meiosiswas normal until diakine-
sis, but starting at metaphase | meiosis was very peculiar
because, whileten bivalentswere clustered in the equato-
rial plate, the other tenweretill dispersedinthe cytoplasm.
In anaphase | the chromosomes showed different abilities
to migrate to the poles and while one genome reached the
polesintelophasel, thelaggard wasin metaphase or anaphase
and was engulfed by extranuclei. In the second division,
behavior of the chromosomeswasthe same, showing clear
asynchrony inthe cell cycle. The chromosomal behavior of
this tetraploid (2n = 40) accession suggests that it is an
allotetraploid resulting from a cross between specieswhose
chromosomes did not have the same rhythm in cell divi-
sion. Chromosome eliminationininterspecific hybridsisa
powerful tool in breeding programs. Differential chromo-
someelimination hasfacilitated the production of additional
lines, while total elimination of one genome permits the
formation of haploids.

Meiotic division is characterized by the occurrence
of aseries of mechanical and biochemical phenomena of
considerable complexity which culminatein the reduction
of chromosome number. Extensive evidence obtained for
different animal and plant specieshasdemongtrated that each
step of meiosisis genetically controlled (see Gottschalk
and Kaul, 1974; Baker et al., 1976; Golubovskaya, 1979;
Kaul and Murthy, 1985). Many meiotic mutantswerefound
during these years, especialy in maize (Albertsen and
Phillips, 1981; Golubovskaya, 1989) and Arabidopsis
thaliana (Dawson et al., 1993). Someof these mutantswere
known, whereas others had never been described before.
Among well-known maize mutants are those displaying
chromosome stickiness, failure of cytokinesis, syncyte
formation, absence of first division, abnormal spindles,
polymitotic divisionin microspores, etc. These mutantshave
been found and described by Defani-Scoarize et al. (1995
a,b, 1996) and Caetano-Pereiraet al. (1995a, 1997, 1998b)
aong with somenew maize mutants. Taschetto and Pagliarini
(1993) havereported an unusual mutation affecting spindle
formation in some plants of adouble-crosshybrid, inwhich
all meiotic stepswere normal up to diakinesis, when disor-
ganization started dueto the lack of spindle formation. In
the absence of a spindle the bivalents did not organizein
the equatorial region, but remained scattered at randomin
the cytoplasm. Thedistance among bivaentswasextremely
variable, with the bivalents clustering into a few groups.
Homol ogous chromosome segregation in anaphase | and
sister chromatid segregation in anaphase |1 did not occur
and meiosiswent directly from diakinesisto thetelophase,
skipping the other phases, and tel ophases with the number
of nuclei ranging from 3to 10 were observed. Asaconse-
guenceof theseirregularities, microsporetriadsand polyads
occurred producing sterile pollen grains of different sizes.

Another original meiotic mutation related to cell shape
wasfound by Caetano-Pereiraand Pagliarini (1996) in sev-

eral inbred linesand hybridscultivated in cerrado soilsand
which presented pollen mother cellswith cytoplasmic pro-
jectionssimilar to the pseudopods of amoebae. Thisabnor-
mality occurred in all phases of meiosis, including pollen
grains, but did not affect meiotic division or pollen fertil-
ity. Another original meiotic mutation was recently discov-
ered by Caetano-Pereiraand Pagliarini in which aprema-
ture and additional cytokinesis occurred in metaphase |,
someti mes fractionating the genome. Despite this prema-
ture cytokinesis, normal cytokinesisoccurred at the end of
the first and second division. At the end of the first divi-
sion, telophase | wasrepresented by atetrad, and at theend
of the second division, telophase |1 was represented by a
polyad, generally with microsporesof different sizes.

Another original meiotic mutation was described in
Paspalum regnellii by Pagliarini et al. (1998), which, in
many aspects, issimilar to that described by Taschetto and
Pagliarini (1993) in maize. Inthe P. regnellii mutant there
was spindle formation with the bivalents arranged at the
equatorial plate asin normal metaphase I, but the spindle
fibersdid not converge towardsthe poles, instead therewas
degeneration of spindlefibersat the end of metaphase! and
chromosome segregation did not occur, with the bivalents
remaining scattered at random in the cytoplasm and rem-
nants of chromosomefibers could be seen closeto the cen-
tromere during thisstage. Intelophase| the bivalentsgave
riseto micronucle with an extremely widevariationin num-
ber and size. With the absence of spindlesin the second
mei0s's, metaphase and anaphase || were not observed. Sec-
ond cytokinesis occurred in prophase || cells after the oc-
currenceof thefirst cytokinesis. Thefinal product of meio-
sis was completely abnormal, with a predominance of
polyadswith microspores of different sizesthat resultedin
abortive pollen grains. Alsoin Paspalum, an unidentified
accession (BRA-014176) presented a sticky mutation that
affected all meiotic phases, impairing chromosome segre-
gation and reducing pollenfertility.

Some meiotic mutants present characteristicsthat may
be successfully exploited in breeding programs, among
which arethosethat cause male sterility inwhichmale ga-
metophytic functionis prevented although the potential for
femal e reproduction remains. Among the mei otic mutants
identified some caused total male sterility. The maize mu-
tant identified in a double-cross hybrid by Taschetto and
Pagliarini (1993) wastotally male sterileand itsdiscovery
led the breedersto removeit from the breeding program. In
thelast year, we began to analyzemalesterile Brazilian lines
of soybean and observed someinteresting mutations. One
line showed normal meiosisup totelophase |1, when some
irregularities started to occur, such astotal or partial fail-
ure of cytokinesis, irregular cell shape and cell degenera-
tion resulting in microspore degeneration in the tetrad and
total pollen sterility. In another line meiosiswas completely
normal until tetrad formation, but the microsporesisolated
from the tetrad did not undergo total transformation into
pollen grains. During pollen devel opment, differentiation
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was affected, culminating intotal sterility. In another soy-
bean line the mutation affected prophase |, causing chro-
mosome asynapsiswhich affected all meiotic phases, pro-
ducing a polyad with many microcytes and sterile pollen.
Although some mei otic mutants causing mal e sterility have
been described in American soybean lines (Palmer et al.,
1978, 1980; Albertsen and Palmer, 1979; Skorupska and
Palmer, 1989), the mutantsfoundin the Brazilian linesare
original and are being tested for usein hybridization breed-
ing programs.
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RESUMO

A meiose éum evento de alta estabilidade evolucionéria
gue culmina naredug&o do nimero de cromossomos. O curso
normal e harmonioso dameiose garante aviabilidade gamética.
Oseventos citol 6gi cos dagametogénese sdo control ados por um
grande nimero de genes que atuam desde asmitoses pré-meidticas
até as pds-mei ticas. M utagdes nestes genes causam anomalias
gue podem afetar afertilidade. Durante aavaliagdo do compor-
tamento mei 6tico em algumas espéci es de plantas, muitas anor-
malidades que af etaram afertilidade ou causaram total macho-
esterilidade foram detectadas. Algumas das anormalidades
encontradasjaeram descritas naliteratura, enquanto outraseram
totalmente desconhecidas. Asanormalidades mai sfreqlientesnas
espécies anali sadasforam segregacdo irregular de cromossomos,
citomixia, aderéncias cromossdmicas, mixoploidia, fragmentagéo
cromossdmica, formagdo de sincicios, fusosanormaisefaltade
citocinese. Eliminagao de cromossomos, umaanormalidade mei 6-
ticarara, foi observadaem umaespécie de Paspalum. Mutantes
mei 6ti cos nunca antes descritos, af etando diferentes passos da
meiose, foram observados em al gumas espéci es, especialmente
em milho, sojae Paspalum. Alguns mutantes apresentam caracte-
risticas que podem ser exploradas com sucesso em programas
demelhoramento, pois causam total macho-esterilidade.
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