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Summary

Colchicine induced polyploids have not directly contributed for crop improvement in the past. On the other hand,
the so-called natural polyploids, derived from the functioning of numerically unreduced (2n) gametes have been
shown to be more relevant for crop improvement in many cases. Different types of cytological abnormalities
during meiosis can give rise to 2n gametes and the genetic composition of these gametes is variable. Depending
on the type meiotic abnormalities, various types of 2n gametes, such as first division restitution (FDR), second
division restitution (SDR), indeterminate meiotic restitution (IMR) and post meiotic restitution (PMR) gametes,
among others, have been described in recent years. For the improvement of autopolyploids such as potato, alfalfa,
Vaccinium spp., and some of the fodder grasses, FDR gametes have been proved to be highly useful. However,
the use of 2n gametes for the improvement of allopolyploid crops has received much less attention so far. Some of
the investigations on allopolyploids, derived from Festuca-Lolium, Alstroemeria and Lilium species hybrids, have
revealed that 2n gametes can be most useful for the introgression of alien genes and chromosomes into cultivars.
An important feature of using sexual polyploidization in the case of allopolyploids is that introgression can be
achieved through recombination due to genetic crossing-over between alien chromosomes as well as addition
of alien chromosomes, which is extremely difficult or impossible to achieve in the case of colchicine induced
allopolyploids. Because of the recent developments in the field of plant molecular biology, methods have become
available for the analysis of 2n gametes and sexual polyploid progenies more accurately and to develop systematic
breeding approaches. The methods include DNA in situ hybridization (GISH and FISH) and molecular mapping
(AFLP, RFLP, RAPDs). In addition to providing basic information on the genetic and genome composition of the
polyploid progenies, these methods can be potentially useful for a more efficient creation of desirable breeding
material and cultivars.

Introduction

It was almost a century ago that the phenomenon
of polyploidy was discovered in plants (Strasburger,
1910; Winkler, 1916). This was important for plant
evolutionary biologists as well as plant breeders in
view of the widespread occurrence of polyploids in
the wild as well as in cultivated plants. Early on,
two types of polyploids were recognized based on the
chromosome constitution of the individuals, viz., auto-
and allopolyploids (which are also often referred to
as polysomic and disomic polyploids respectively in

the recent literature but in this article the traditional
terminology is retained). The term autopolyploid is
used when individuals have three or more homolog-
ous chromosome sets (genomes) derived from a single
species. On the contrary, allopolyploids consist of ho-
moeologous chromosome sets derived from two or
more distinct species. The frequencies of polyploids
in angiosperms have been estimated to be anywhere
between 47% to 70%, depending on the criteria used
by different authors (Grant, 1981; Masterson, 1994),
and regarded as an important mechanism of speciation
and adaptation in plants. Among the cultivated plants,



4

some of the important crops such as wheat, potato, cot-
ton, oat, sugarcane, banana, groundnut, tobacco and
numerous horticultural crops are all polyploids.

With a hope that induced polyploids might be a
shortcut for crop improvement, numerous attempts
were made during the early part of the last century
to synthesize both auto- and allopolyploids, mostly
through colchicine treatment. Literature on various
aspects of polyploids can be found in some of the re-
views (Stebbins, 1950; 1980; Jackson, 1976: Lewis,
1980; Grant, 1981; Levin, 1983). Emphasis on the
usefulness of synthetic polyploids was overly optim-
istic and these have contributed little, if any, to crop
improvement directly. Nevertheless, unlike synthetic
ones, the natural polyploids have been quite successful
in view of their predominance among the flower-
ing plants as well as their success of being import-
ant crops. After recognizing the distinction between
the synthetic and natural polyploids, Skiebe (1958)
made the first systematic effort to synthesize poly-
ploids through the use of numerically unreduced (2n)
gametes. This author assumed that natural polyploids
might have originated through the functioning of 2n
gametes and demonstrated their superiority in the
case of Primula melocoides Franchet. Although the
origin of polyploids through 2n gametes was recog-
nized much earlier (see Darlington, 1939; Stebbins,
1950), the importance of such polyploids was under-
estimated. This was because of the assumption that
the occurrence of 2n gametes in plants is rare and
sporadic, and therefore, might have contributed little
to the origin of polyploids (Stebbins, 1950). Contrary
to this assumption, by a survey of literature, Harlan
& De Wet (1975) showed that almost all plant species
produce 2n gametes in some frequencies and further
argued that all polyploids in plants have originated
through the functioning of 2n gametes.

Polyploids that originate through the functioning
of 2n gametes are called sexual polyploids and their
usefulness for crop improvement has been demon-
strated in some of the crops. Examples are: potato
(Mendiburu & Peloquin, 1971; Mendiburu et al.,
1974), alfalfa (Bingham, 1980; Veronesi et al., 1986),
red clover (Smith et al., 1985), blueberry (Lyrene et
al., in this issue), among others, which are all auto-
polyploids. The literature on these crops has been
reviewed in the past (Veilleux, 1985; Mariani & Ta-
voletti, 1992; Bretagnolle & Thompson, 1995). Be-
sides autopolyploids, there are numerous instances of
sexual polyploidization in the case of allopolyploid
crops, which have not been reviewed so far. Never-

theless, it is apparent that sexual polyploidization is
as important in the case of allopolyploids as they have
been in autopolyploids. In the case of autopolyploid
crops, sexual polyploidization has been useful for the
maximization of heterozygosity in the sexual poly-
ploid progenies (Bingham, 1980) and, secondly, for
germplasm enhancement through the so-called ana-
lytic breeding method (Chase, 1963; Mendiburu et al.,
1974). Both of these objectives can also be achieved to
a certain extent in the case of allopolyploids but intro-
gression of genes and chromosomes from alien species
into the cultivars is more important in the latter.

Generally, 2n gametes originate due to deviat-
ing meiosis in plants. Deviations can occur in plants
with normal chromosome pairing as well as in those
with disturbed chromosome pairing as, for example,
in distant interspecific hybrids or synaptic mutants.
The process that leads to 2n gamete formation is
called meiotic nuclear restitution that occurs either
during micro- or megasporogenesis. Depending on
the particular meiotic stages at which nuclear resti-
tution occurs, different restitution mechanisms have
been recognized, viz., first division restitution (FDR),
second division restitution (SDR) (Mok & Peloquin,
1972; Ramanna, 1979). Besides these, other mechan-
isms such as indeterminate meiotic restitution (IMR)
and post meiotic restitution (PMR), among others,
have also been recognized (Lim et al., 2001; Basti-
aanssen et al., 1996). Apart from the cytological
distinction, different types of restitution gametes are
profoundly different from a genetic point of view. This
means, sexual polyploid progenies originating from
the functioning of different types of 2n gametes are
also expected to be quite different. Through the tra-
ditional cytogenetic approaches, such as half-tetrad
analyses, genetic differences between FDR and SDR
gametes, and the progenies they give rise to, have
been elucidated to some extent, especially in potato
(Mok & Peloquin, 1972; Douches & Quiros, 1987;
Jongedijk et al., 1990). Nevertheless, the traditional
approaches have been proved to be highly inadequate
to unravel the chromosome constitution and genetic
composition of the sexual polyploid progenies derived
from the functioning of different types of restitution
gametes. Fortunately, the introduction of molecular
genetic and cytogenetic methods for the analysis of
polyploids in recent years has dramatically increased
our knowledge regarding the natural and synthetic
polyploids. These methods include different genetic
mapping techniques (RFLP, AFLP, SSR, RAPDs) and
DNA in situ hybridisation (genomic in situ hybridisa-
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tion, GISH and fluorescent in situ hybridisation, FISH)
for the detection of individual genomes, chromosomes
and recombinant segments in the polyploid progenies.
Obviously, these methods have enhanced the accuracy
with which the polyploids can be analyzed and the
knowledge applicable for crop improvement on a more
systematic basis.

In this review, some of the aspects of the modes
of origin of restitution gametes, their potential for
the production of sexual polyploid progenies, tech-
niques used for the analysis of polyploids and the
future prospects of sexual polyploidisation for crop
improvement are considered. In view of the availab-
ility of fairly comprehensive reviews of literature on
autopolyploids, (Veilleux, 1985; Mariani & Tavoletti,
1992; Bretagnolle & Thompson, 1995), mostly the lit-
erature on allopolyploids has received emphasis here.
Besides traditional cytogenetic analyses, attention is
directed to the newly emerging molecular techniques
that are useful for the analyses of polyploids.

Meiotic nuclear restitution mechanisms and the
origin of 2n-gametes

Production of genetically identical 2n gametes in
diplosporic apomictic plant species has been recog-
nized for a long time (Gustafsson, 1946). Two im-
portant characteristics may be noted in diplosporic
apomictic species: 1) the occurrence of 2n gametes
is not sporadic but regular, and 2) the process is,
obviously, genetically determined. Extensive cytolo-
gical investigations in various apomictic plant species
have revealed that there are variations with regard to
the cytological events that lead to the formation of
restitution gametes. These events were described with
various names, such as pseudohomoeotypic division,
semiheterotypic division, mitotitized meiosis, Tarax-
acum type, Hieracium type, and many more (review,
Battaglia, 1963; Nygren, 1971). But in most cases,
the entire chromosome complement in the megaspore
mother cell divides as in mitosis (i.e., centromeres
divide and the two sister chromatids of each chro-
mosome separate to two poles during the modified
process of meiosis) and gives rise to two genetically
identical 2n megaspores. These investigations were
confined exclusively to the study of 2n egg formation
during megasporogenesis in apomictic species.

Apart from apomictic species, meiotic nuclear
restitution and 2n gamete formation were also ob-
served in several sexual species and their potential for

the induction of polyploids was recognized a long time
ago (Karpechenko, 1927; Kihara, 1946). Some not-
able differences were observed in the case of sexual
species as compared to apomictic species. a) Mei-
otic nuclear restitution can occur in both micro- and
megasporogenesis. b) Formation of 2n gametes is
highly sporadic instead of being regular events, and
highly dependent on environment. c) Mostly het-
erogeneous populations of 2n gametes are formed
depending on the cytological mechanisms (Storey,
1956). Although the occurrences of distinct types of
restitution gametes were recognized a long time ago,
the terms such as FDR, SDR and other mechanisms of
2n gamete formation are more recent. Different cyto-
logical mechanisms have been clearly defined in the
case of potato, alfalfa, Alstroemeria, Lilium, and other
plants (Mok & Peloquin, 1975b; Ramanna, 1979;
Veilleux, 1985; Mariani & Tavoletti, 1992; Basti-
aanssen et al., 1996; Lim, 2001) mostly based on the
analyses of microsporogenesis. Since the cytological
events that lead to different types of 2n gametes are
fairly complicated, each of these mechanisms is de-
scribed individually and illustrated in the following
section.

Cytological mechanisms

Undoubtedly, the occurrence of different types of
restitution gametes can be established through careful
cytological analyses of micro- or megasporogenesis in
some cases. But cytological determination may not
always be simple and straightforward. Interpretation
can be difficult because nuclear restitution depends
on various meiotic events such as chromosome pair-
ing, chiasma formation and cytokinesis during the
first meiotic division, and spindle abnormalities during
metaphase II, cytokinesis and cell wall formation dur-
ing telophase II of the second division. Moreover, in
different groups of plants variations exist with regard
to the sequences of meiotic events. For example, in
most of the dicotyledonous plants cytoplasmic divi-
sion during microsporogenesis occurs at telophase II
giving rise to a tetrad. This is the so-called ‘simul-
taneous type’ of cytokinesis. But in most monocoty-
ledonous plants, cytokinesis is of the successive type
during microsporogenesis – meaning that at telophase
I cytokinesis and cell wall formation occurs – and the
second meiotic division proceeds separately in two
different cells (within a pollen mother cell). In this
case, following the second division, cytokinesis and
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cell wall formation again occurs at telophase II giving
rise to a tetrad.

Like in microsporogenesis, marked differences are
present also in the case of megasporogenesis in dif-
ferent groups of plants. For example, more than 75%
of the plant species possess the so-called monosporic,
eight nucleate type of embryo sac formation and most
of these are successive type (Maheswari, 1950). There
are, however, several plants in which cytokinesis and
cell wall formation do not occur during telophase I
of megasporogenesis. Examples of this category are
Lilium and Tulipa. From the existing information,
roughly three different situations can be recognized
among plants. 1. Those with simultaneous type of
cytokinesis during microsporogenesis but successive
type during megasporogenesis (e.g., potato, tomato
and most of the dicots). 2. Successive type of cytokin-
esis during both micro- and megasporogenesis (e.g.,
cereals, grasses, Alstroemeria and several monocots).
3. Successive type of cytokinesis during microsporo-
genesis, and the absence of it during megasporogen-
esis (e.g., Lilium and Tulipa). It is essential to bear
in mind the above three types of situations when
considering meiotic nuclear restitution mechanisms
described below.

First division restitution, (FDR) in a strict sense,
occurs due to an equational division of the entire
chromosome complement (as in mitosis) before telo-
phase I stage. The two 2n nuclei of a dyad will be
genetically identical to each other as well as to the
mother cell (Figure 1a,b). This type of division occurs
in plants in which the homologous or homoeolog-
ous chromosome pairing is completely absent, as for
example in synaptic mutants or distant hybrids. Es-
sentially, this is a modification of meiosis in which
the centromeres divide already during the first meiotic
division rather than later. Examples of such modified
division has been observed in Aegilops squarrosa ×
Triticum durum (Sasakuma & Kihara, 1981) emmer
wheat × A. squarrosa (Fukuda & Sakamoto, 1992);
durum wheat × A. squarrosa, and rye × A. squarrosa
(Xu & Dong, 1992; Xu & Joppa, 1995); wheat ×
barley (Islam & Shepherd, 1980); haploids of durum
wheat (Jauhar et al., 2000), Alstroemeria interspecific
hybrids (Ramanna et al., this issue); Lilium interspe-
cific hybrids (Lim et al., 2001). Complete absence of
chromosome pairing in the meiotic mutants and dis-
tant hybrids occurs only rarely. In those cases where a
limited amount of crossing-over occurs, FDR can give
rise to 2n gametes that are not identical, but differ with
respect to recombinant segments (Figure 1c).

Failure of chromosome pairing is not a pre-
condition for FDR 2n gamete formation. Indeed, in
spite of normal microsporogenesis, with normal chro-
mosome pairing, FDR (or equivalent of FDR) occurs
in a large number of cases due to a different reason.
In these cases, meiosis proceeds normally during the
first division, i.e., anaphase and telophase I stages
will be normal, but during metaphase II stages the
spindles ‘fuse’ and give rise to dyads instead of tetrads.
Whereas the FDR in a strict sense produces identical
2n gametes whose genotypes are the same as those of
the parent, the division equivalent to FDR produces
2n gametes that are not identical to each other nor to
the parental genotype (Figure 1d). A notable feature of
the equivalent of FDR is that it can occur only in plants
that have the so-called ‘simultaneous type’ of cytokin-
esis during microsporogenesis, which is usually the
case in most of the dicotyledonous plant species. It
also implies that this type of FDR is precluded in the
case of ‘successive type’ of micro- and megasporogen-
esis where cytokinesis and cell wall formation occurs
at the end of the first meiotic division.

Besides spindle abnormalities, abnormal cytokin-
esis following anaphase II can also lead to FDR 2n
gamete formation as has been reported by Kamemoto
in orchid (see, Storey, 1956). In this case a triad is
formed in such a way that the 2n microspore possesses
the fusion product of two non-sister nuclei during te-
lophase II giving rise to FDR gametes. Possibility
of the occurrence of both FDR and SDR gametes
due to abnormal cytokinesis has also been reported
in potato (Ramanna, 1973) and holy grass, Hieochloë
odorata (Ferris et al., 1992). One should expect two
important consequences if 2n gametes occur due to
the mechanism that is equivalent to FDR. a) There
will be a higher degree of heterozygosity for genetic
loci that are proximal to the crossover point on the
chromosome. b) The population of 2n gametes can be
much more heterogeneous as compared to those res-
ulting from FDR in synaptic mutants or distant hybrids
where crossing-over is much more restricted (compare
Figures 1b-d).

Traditional cytogenetic methods can be fairly reli-
able for detecting FDR mechanism, especially in the
case of synaptic mutants and distant hybrids, based
on chromosome orientation, spindle abnormalities and
chromosome division. Nevertheless, when more than
one mechanism leads to 2n gamete formation in one
and the same plant, which is often the case, con-
clusions can be misleading. This bottleneck can be
effectively overcome by analyzing the chromosomes
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Figure 1. Consequences of FDR, without and with crossing-over in a hybrid. (In figures c-d, successive stages of metaphase I to sporads are
shown from left to right) a. Somatic karyotype of hybrid. Two genomes represented by two pairs of homoeologous chromosomes (shown in
black and gray). b. Meiotic stages showing FDR without crossing-over that give rise a dyad with two identical nuclei that are similar to the
parent cell (Figure 1a). c. Same as in b, but with a cross-over in one pair of homoeologous chromosomes. Note: one of the nuclei in the dyad
is dissimilar to the parental karyotype (Figure 1a). d. Both pairs of homoeologous chromosomes have paired, anaphase I is normal, but during
the second meiotic division all chromosomes divide as single unit by forming one equatorial plate (fused spindle). Although the restitution
occurs during the second division in this case, the results are similar to those shown in 1b and 1c in preserving the parental chromosomes in the
restitution gametes (except for the recombinant segments in 1c and 1d).
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of the parent and sexual polyploid progenies through
molecular cytological techniques (GISH and FISH)
or mapping methods (half-tetrad analysis) through
the use of molecular genetic markers. Both of these
methods have been demonstrated to be effective for
detecting the mechanism of restitution and the extent
of crossing-over. An important feature of the FDR
mechanisms (Figure 1) is that, with the exception
of crossover segments, the chromosome sets of the
parental genomes remain intact in the resulting 2n
gametes.

Second division restitution and the other two mech-
anisms (Figure 2), on the other hand, involve the
disruption of parental genomes due to independent as-
sortment of chromosomes as well as the segregation
of the recombinant segments. In the case of typical
SDR, homologous or homoeologous chromosomes
pair completely and the half-bivalents disjoin nor-
mally at anaphase I of meiosis. The resulting haploid
products do not divide further but restitute in the sense
that the centromeres divide but the chromatids do not
separate to two poles (Figure 2a). As a consequence,
the regions between the centromere and the first cros-
sover point in each chromosome pair remain identical
(thus homozygous) whereas the segments distal to the
crossover point will be heterozygous (Figure 2a) in
the resulting 2n gametes. In those plants that have
simultaneous cytokinesis during microsporogenesis,
cytoplasmic division and cell wall formation occurs
prematurely during either telophase I or prophase II
stages already (Mok & Peloquin, 1975a). In plants
with successive type of cytokinesis, which occurs
predominantly during microsporogenesis in monocots
and megasporogenesis in most plant species, the hap-
loid nuclei resulting from normal disjunction restitute,
i.e., centromeres divide without the separation of the
chromatids. When both the nuclei restitute at two
poles they give rise to a dyad, and when only one of
the nuclei restitutes a triad is formed. Although the
formation of a dyad or a triad can be used as a criterion
for the detection of SDR, conclusive proof for SDR
mechanism can be established only through genetic
mapping of the sexual polyploid progenies. This is be-
cause SDR occurs in hybrids or genotypes in which the
genomes are closely related so that they pair normally
during metaphase I. In the absence of chromosome
differentiation, DNA in situ hybridisation methods are
ineffective for the elucidation of the chromosome con-
stitution in the sexual polyploid progenies. Therefore,
genetic mapping methods (half-tetrad analyses) us-
ing genetic markers such as morphological, isozyme,

RFLP and RAPDs have been used for the elucidation
of SDR in some of the crops (Douches & Quiros,
1988; Jongedijk et al., 1991; Tavoletti et al., 1996). In
view of random assortment of chromosome pairs and
a high degree of homozygosity due to chromosome
doubling, SDR gametes form a highly heterogeneous
population of 2n gametes.

Generally, only two types of 2n gametes have been
recognized to occur in plants, viz., FDR and SDR. Re-
cently, however, a mechanism that is neither FDR in
a strict sense nor SDR has been reported in a Lilium
interspecific hybrid (Lim et al., 2001). The import-
ant feature of this mechanism is that a part of the
chromosome complement can divide equationally as
in FDR and, simultaneously another part of the com-
plement in the same cell can disjoin normally as in
anaphase I and restitute as in SDR (Figure 2b). In other
words, when both univalents and bivalents are formed
during meiosis in a distant hybrid, univalents divide
equationally whereas bivalents disjoin and restitute
giving rise to two euploid 2n gametes. Because this
novel type of restitution cannot be characterized either
FDR or SDR, the expression ‘indeterminate meiotic
restitution’ (IMR) has been used (Lim et al., 2001).
Detection of this restitution mechanism was possible
because of the use of GISH that enabled monitoring of
the meiosis of the F1 hybrid and the identification of
the chromosomes of individual genomes in the sexual
polyploid progeny. The significance of this mechan-
ism is that the 2n gametes originating from desynaptic
genotypes need not necessarily produce FDR gam-
etes with intact parental genomes as was previously
presumed (Peloquin, 1982). On the other hand, even
when synaptic mutants are used as a source of 2n gam-
etes, homozygosity can occur for some of the genetic
loci on certain pairs of chromosomes. Further more,
in allotriploids where both bivalents and univalents are
most commonly formed, the occurrence of IMR might
be a very common phenomenon.

There are several instances among plants where
meiosis proceeds to completion and yet produce 2n,
instead of n or the haploid spores. Probably one of
the well-known examples is that of sugarcane interspe-
cific hybrids where the chromosome numbers of the
haploid egg cells are doubled giving rise to 2n eggs
(Bremer, 1961; Price, 1961). In addition, in one of
the blackberries species, Rubus laciniatus, apomictic
progenies have been reported to arise from diploid-
ization of the reduced egg cells (Dowrick, 1966).
These events are obviously post-meiotic chromosome
doubling events and involve genetic recombination
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Figure 2. Restitution mechanisms in which the parental chromosome constitution (Figure 1a) is disrupted. (In all cases, metaphase I to sporad
stages are shown from left to right) a. Second division restitution. Homoeologous chromosomes pair normally but after normal disjunctional
separation, the nuclei at both pole restitute (centromeres divide but the chromatids do not separate). b. Indeterminate meiotic restitution. Both
bivalent and univalents are formed in the meiocyte. The bivalent disjoins normally (reductional) whereas the univalents divide equationally
and the nuclei restitute. c. Post meiotic restitution. Homoeologous chromosomes pair, disjoin normally giving rise to reduced haploid spores.
Subsequent to normal meiosis, the chromosome numbers of the haploid spores are doubled.
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and chromosome assortment that characterize normal
meiosis (Figure 2c). A salient feature of post mei-
otic doubling is that the resulting 2n gametes are
expected to possess 100% homozygosity for the ge-
netic loci. This has been convincingly demonstrated
by using multiple chromosome specific RFLP mark-
ers in the case of diploid potato that produced 2n
eggs through post-meiotic restitution, or PMR (Basti-
aanssen et al., 1998). Cytological demonstration of
PMR can be proved indirectly from the fact that mei-
osis in such genotypes will be completely normal and
produce normal n gametes but give rise to polyploid
progeny.

Detection of 2n gametes

Several criteria can be used for the detection of 2n
gametes in plants. In some cases these criteria can
be used relatively easily whereas in others they are
more indirect. The simplest way is by staining the pol-
len grains with traditional staining reagents, such as
acetocarmine or lacto phenol acid fuchsin, the size dif-
ferences can be recognized. This method is applicable
in genotypes with normal meiosis and generally the
larger pollen grains represent 2n pollen and the smaller
ones the n pollen (review, Bretagnolle & Thompson,
1995). When meiosis is abnormal as in distant hybrids,
synaptic mutants or odd polyploids (such as triploids),
the presence of stainable pollen is an indication for
the occurrence of 2n pollen although aneuploid pol-
len grains may also be stained. In both instances, the
progeny will possess plants with higher ploidy levels
than the parent(s). Unlike 2n pollen, the detection of
2n eggs in plants is much more difficult. This requires
chromosome counting in the progenies, which is a la-
borious task. However, the formation of 2n eggs can be
more easily detected without chromosome counting in
the progenies by using a curious phenomenon, called
‘triploid block’ that occurs in several plant species. In
these cases when 2x-4x crosses are made, the expected
triploid embryos resulting from the union of a haploid
egg with a 2x male gamete do not survive because of
the embryo-endosperm imbalance of the chromosome
numbers. When such triploid block is effective in a
cross, the only sporophytes that survive are tetraploids
resulting from the union of 2n eggs with 2x male gam-
etes in a 2x-4x cross. This means, by simply making
a 2x-4x cross, the frequencies of the occurrence of 2n
eggs in a diploid can be quantified on the basis of seed
set. This method has been successfully used in potato,

alfalfa, Brassica, Dactylis and several other plants
(Stelly & Peloquin, 1986; Barcarccia et al., 2000;
Heyn, 1977; van Santen et al., 1991). Besides using
pollen size and 2x-4x crosses as criteria for the assess-
ment of 2n gamete formation, there are certain other
methods that are less commonly used but have the
potential for application in some of the crops. These
include the production of the so-called ‘metromorphic
progeny’ as in Brassica intergeneric or interspecific
hybrids (Eenink, 1975; Heyn, 1977), the occurrence
of diploid plants through anther culture from diploid
genotypes as in tuberous Solanum species (Veilleux et
al., 1985; Rivard et al., 1989). Instead of using pollen
size as a criterion, DNA measurement of pollen grains
through flow cytometry has been successful in Lilium
interspecific hybrids (Van Tuyl et al., 1989).

Genetic basis of 2n gamete formation

In plants, it is well-known that mutant genes can af-
fect meiosis in various ways (Baker et al., 1976; Kaul
& Murthy, 1985) and some of these can lead to the
formation of 2n gametes. Therefore, it is reasonable
to assume that 2n gamete formation in plants has a
genetic basis. This assumption derives support from
the following observations. a) In diplosporic apomictic
species, 2n egg formation is a regular feature and it is
most likely to have a genetic basis. b) Single recessive
genes have been shown to determine 2n eggs and 2n
pollen formation in some plants (review, Bretagnolle
& Thompson, 1995; Mok & Peloquin, 1975; Barcac-
cia et al., 2000; this issue). c) Polyhaploids (haploids
derived from polyploids) mostly produce 2n gametes,
e.g., potato dihaploids (Ramanna, 1979); Avena sativa
(Rines & Dahleen, 1990; Riera-Lizarazu et al., 1996);
Triticum durum (Jauhar et al., 2000; Jauhar, this is-
sue); Rosa hybrida (El Mokedem et al., 2002 a; 2002
b). If polyploids in the above mentioned plant species
had originated through sexual polyploidization, and,
if the trait of 2n gamete production was genetically
controlled, they were expected to occur also in the
polyhaploids. This is indeed the case.

There are instances in which one and the same gen-
otype produces both 2n eggs and 2n pollen simultan-
eously, but such cases are generally rare. Commonly,
plants produce either only 2n eggs or 2n pollen in-
dicating that these genetic traits are independent from
each other. For example, in a desynaptic mutant of
potato, genotypes that produced high frequencies of
2n pollen failed to produce 2n eggs in high frequencies
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(Ramanna, 1983). On the other hand, those genotypes
that produce high frequencies of only 2n eggs have
been reported in potato (Bastiaanssen et al., 1998) and
alfalfa (Barcaccia et al., 2000; this issue). There are
several reports which claim that the trait of 2n gamete
formation is controlled by single recessive genes (Mok
& Peloquin, 1975; Peloquin, 1983), but the results
are inconclusive for several reasons. First, the genes
that induce meiotic nuclear restitution are highly in-
fluenced by environment and, therefore, it is difficult
to establish whether it is a genetic trait or solely in-
fluenced by the environment. Second, it is extremely
difficult, if not impossible, to determine whether only
one or more mechanisms are involved in producing
2n gametes in a particular genotype at a given time.
Nevertheless, evidence for genetic control of meiotic
nuclear restitution exists from the fact that through
genetic selection the frequencies of 2n gamete produc-
tion can be significantly enhanced (Jacobsen, 1976;
1991; Barcaccia et al., this issue). Therefore, it is
most likely that there might be major genes that are
influenced by numerous modifier genes.

Apart from the genetically controlled traits of 2n
gamete formation, many of the interspecific and in-
tergeneric hybrids with disturbed chromosome pairing
produce high frequencies of 2n gametes. For example,
both 2n eggs and 2n pollen have been reported to occur
in the F1 hybrids of emmer wheat × Aegilops squar-
rosa (Fukuda & Sakamoto, 1992); Triticum turgidum
× Secale cereale, T. turgidum × Ae. Squarrosa (Xu
& Joppa, 1995); Alstroemeria interspecific hybrids
(Ramanna, 1992; Ramanna et al., this issue) among
others. Such hybrids share two important features. 1)
Both 2n eggs and 2n pollen are produced simultan-
eously by the same hybrid plant so that seeds can be
obtained. 2) Neither the two parents of the F1 hybrids
nor their (F2) sexual polyploid progenies possess the
ability to produce 2n gametes in any notable frequen-
cies. Thus, it is difficult to conclude in these cases
whether the 2n gamete formation in distant F1 hy-
brids has the same genetic basis as in the so-called
meiotic mutants. Nevertheless, single genes, or indi-
vidual chromosomes controlling 2n gamete formation
have been reported in some of the distant hybrids.
For example, in wheat, rye and Aegilops hybrids (Xu
& Joppa, 1995) a single gene has been reported to
determine FDR 2n gamete formation. In oat-maize
chromosome addition lines, Kynast et al., (2001) re-
ported the highest ‘fertility’ in the F1 plants (haploid
oat genome with an addition of a maize chromosome)
with maize chromosome 2 addition, indicating the ef-

fect of a particular chromosome for FDR 2n gamete
formation. Besides these reports of single gene and
chromosome controlled cases, Barcaccia et al. (2000;
and this issue) have localized a recessive gene (Tne1)
that determines the 2n egg formation in alfalfa with
respect to a DNA marker, (CA)8-GC. In conclusion,
although there is evidence for the monogenic inherit-
ance of 2n gamete formation in some cases, the trait is
highly influenced by the environment, and therefore,
its basis is elusive.

Use of triploids for sexual polyploidisation

Generally, sexual polyploidisation implies that only
the 2n gametes are functional for producing polyploid
progenies. However, there are situations in which
ploidy level of the progeny can be increased without
using 2n gametes in a strict sense. For example, there
are several instances in which triploids give rise to bal-
anced tetraploid progenies after selfing the former. The
increase of ploidy level in some of these cases occurs
due to the functioning of balanced 2x gametes. There
is evidence in the case of banana and plantain (Sim-
monds, 1962; Vuylsteke et al., 1993; Shephard, 1999),
Leucopogon juniperinus (Smith-White, 1955), Andro-
pogon ternatus (Norrmann & Quarin, 1987) among
others (Ramsey & Schemske, 1998). Occurrence of
2x gametes in triploids is confirmed from the fact that
balanced tetraploid progenies are produced from 3x-
4x crosses. Obviously, unlike in somatic doubling,
the ploidy increase in the progenies of triploids can
accompany genetic recombination as in sexual poly-
ploids. Although the autotriploids have been shown
to be as fertile as allotriploids on theoretical grounds
(Brandham, 1982; Kuspira et al., 1986), a survey of
the literature suggests that there are several instances
of fertile allotriploids as well (Table 1). From the
few studies in which the progenies of allotriploids
have been analyzed carefully, it is evident that genetic
recombination does occur (Takahashi et al., 1997;
Kamstra et al., 1999; Lim et al., 2001, 2003). Ex-
tensive GISH analyses of the progenies of allotriploid
Festuca-Lolium hybrids have shown that intergenomic
recombination does occur in allotriploids (Humphreys
et al., 1996; King et al., 1998; 1999; Zwiezykowski et
al., 1999; Thomas et al., this issue).
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Table 1. Some examples of fertile allotriploids among plant species

Species hybrids Purpose Reference

Aegilops variabilis × A. biuncialis Introgression Pazy & Zohairy, 1965

Triticum turgidum × Hordeum vulgare Phylogeny Blanco et al., 1986

Narcissus hybrids∗ Horticultural Brandham, 1987

Brassica campestris × B. oleracea Introgression Inometa, 1983

Tomato × S. lycopersicoides Recombination Rick et al., 1988

Diplotaxis erucoides × Brassica napus Introgression Delourme et al., 1989

Betula nana × B. pubescens Introgression Anamthawat-Jonsson & Tomasson, 1990

Avena sativa (3x, polyhaploid) Alien addition Riera-Lizarazu et al., 1996

Hordeum vulgare × H. bulbosum Introgression Pickering, 1991

Tetraploid wheat × Aegilops squarrosa Introgression Fukuda & Sakamoto, 1995

Oryza australiensis × O. sativa Monosomics Multani et al., 1994

Musa acuminata × M. balbisiana Introgression Ortiz & Vuylsteke, 1995

Festuca pratensis × Lolium perenne Mapping King et al., 1998

Lolium multiflorum × Festuca pratensis Recombination Zwierzykowski et al., 1999

Lilium longiflorum × Asiatic hybrids Introgression Lim et al., 2003

Brassica juncea × Diplotaxis virgata Introgression Inomata (this issue)

∗ Numerous cases of fertile triploids have been recorded in Narcissus (Throckmorton, 1980).

Analyses of polyploids

In order to evaluate the advantages of sexual poly-
ploidization, both traditional as well as molecular
techniques have been used for analyses. Mostly, three
aspects have received attention, viz, a) the degree
of heterozygosity transferred through 2n gametes; b)
the amount of genetic crossing-over and c) transfer
of alien chromosome segments. The techniques used
in the case of auto- and allopolyploids obviously dif-
fer. Whereas in the case of autopolyploids the main
objective is the assessment of the degree of homo-
or heterozygosity that occurs in the sexual polyploid
progenies, in the case of allopolyploids the detection
of genomes, intergenomic recombination and intro-
gression of alien chromosomes or their segments by
molecular cytogenetics are the main objectives.

For the analysis of autopolyploid progenies, both
traditional as well as molecular genetic markers have
been used. For example, in potato morphological
markers such as yellow tuber flesh color (Y), crumpled
(cr), desynapsis (ds), yellow cotyledon (yc) amylose
free (amf) have been used for the so-called half-tetrad
analysis (Mendiburu & Peloquin, 1979; Jongedijk et
al., 1990; Bastiaanssen, 1997). Besides these, isozyme
markers have also been used similarly (Douches &
Quiros, 1987; 1988; Jongedijk et al., 1991). How-
ever, because the genetic markers in these cases are
highly restricted, numerous molecular genetic mark-

ers (RFLP. AFLP, RAPDs) have become available for
the purpose of evaluating the autotetraploid progenies.
Some examples are, potato (Van Eck et al., 1994,
1995; Bastiaanssen et al., 1998), alfalfa (Tavoletti et
al., 1996; Barcaccia et al., 2000; this issue) and Vac-
cinium (Qu & Hancock, 1997). In order to determine
the levels of heterozygosity transferred through the 2n
gametes, the molecular genetic markers that show co-
dominance are the most useful ones. Theoretical basis
and the advantages of using 2n gametes for the transfer
of heterozygosity has been extensively discussed and
reviewed (Bingham, 1980; Bingham et al., 1994).

Unlike in autoployploids, mostly molecular cytolo-
gical approaches involving GISH and FISH have been
successfully used in the case of allopolyploids. An
important advantage of allopolyploids for molecular
cytogenetic analysis is that the constituent genomes in
these can be clearly discriminated through DNA in situ
hybridization methods. This includes the unequivocal
identification of not only genomes and individual alien
chromosomes but also the recombinant segments in
the sexual polyploid progenies facilitating a quantit-
ative estimate of recombination in some cases. For
some unknown reasons, GISH and FISH analyses of
the polyploid progenies have been confined so far to
only monocotyledonous taxa. The following are only
a few of the numerious examples: Festuca-Lolium hy-
brids (King et al., 1998; 1999; Zwierzykowsky et
al., 1999; Canter et al., 1999), Gasteria-Aloe hybrids
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(Takahashi et al., 1999), Alstroemeria aurea × A. in-
odora and other interspecific hybrids (Kamstra et al.,
1999; Ramanna et al., this issue), Lilium interspecific
hybrids (Karlov et al., 1999; Lim et al., 2000; 2002),
Musa hybrids (D’Hont et al., 2000) and sugarcane
(D’Hont et al., 1996).

It is now generally assumed that almost all poly-
ploids in nature have originated through sexual poly-
ploidization (Harlan & De Wet, 1985). The recent
molecular cytogenetic data have revealed new inform-
ation especially on allopolyploids. For example, GISH
and FISH analyses of natural allopolyploid taxa have
revealed the following three aspects: viz., a) gen-
ome constitution, b) intergenomic recombination or
‘translocations’ and c) multiple origins of allopoly-
ploid species. Traditionally, genome constitutions of
numerous allopolyploid species were determined on
the basis of their taxonomic affinities to the suspected
putative diploid parents as well as meiotic chromo-
some pairing. Through DNA in situ hybridisation,
however, the genomes of allopolyploids have been
more critically assigned to the diploid putative par-
ental species. The following are some of the examples:
bread wheat (Pederson & Langridge, 1997; Sánchez-
Morán et al., 1999), oat (Chen & Armstrong, 1994;
Jellen et al., 1994), cotton (Hanson et al., 1996), sug-
arcane (D’Hont et al., 2000)), tobacco (Kenton et al.,
1993; Parokonny & Kenton, 1995) Festulpia (Bailey
et al., 1993), banana (Osuji et al., 1997; D’Hont et
al., 2000), Crocus (Ørgaard et al., 1995). In some of
these cases, the so-called intergenomic translocations,
some of which might well be intergenomic recombin-
ations, have been detected (Chen & Armstrong, 1994;
Parokonny & Kenton, 1995; Yang et al., 1999; Taketa
et al., 1999). Differences have been observed among
the related polyploid species regarding the chromo-
somes involved in translocations. Such differences
can be explained in two ways. 1) The translocations
occurred subsequent to polyploidization (Leitch &
Bennett, 1997; Yang et al., 1999). 2) They occur dur-
ing the process of (sexual) polyploidization. If it is the
latter, then the inter- and intra specific differences that
are observed in tetraploid wheats (Jiang & Gill, 1994;
Badeva et al., 1994), wild Hordeum species (Taketa et
al., 1999), Avena species (Leggett et al., 1994; Yang et
al., 1999), among others, have originated subsequent
to polyploidization events. On the assumption that
sexual polyploidization in distant F1 hybrids might be
a recurrent event, the occurrence of both intergenomic
translocations, or recombinants, as well as multiple
origins of ployploids can be explained. This further

supports the hypothesis of multiple origins of poly-
ploid species (Soltis & Soltis, 1992) advocated on the
basis of genetic evidence. Intergenomic translocations
are more likely to occur in the F1 hybrids of distant
species because the homoeologous chromosomes are
‘forced’ to pair and the 2n gametes resulting from such
meiosis are most likely to transmit recombinant chro-
mosomes to the sexual polyploid progenies. This has
been shown to occur in the progenies of hybrids of
Gasteria-Aloe (Takahashi et al., 1997), Alstroemeria
species (Kamstra et al., 1999; Ramanna et al., this
issue) and Lilium species (Lim et al., 2001). Because
homoeologous recombination can occur as independ-
ent cytological events in different meiocytes, the ob-
served polymorphism for the so-called translocations
is indeed expected.

Relevance of 2n gametes for breeding

Before the discovery of colchicine, 2n gametes were
used for inducing polyploids in plants. This method
of meiotic doubling was, undoubtedly, very inefficient
for inducing polyploids at will. Although colchicine
induced polyploids were produced in large numbers in
several crops, none of the so-called synthetic crops,
which were multiplied by seed, was successful, with
the rare exception of Triticale. For seed propagated
polyploids, the production of balanced gametes and
high seed set are the prerequisites. In the case of Trit-
icale, a broad-based breeding program was required
to achieve success. This does not, however, mean
that all new polyploids require such efforts for crop
improvement. There are numerous instances from hor-
ticultural crops in which success has been achieved
more rapidly and vindicate the superiority of poly-
ploids as compared to diploid forms. Instances can
be found in the case of roses (Darlington, 1976),
Narcissus (Brandham, 1986), Alstroemeria (Ramanna,
1992), among several others. In all these cases, poly-
ploids have originated spontaneously in the breeder’s
nurseries through the functioning of 2n gametes. Ever
since the demonstration of the superiority of ‘nat-
ural polyploids’, (Skiebe, 1958), systematic work on
sexual polyploidization has progressed in some crops
(review, Mariani & Tavoletti, 1992) such as potato (Pe-
loquin, 1982; Jacobsen, 1976; Jongedijk et al., 1991),
alfalfa (Bingham, 1980; Barcaccia et al., this issue)
and Vaccinium (Lyrene et al., this issue). Initially,
however, sexual polyploidisation in any crop can be
difficult and laborious because of the non-availability
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of desirable diploid genotypes that can be used for
either in unilateral or bilateral sexual polyploidiza-
tion. Once the genotypes that produce either 2n pollen
or 2n eggs in acceptable frequencies are selected, as
has been done in some crops (Clulow et al., 1995
and this issue), the task becomes manageable. The
genetic basis of 2n gamete formation is undoubtedly
complex. Nevertheless, with certain amount of per-
ceverence, 2n gamete-producing genotypes can be
selected and used successfully when necessary. There
are several less well-known, but useful (auto)polyploid
crops, such as sweet potato (Ipomea), cassava (Mani-
hot), taro (Colocassia), yams (Dioscoria spp) and
many more, that might be amenable for improvement
through sexual polyploidization. All these crops are
vegetatively propagated and may be improved by the
methods similar to those used in the case of potato.

There are certain crops in which sexual polyploid-
ization might be the only way forward. These include
triploid crops such as banana, plantain and the com-
plex polyploid crop sugarcane. In the case of banana
and plantain, it has been extremely difficult to pro-
duce new cultivars because of their odd-polyploidy
(2n=3x=33) in most cases and their breeding beha-
viour is complicated. However, some of the triploid
varieties do produce haploid (x=11), diploid (2x=22)
as well as 2n gametes in low frequencies. In fact these
were the main sources in most cases for producing pro-
genies from banana and plantain (Simmonds, 1962;
Ortiz & Vuylsteke, 1995). Aside from the difficulty
of producing progenies, the genetics of these veget-
atively propagated crops is highly complicated and
the selection of varieties is, obviously, difficult. How-
ever, the development of molecular techniques (Jarret
et al., 1993; Osuji et al., 1997; Guimarâes et al., 1997;
D’Hont et al., 2000) for progeny analysis has added a
new dimension for breeding these difficult crops.

Unlike banana and plantain, the modern sugar-
cane is a highly complex polyploid (2n=80) of hybrid
origin. In an effort to improve this crop, the cultiv-
ated form, the so-called ‘noble canes’, Saccharum
officinarum, is crossed with the wild species, S. spon-
taneum. Almost as a regular feature, the F1 plants con-
sisted of the somatic complement of S. officinarum and
a haploid complement S. spontaneum (Bremer, 1959;
Price, 1963) and this was designated as 2n+n mating.
In addition, when the F1 hybrid, S. officinarum × S.
spontaneum was backcrossed to S. officinarum, for
example, it also produced 2n+n (as well as n+n) pro-
genies in many cases (Bremer, 1959; Heinz, 1980).
An intreguing feature of this phenomenon is that

the so-called ‘nobilization’ can be attained more rap-
idly while breeding commercial sugarcane varieties
through backcrossing. Although a clear explanation
for the nobilization is not yet possible, it has been
speculated that the functioning of the 2n eggs in the
F1 hybrids of S. officinarum × S. spontaneum, and in
the subsequent backcross generations, might increase
the proportion of the chromosomes of S. officinarum
in the progenies (see. Heinz, 1991). With the avail-
ability of molecular techniques for the identification
of genomes, and recombinant chromosomes (D’Hont
et al., 1996) as well as genetic mapping (Sobral,
1996; Guimarâes et al., 1997), it should be possible
to elucidate the value of 2n eggs contributed by S. of-
ficinarum × S. spontanum hybrids and their backcross
progenies.

For the purpose of introgression of alien chromo-
somes and genes into cultivars, hybrids were usually
made between distantly related species and the chro-
mosome numbers of the F1 hybrids were doubled by
colchicine treatment. Although this resulted in cre-
ating fertile allopolyploids, they did not serve the
purpose of breeding for two reasons. First, the back-
crossing of an allotetraploid with a diploid parent,
for example, produced a triploid that was not readily
suitable for further crossing. Second, due to autosyn-
detic pairing in a typical allotetraploid, there was no
room for intergenomic recombination. This bottleneck
could be avoided to a great extent if a distant (dip-
loid) hybrid that produced 2n gametes was selected.
An important feature of meiosis in a distant hybrid is
that the homoeologous chromosomes do pair to some
extent resulting in intergenomic recombination. Thus,
2n gametes from a distant hybrid can be a convenient
source of intergenomic recombinant chromosomes.
Through in situ hybridisation techniques, the occur-
rence of intergenomic recombination has been con-
vincingly demonstrated in some cases, viz., hybrids
of Gasteria-Aloe, Alstroemeria aurea × A. inodora,
Lilium species, Festuca-Lolium, among others. A clear
example of identification of introgressed alien chro-
mosome segments is illustrated in the case of Lolium
perenne into which recombinant segments are added
from Festuca pratensis (King et al., 1998, 1999). The
invaluable role of introgression for crop improvement
has been highlighted in the case of wheat, the cyto-
genetics of which has been highly developed (review,
Jiang et al., 1994).

In addition to field crops, sexual polyploidization
has played a great role in producing new varieties in
horticultural crops, albeit without the knowledge of
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the breeders in most cases. A systematic cytogenetic
knowledge of some of the cultivars or synthetic sexual
polyploids has yielded and can yield even more valu-
able knowledge that might be potentially useful for
breeding of polyploid crops in general.
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