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Cytomixis—a unique phenomenon in animal and plant
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Abstract Cytomixis is reported to be a uniform phenomenon
in the context of fertilization during spermatogenesis of
animals and in some lower groups of plants where oogamous
reproduction prevails. However, the phenomenon is versatile
in flowering taxa as it lacks uniformity in occurrences, causes,
formation of intercellular bridges, involvement of number of
cells in a cluster, evolutionary significance among others. A
review on cytomixis is conducted with an objective that it may
offer a scope to unravel some of the ambiguities associated
with it and provide further information on cell, reproductive,
structural and evolutionary biology.
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Abbreviations
AI Anaphase I
CCs Cytoplasmic channels
DMYPT Drosophila melanogaster myosin binding

subunit of myosin phosphatase
EM Electron microscope
IBs Intercellular bridges
MI Metaphase I
PMCs Pollen mother cells
RBM44 RNA binding motif protein 44
TEX14 Testis-expressed gene 14

Introduction

Körnicke (1901) first studied cytomixis in microsporogenesis
of Crocus sativus and Gates (1911) defined the phenomenon
in Oenothera gigas as the process of extrusion of chromatin
from the nucleus of one PMC into the cytoplasm of the
adjacent mother cell. Omara (1976) considered cytomixis to
be a spontaneous process occurring through the formation of
cytoplasmic bridges between adjacent PMCs. Cell-to-cell
contact in cytomixis achieved through cellular bridging pro-
vided direct routes for transfer of signals and components,
thereby allowing evolution of complex forms in multicellular
organisms (Zani and Edelman 2010; Haglund et al. 2011).

Haglund et al. (2011) suggested that the role of incom-
plete cytokinesis, in certain tissues and developmental
stages, give rise to cells interconnected in syncytia by stable
intercellular bridges and it occurs in both female and male
germ lines in species ranging from insects to humans as well
as in some somatic tissues in invertebrates. Plasmodesmata
in plants and the septal pore in fungi also represent
intercellular bridges formed by incomplete cytokinesis
(Robinson and Cooley 1996; Lůcas and Wolf 1993).
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Considering different views in plant and animal systems,
the term cytomixis may be defined as mixing of cytoplasms in
somatic and reproductive cells through cellular bridging,
thereby forming a syncytia involving two to many cells.
Sharing of cytoplasmic constitutes during cytomixis seems
to be predominant in male reproductive cell lines. Intercellular
bridge formation is a key event during the process,
irrespective of the cause of its occurrence. Intercellular bridges
(IBs; Dym and Fawcett 1971; Hime et al. 1996; Haglund et al.
2011), cytoplasmic channels (CCs; Whelan 1974) and wide
open plasmodesmal canal (Paolillo and Cukierski 1976) are
terminologies referred for interconnection between cells in
animals, higher plants and in lower groups of plants, respec-
tively. In Drosophila melanogaster, IBs are reported to be as
ring canals (Haglund et al. 2011). The present review is aimed
at discussing the potential significance of cytomixis in
animals, lower groups of plants and more specifically in male
germ cells in angiosperms for its effective exploration.

Animals

Cytomixis involving intercellular transfer of the organelles
and other cytoplasmic constituents seems to be a general
phenomenon during spermatogenesis of animals (Roosen-
Runge 1977; Carlson and Handel 1988; Ventela et al. 2003;
Guo and Zheng 2004). In oogamous reproduction of
multicellular organisms, the male germ cells were reported to
be interconnected within a common syncytium by wide IBs
(0.1–2.0 μm) to achieve best gamete quality and synchrony in
the process for the exchange of a few molecular signals as well
as mixing of protoplasm between connected cells of similar
levels/states of mRNA, proteins and organelles (Guo and
Zheng 2004). The formation of large and/or rapidly developing
syncytia with more connected cells and the IB sizes were
suggested to possess intensified cytomictic activity during the
process of spermatogenesis of animals (Weber and Russell
1987). In animals, IBs (‘ring canals’) appear in the first mitotic
division of spermatogonia and persist through several rounds of
premeiotic mitosis and the two subsequent meiotic divisions
until the later stages of spermiogenesis (Roosen-Runge 1977).

Giorgi (1978) detected IBs in ovarian follicle cells of Dro-
sophila, which played a key role in synchronous differentiation
of the linked follicle relating to the behavior of these cells in the
secretion of the egg covering precursors. Robinson (1996)
observed assembly of IBs called ring canals in the Drosophila
germline and IBs were reported to play role in intercellular
transport of cytoplasm. Weber and Russell (1987) suggested
that IBs are not static structures but show size variations and
considerable structure related diversity during spermatogenesis.
Gondos (1973) reported IBs between developing germ cells in
human fetal ovaries at 10 to 20 weeks’ gestation. Bridges were
frequently found in early stages of degeneration but less

frequent and distorted as well as disrupted during advanced
stages of cellular degeneration. Chang et al. (2010) were of
opinion that during mouse testis maturation centrosomal
protein 55 (Cep 55) together with pericentrin (centrosomal
protein) were localized to the IBs interconnecting spermato-
genic cells in a syncytium. The centrosomal proteins are there-
fore significant for the stable bridge between germ cells during
spermatogenesis and spermiogenesis. Greenbaum et al. (2011)
reported that IBs in mammalian germ cells are composed of
general cytokinesis components with additional germ cell-
specific factors TEX14. TEX14 was reported to be an inactive
kinase essential for the maintenance of stable IBs in gametes of
both sexes but whose loss specifically impairs male meiosis.
TEX14 associated with protein RBM44 was suggested to be
associated with RNA transport.

Ong et al. (2010) suggested that physical resistance and
inhibition of myosin II activity via DMYPT (Drosophila
melanogaster myosin binding subunit of myosin phospha-
tase) might be responsible in Drosophila to prevent the
contractile rings (formed due to incomplete cytokinesis
during oogenesis) from being completely closed. Therefore,
the process of cytokinesis is rather significant for fertilization
events. Haglund et al. (2011) also emphasized the role of
incomplete cytokinesis during development for the formation
of stable IBs, which give rise to cells interconnected in syncytia.
Incomplete cytokinesis and stable IBs were reported to be the
key events in male germ lines for fertility in insects and
mammals (Robinson and Cooley 1997; Greenbaum et al.
2006) and also played significant role in synchronizing mitotic
cell divisions and entry into meiosis (Fawcett et al. 1959; Guo
and Zheng 2004; Caldwell and Handel 1991; Braun et al.
1989). Female germ line IBs were reported to be required
for fertility in Drosophila but not in mice (Robinson and
Cooley 1996; Greenbaum et al. 2009).

Lower plant groups

The haploid male gametes in lower groups of plants showing
IBs were found to survive the whole process of spermatogen-
esis from the early mitosis to the very late stage of sperm
differentiation. Cytomixis is reported in algae (Deason et al.
1969; Kwiatkowska and Maszewski 1976; Kwiatkowska et
al. 2003), fungi (Dong and Junying 1988), bryophytes
(Paolillo and Cukierski 1976; Renzaglia and Garbary 2001),
and fern species (Carr 1976; Renzaglia and Garbary 2001;
Dong et al. 2004; Heng-Chang et al. 2007) among others.
Hoops et al. (2000) reported cytoplasmic bridges in Volvox
spp. from embryonic cells, which played a central role in
inversion by providing the physical framework against which
the cells exerted force to reverse the curvature of the cellular
sheet. The cytoplasmic bridges disappeared soon after inver-
sion in smaller volvocaceans but in other lineages of Volvox
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the bridges were retained throughout the life of the adult
providing source of nutrient transfer. In Funaria hygrometrica
synchronously dividing spermatogenous cells were found to
be connected with each other by numerous cytoplasmic
bridges and at the late stage of the antheridial development
when cells began to degrade all the spermatids within an
antheridium seemed to be connected with each other by the
expanded cytoplasmic bridges (Dong et al. 2004). The IBs
formed between microspore mother cells of Isoetes sinensis
were narrow, stretched, and extending from prophase I to
telophase II, and it has also been reported that cytomixis and
irregular chromosomal phenomenon might not be a natural
process (Heng-Chang et al. 2007). Paolillo and Cukierski
(1976) correlated protoplasmic changes with the changing
nature of the walls and associated spaces around each
spermatogenous cell during spermatogenesis in the moss
Polytrichum, thereby reflecting a significance for dispersal
of the sperms at maturity. Cytomixis noted in shoot apex of
Picea abies was due to variations in the osmotic pressure in
cell wall or more probably due to disturbances in mitotic
division (Guzicka and Wozny 2005).

Angiosperms

In flowering plants, electronic microscopic observation revealed
that large anther species like lily (Lilium spp.) developed wide
(0.5–2.0 μm) IBs with strong cytomictic activity compared to
species like Arabidopsis possessing small anthers and narrow
(0.1–0.15 μm) IBs (Owen and Makaroff 1995). This observa-
tion led to the contention that all flowering plants during micro-
sporogenesis might form IBs and possess cytomictic activity to
an extent depending on the size of the anthers. Though the
phenomenon is reported predominantly during microsporogen-
esis in countless of flowering plants it is also studied in root
meristems (Sarvella 1958; Tarkowska 1960; Bobak and Herich
1978), leaves and epidermal scales (Tarkowska 1960), tapetal
cells (Cooper 1952; Sapre andDeshpande 1987) and ovary cells
(Koul 1990), but from available reports it seems that it is not a
universal phenomenon among the flowering taxa. Therefore,
the assumption of anther size playing significant role in
cytomixis seems to be rather ambiguous. Considering the
versatility of the phenomenon, cytomixis is described in
flowering taxa emphasizing some of the key attributes like
occurrences, possible causes, formation of cytomictic channels,
number of cells involved in a cluster, environmental influence
and evolutionary significance with an objective to highlight
some of the variability associated to it for its further exploration.

Occurrences

Cytomixis is encountered in natural population of flowering
plants (Kravets 2012) as well as induced bymutagen treatments

(Datta and Biswas 1984; Sharma and Kumar 2004; Rai et al.
2010; Srivastava and Kumar 2011). More often the phenome-
non is observed in plant species possessing genetically
disturbed background like haploids, triploids, polyploids,
nullisomics and apomictics (Kihara and Lilienfield 1934; de
Nettancourt and Grant 1964; Gottschalk 1970; Salesses 1970;
De and Sharma 1983; Gayen and Sarkar 1996; Peng et al.
2003), hybrids (Morikawa and Leggett 1996; Maity and Datta
2008; Li et al. 2009; Souza et al. 2010) and in few secondary
polyploids (Datta et al. 2005; Iqbal andDatta 2007;Mandal and
Datta 2011, 2012). Cytomixis is reported to be more common
in diploid (Pagliarini and Pereira 1992; Malallah and Attia
2003; Kumar and Singhal 2008) than polyploid (Basavaiah
and Murthy 1987; Sheidai and Attia 2005) species.

Possible causes

The possible causes for cytomixis are reported to be variable.
Faulty fixation (Sinoto 1922; Woodworth 1931; Gelin 1934;
Jacob 1941; Maheshwari 1950; Takats 1959), chemical and
herbicide effects (Haroun 1995; Ajay and Sarbhoy 1987),
effect of chemical mutagens (Kumar and Sharma 2002; Bhat
et al. 2006), changes in biochemical processes (Koul 1990),
consequence of physiological control (Bell 1964; Bhal and
Tyagi 1988) mechanical injury (Takats 1959; Tarkowska
1965, 1966; Morisset 1978), pathological consequences
(Weiling 1965; Bobak and Herich 1978; Morisset 1978),
nutritional deficiency (Miljajev 1967; Bobak and Herich
1978), environmental stresses and pollution (Malallah and
Attia 2003; Haroun et al. 2004; Kumar and Tripathi 2008)
and temperature effects (Basavaiah and Murthy 1987) were
suggested to be the possible causes for cytomixis. Morikawa
and Leggett (1996) performed cytological and morphological
studies of wild population of Avena canariensis and were of
opinion that cytomixis is an isolating mechanism.

Cytomixis as natural phenomenon

Apart from the above-mentioned causes of cytomixis, recent
evidences suggest that it is a natural phenomenon under genetic
control influenced by physiological and environmental fac-
tor(s) (Soodan and Wafai 1987; Zheng et al. 1987; Bedi
1990; Bellucci et al. 2003; Boldrini et al. 2006; Ghaffari
2006; Lattoo et al. 2006; Himshikha et al. 2010; Mandal and
Datta 2011; Kumar et al. 2012; Kaur and Singhal 2012).
Weiling (1965) in tomato reported that cytomixis under certain
conditions was a normal cellular process but on the intensity of
effective stimuli it might often be a pathological process, how-
ever the boundary between differentiations was not clear.
Soodan andWafai (1987) presumed the involvement of specific
genes for cytomixis, which expressed only under particular
environmental conditions. Song and Li (2009) reported
cytomixis in Salvia miltiorrhizawhere freshly collected anthers

Cytomixis—a unique phenomenon 987



were squashed and stained to avoid any fixation effects and the
occurrence of the phenomenon was considered to be a natural
cytological event under direct genetic control and physiological
factors. Datta et al. (2005) reported that cytomixis was persis-
tently present in Ocimum basilicum and Withania somnifera,
and the phenomenon was unaltered under mutational back-
ground, thereby indicating that cytomixis is a natural process
in the studied species. Yun-sheng and Yong-ping (2006) stud-
ied cytomixis on PMCs of “Arbo” wheat nullisomic lines and
thought that the phenomenon to be controlled by poly-gene or
key-gene which exists in all of the allopolyploid wheat’s three
genomes. Iqbal and Datta (2007) reported the preponderance of
cytomixis in wild germplasm of W. somnifera, but Das et al.
(2009) found incipient cytomictic behavior of chromosomes in
two recommended varieties (Poshita and Jawahar 22) of the
species. This observation indicated that under selection, possi-
bly cytomictic potentiality decreased. A similar result was also
studied in Corchorus spp. when assessed over the generations
(Mandal and Datta 2011). Mandal and Datta (2012) suggested
that cytomixis noted in C. fascicularis is possibly genetically
controlled and to an extent influenced by environmental fac-
tor(s) and the genes involved in the process may be differen-
tially expressed or repressed under given set of condition(s).

Formation of intercellular bridges

Wang et al. (2002) from electron microscopic observations
revealed that IBs possibly initiated at leptotene by local
removal of the primary wall and the middle lamella keeping
plasmalemma intact, thereby yielding a cluster of unopened
gaps/channels (0.11 to 1.1 μm wide) and subsequently at
zygotene the plasmalemma of two adjacent meiocytes at
these sites ruptured, curved towards and fused with each
other leading to the formation of IBs. As the IBs grew in
their length at late zygotene, cytomixis was more active and
after pachytene IBs gradually occluded by callose deposi-
tion. On the contrary, Heslop-Harrison (1966) argued against
the initiation of callose wall formation during early prophase
occluding the usual pathway of movements. Wang et al.
(2002) reported that microfilament/microtubule system also
played pivotal role in the nuclear and cytoplasmic intercellular
movement through IBs. However, Sidorchuk et al. (2007) in
tobacco reported that microtubular cytoskeleton played no
obvious role in the process of cytomixis, rather suggested that
the elevated level of cytomixis was due to disturbances of
synthesis of callose wall. Xiu-Wan et al. (1991) were of
opinion that ATP-ase possibly provided the force in chromatin
migration between PMCs. Wang et al. (2004) reported the
existence of IBs in epidermis and vascular parenchyma of
wheat, tobacco, and onion anthers, but the channels appeared
singly rather than in groups. Whelan (1974) observed
cytomixis in 13 out of 30 taxa of monocotyledons and
dicotyledons and with the exception of Helianthus spp.

variable-sized holes were found to be localized in two to four
areas of the callose wall. Irregular callose wall deposition
(Sidorchuk et al. 2007) and existence of actin in intercellular
connections between meiocytes (Dong et al. 2005) were also
reported to play significant role in cytomixis. The existence of
IBs between adjoining PMCs permitting the transfer of chro-
matin materials were confirmed from different reports (Zheng
et al. 1987; Yen et al. 1993; Falistocco et al. 1995; Mclean et
al. 1997; Boldrini et al. 2003; Tyagi 2003). de Nattancourt and
Grant (1964) reported that IBs were formed before the onset of
meiosis by non-synchronous premeiotic mitotic division
where cytokinesis and karyokinesis were out of phase
resulting in incomplete cell wall formation. Baquar and
Husain (1969) in Armebia hispadissima, Risueño et al.
(1969) in Scilla non-stricta and Allium cepa, Gupta and Gupta
(1973) in F1 hybrid of Nicotiana suaveolens and N. glutinosa
among others suggested that IBs arisen de novo and chromatin
migration occurred as a natural phenomenon. IBs formed
between tobacco PMCs could be (1) on the basis of plasmo-
desmata, (2) de novo, neither interfering with each other
(Mursalimov et al. 2010). However, Li et al. (2003) doubted
whether IBs alone could sufficiently render the occurrence of
cytomixis rather some meiotic genes must be involved to
control the process. Withers and Cocking (1972) mentioned
that enzymatic degradation of the walls between adjacent cells
that were adpressed to each other removed constrictions on the
plasmodesmata, thereby permitted their expansion, and result
in mixing of the cytoplasms. However, Liu et al. (2007) were
of opinion that enzymatic digestion repressed rather than
stimulate cytomictic activity thereby indicating that the
phenomenon is a normal cellular process.

Cells in a cluster

During the early stage of anther development, PMCs occur in a
compact groupwithin a single microsporangium, the individual
meiocytes being closely adpressed andmay facilitate chromatin
migration through IBs formed between PMCs. If so, then only
cells in two to four groups may be formed but a preponderance
of two to eight cells or rarely 16 cells in a cluster to form
coenocyte were mostly reported (Datta et al. 2005; Himshikha
et al. 2010; Mandal and Datta 2011; Massoud et al. 2011;
Saggoo et al. 2011). Levan (1941) reported 2 to ±30 PMCs in
a cluster that give rise to large plasmodia in haploid Phleum
prutense (2n=3x=21). Gayen and Sarkar (1996) reported a
maximum of 48 PMCs in a cluster with interconnections in
maize haploids. Boldrini et al. (2006) suggested that in poly-
ploidy accessions of Brachiaria humidicola (Poaceae) cell
cluster of two to ten cells were involved during the process of
cytomixis extending from prophase I to telophase II. Cell
cluster forming syncyte is reported to be a monogenic character
(Beadle 1932; Smith 1942; Pantulu and Manga 1971; Rao and

988 A. Mandal et al.



Koduru 1978), thereby indicating involvement of genetic fac-
tor(s) in the process.

The occurrence of more than four cells in a cluster
suggested that meiocytes of different microsporangia must
be involved in the process. It is interesting to note that in a
single microsporophyll squash preparation cytomixis was
exhibited only by few groups of cells, thereby suggesting
that most of the meiocytes present in the microsporangium
either vary in their cytomictic potential or fail to get exposed
to the specific condition(s) required to trigger the process.
Cell clusters which were formed during early microsporo-
genesis and persisted possibly signal the phenomenon. Few
to several cell clusters were formed in a single microsporophyll
squash preparation but all PMCs in an antheridium do not form
a single cluster and therefore lack meiotic synchrony that
prevails during the process of spermatogenesis in animals and
in some lower groups of plants.

Cells in cluster were anucleated or with deficient or extra
chromosomes than normal thereby demonstrating the degree
and direction of chromosome transfer. The intensity of
cytomictic behavior of chromosomes was assessed in
Corchorus spp. from the frequency of hypo-and hyperploid
cells formed and it was found to be significantly higher in
metaphase I (MI) than anaphase I (AI) cells (Mandal and Datta
2011; 2012). Baquar and Husain (1969) reported that the
tendency of chromatin to migrate seemed to be higher in the
early prophasic stages and reduced as the meiosis advanced.
The chromosomes were sticky, agglutinated (Datta et al. 2005;
Kumar and Singhal 2008) and underwent structural alteration
prior to the phenomenon (Boldrini et al. 2003; Utsunomiya et
al. 2004). Jeelani et al. (2011) suggested that cytomixis induced
the disturbance of spindle formation resulting into irregular
distribution of chromatin within the PMCs as well as between
the sharing PMCs. In this context, it would be logical to
mention that aneuploid variation in chromosome number
may also occur due to mutations in the spindle apparatus
causing the overexpression of SKT15 protein in human
(PB6211) cancerous cell line (Duesberg 1999).

Migration of nucleoli

Transmigration of nucleoli during cytomixis was noted (Li
et al. 2009; Himshikha et al. 2010; Mursalimov and Deineko
2011). On the contrary, nucleolus disintegrates into many
parts whilst entering in a neighboring cell through IBs in
Cucurbita and Lycopersicon esculentum (Weiling 1965).
This observation is rather variable to the concept of organ-
elle transfer during the process of cytomixis of animals. It
may be relevant to mention that lack of IBs in the walls
between tapetum (tissue possessing a nutritional role) did
not affect nutritional transport in angiosperms (Bhojwani
and Bhatnagar 1974; Johri 1984). Moreover, the absence
of IBs between spore mother cells of bryophytes (Brown

and Lemmon 1980) and PMCs of some gymnosperms (Vasil
and Aldrich 1970) unaffected nutrient transfer where callose
wall is also initiated during the early prophase.

Environmental influence

de Souza and Pagliarini (1997) reported that high temperature
and lack of water during summer season might possibly
accounted for cytomixis in Brassica napus and B. campestris,
normally grown in winter. The high temperature was also con-
sidered to be the cause of the high incidence of cytomixis in
Hemerocallis (Narain 1979), Ervatamia divaricata (De and
Sharma 1983), Helicanthes elastic (Soman and Bhavanandan
1993), Rose (Pécrix et al. 2011), among others. Malallah and
Attia (2003) suggested that cytomixis observed in Diplotaxis
harra might be associated with temperature and drought stress
phases prevailing during the growth season in Kuwait. Kaur et
al. (2010) observed cytomixis in Poa annua growing wild in
higher altitudes but the species depicted normal meiosis in
plains. Mandal and Datta (data unpublished) studied distinctive
influence of high temperature (>39 °C) on the intensity of
cytomixis in Corchorus fascicularis. Cytomixis was restricted
up to first meiotic division (Fig. 1). Apart from normal (2n=14;
Fig. 1dII, eI, hII) chromosome number cytomixis included
hypo-and hyperploid cells (Fig. 1dI, eII, f–g, hI, i, k), differential
condensation of chromosomes, formation of minute fragments
(Fig. 1c, f–g, i, k–l) of variable number (1 to 5) and sizes (0.04–
0.09 μm) with possible constrictions, enhanced univalent fre-
quency (14I formation, complete desynapsis; Fig. 1j), PMCs
with two nucleoli (Fig. 1d) and irregular AI separation (Fig. 1l),
without affecting pollen fertility. Meiotic abnormalities namely,
chromatin stickiness, pycnotic chromatin, interbivalent connec-
tions, laggards, bridges, micronuclei, among others have been
associated to cytomixis in different plant species (Baptista-
Giacomelli et al. 2000; Singhal and Kaur 2011).

Possibility of the origin of B-chromosome

Cytomixis resulting in fragmentation of A-chromosomes in
Lilium was reported to be the mechanism for the origin of
B-chromosomes (Cheng et al. 1975). Yanyou and Jiemei
(1996) put forward the supposition of cytomixis for the
origin of B-chromosomes in plants. B-chromosomes
reported in cytomictic population of Papaver somniferum
were of sub-metacentric and telocentric types (Patra et al.
1988). Sheidai (2007) also suggested that B-chromosomes
pioneered cytomixis possibly played significant role in the
evolution of plant species.

Evolutionary significance

Cytomixis resulting in the formation of hypo-and hyperploid
cells alongwith other meiotic abnormalities possibly resulted in
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Fig. 1 Meiotic configurations in Corchorus fascicularis showing
cytomixis (a–c) and aneuploid PMCs at diplotene-diakinesis (d, g),
metaphase I (e–f, h–k) and anaphase I (l) (a) cytomixis involving four
meiocytes with cytoplasmic connections (b) differential condensation,
agglutination and fragmentation of chromatins during transfer be-
tween cells (c) cell fusion between two PMCs with both showing
2n=14 chromosomes (d) I: hyperploid PMC with two nucleoli
(8II+2I, 2n=18); II: 7II (2n=14); (e) I: 7II; II: hyperploid PMC

(10II, 2n=20); (f) hypoploid cell (3II+4I, 2n=10); (g) hyperploid
PMC (9II+4I, 2n=22) with a fragment; (h) I: hypoploid cell (2II,
2n=4), II: 4II+6I (2n=14); (i) I: tetraploid meiocyte (14II, 2n=28)
with a fragment, II: hypoploid meiocyte (4II+2I, 2n=10); (j) 14I
(2n=14); (k) 4II+6I (2n=14) +5 fragments (l) irregular groupings
in a hyperploid cell. Scale bar =10 μm; nucleolus (open arrow),
univalents (thick right arrow), and fragments (right arrow) are
marked
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the formation of heterogenous pollen grains, thereby reducing
pollen fertility and viability in different plant species (Baptista-
Giacomelli et al. 2000; Bellucci et al. 2003; Haroun et al. 2004;
Ghaffari 2006; Kumar et al. 2008; Singhal et al. 2008; Gupta et
al. 2009; Rani et al. 2010; Saggoo et al. 2011; Srivastava and
Kumar 2011). The origin of aneuploid and polyploid gametes
in cytomixis was emphasized as of evolutionary significance
(Sarvella 1958; Shkutina and Kozlovskaya 1974; Omara 1976;
Datta and Biswas 1984; Bhal and Tyagi 1988; Falistocco et al.
1995; Sheidai et al. 2003; Sheidai and Fadaei 2005; Sheidai and
Nouroozi 2005; Ghaffari 2006; Sheidai and Bagheri-
Shabastari 2007; Fadaei et al. 2010; Rai et al. 2010) in that it
can lead to the production of plants with higher ploidy through
polyploidization (Villeux 1985). Datta and Biswas (1984)
detected a trisomic (2n=13) in the M3 mutant generation
(lax branching) of Nigella sativa (black cumin). The mutant
showed cytomictic behavior of chromosomes forming
polyploid and aneuploid PMCs at M2. Singhal et al. (1990)
performed meiotic counts in different woody species of the
family Rosaceae and reported variation in chromosome number
in PMCs of Cotoneaster acuminata (n=17), Prunus domestica
spp. insitita (n=8) and Rosa leschenaultiana (n=7), and that
such variation was attributed to chromatin transfer during
cytomixis. Singhal et al. (2008) suggested the formation of
heterogenous sized fertile pollen grains in Hippophae
rhamnoides (Elaeagnaceae) as the consequence of cytomixis
and predicted in the origins of plants with aneuploid and
polyploid chromosome number. Srivastava and Kumar (2011)
reported that there exist no correlation between cytomixis and

decrease in pollen fertility percentage. Kumar et al. (2012)
found cytomixis in the PMCs of Papaver dubium,Mecanopsis
latifolia,M.Mexicana andM. aculeata, resulting in the forma-
tion of unreduced gametes and presumed that it may lead to the
production of aneuploid plants.

The IBs persisting up to telophase II (Boldrini et al. 2006; Li
et al. 2009; Song and Li 2009) may account for heterogenous
pollen grains formation. Most reports indicated that the phe-
nomenon is more prevalent at meiosis I (Datta et al. 2005;
Mandal and Datta 2011, 2012) rather than throughout meiosis
II (Omara 1976; He et al. 2004; Boldrini et al. 2006; Kumar and
Tripathi 2008; Himshikha et al. 2010; Kumar et al. 2010;
Singhal and Kaur 2011). Mandal and Datta (2011, 2012)
reported that the aberrant meiocytes formed due to cytomixis
failed to survive beyond meiosis I (specifically MI) and did not
affect pollen fertility and viability, microgametogenesis and
seed set per capsule in Corchorus spp. thereby, corroborating
the reports of Koul (1990) in Alopecurus arundinaceus,
Morikawa and Leggett (1996) in Avena canariensis, Datta et
al. (2005) in Ocimum bascilicum and W. somnifera, Das et al.
(2009) in W. somnifera varieties among others. Interesting to
note that pollen fertility enhanced by 15- to 20-folds in maize
haploids with extensive cytomixis (Gayen and Sarkar 1996).
Negrón-Ortiz (2007) suggested that cytomixis provides a
mechanism whereby gametes with variable chromosome num-
ber influence reproduction and promote speciation. Improve-
ment in the sense of diversity and yield potential was also
predicted in inbred lines of Zea mays undergoing cytomixis
(Rai et al. 2010).

Evolutionary
Significance

Possible
Causes

Cytomixis

Faulty fixation (Sinoto 1922; Jacob 
1941; Maheshwari 1950; Takats 1959)

Chemicals and herbicides (Ajay and 
Sarbhoy 1987)

Effect of chemical mutagens (Kumar 
and Sharma 2002; Bhat et al. 2006)

Changes in biochemical processes
(Koul 1990)

Consequence of physiological control
(Bell 1964; Bhal and Tyagi 1988)

Mechanical injury (Takats 1959; 
Tarkowska 1965; 1966)

Pathological consequences (Weiling 
1965; Bobak and Herich 1978)

Nutritional deficiency (Miljajev 1967)

Environmental stresses and pollution
(Malallah and Attia 2003; Haroun et al. 
2004; Kumar and Tripathi 2008)

Temperature effects (Basavaiah and 
Murthy 1987)

Natural cytological process under 
gene (s) control (Bellucci et al. 2003; 
Boldrini et al. 2006; Mandal and Datta 
2012; Kaur and Singhal 2012)

Do not affect tetrads (Shkutina and 
Kozlovskaya 1974)
Formation of unreduced gametes
(Falistocco et al. 1995; Ghaffari 2006; 
Fadaei et al. 2010)
Unreduced gametes through 
polyploidization may lead to higher 
polyploidy (Villeux 1965)
Origin of aneuploids gametes (Sarvella 
1958)
Possibility of occurrence of aneuploid 
and polyploid plants (Ghaffari 2006; 
Fadaei et al. 2010; Rai et al. 2010)
Trisomic reported (Datta and Biswas 
1984)
Origin of B-chromosome (Cheng et al. 
1975)
Speciation (Negrón-Ortiz 2007)
Improvement in diversity and yield 
potential (Rai et al. 2010)
No evolutionary significance (Marechal 
1963; Omara 1976)

2 to 4 cells (Datta et al. 2005)
2 to 8 cells (Himshikha et al. 
2010; Mandal and Datta 2011),
2 to ±30 cells (Levan 1941),
48 cells (Gayen and Sarkar 
1996)

Cytomictic channels persisting up to

1st meiosis
(Morikawa and 

Leggett 1996; Mandal 
and Datta 2011, 2012)

Telophase II
(Boldrini et al. 

2006; Song and Li 
2009)

Pollen fertility

Enhancement of 
pollen fertility

(Gayen and Sarkar 
1996)

Pollen fertility not 
affected

(Mandal and Datta 
2011, 2012)

No. of PMCs
involved in the 

process

Pollen fertility affected
(Baptista-Giacomelli et al. 
2000; Saggoo et al. 2011; 

Srivastava and Kumar 2011)

Fig. 2 Diagrammatic representation of cytomixis showing its variation in flowering taxa
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Summary and prospect

In oogamous reproduction, the role of IBs for the elimina-
tion of heterogeneity during male gamete development, for-
mation of syncytium, meiotic synchrony for simultaneous
maturation and production of high-quality male gametes and
sharing of protoplasm were essential and key events for suc-
cessful fertilization in animals and in some lower group of
plants (Larson and Barrett 2000; Magnard et al. 2001). How-
ever, meiotic synchrony relating to fertilization events is rather
not uniform in flowering plants. A diagrammatic representa-
tion (Fig. 2) is presented to depict similarities and differences
in the process of cytomixis in flowering taxa. From the perusal
of the literature, it seems that the phenomenon of cytomixis in
male reproductive cells is quite variable in angiosperms in
relation to the following aspects: (1) lack of uniformity in
occurrence, (2) possible cause(s), (3) persistence of IBs in
meiotic stages, (4) variation in number of cells in a cluster,
(5) reduction/enhancement of pollen fertility and (6) possible
significance. In this context, several key questions may be
pointed out. (1) If the phenomenon is a normal cellular event
under gene(s) control, then why it is not uniformly present in
all flowering plants? (2) Why the intensity of cytomixis is
found to decrease under cultivation/acclimatization? (3) If
only a few PMCs in an antheridium are undergoing cytomictic
behavior — is there any signal transduction pathway
controlling the phenomenon? (4) Why all PMCs of a
sporangium are not interconnected to form a common
cluster and provide meiotic synchrony? (5) Is meiotic
asynchrony affects fertilization? (6) Is movement of cell
organelles through the channels during the process, regulated?
(7) Is cytomixis in flowering plants representing evolutionary
advancement by not allowing meiotic synchrony and
persisting heterogeneity to prevail?

Conclusion

Although the phenomenon of cytomixis is rather uniform in
the context of fertilization event in animals and in some lower
groups of plants where oogamous reproduction prevails, in
flowering taxa it is unique because of its versatility.

In angiosperms, formation of polyploid/aneuploid PMCs
due to cytomixis has been emphasized as of evolutionary
significance. However, to justify it the following sequential
events need to occur: (1) gametes with hypo- and hyperploid
chromosome numbers should be tolerant to undergo fertiliza-
tion process, (2) viability of the formed zygote is essential for
next generation plants and (3) raised seedling should be adap-
tive under appropriate ecological niche. However, synchrony of
all the above-mentioned events is rather difficult to ascertain.
On the contrary, as many plant species (30% to 80%) are
reported to be polyploid in origin (Leitch and Bennett 1997;

Ramsey and Schemske 1998; Soltis and Soltis 1999; Parisod et
al. 2010), the role of cytomixis (if any) in chromosome dupli-
cation and polyploidization needs to be more specifically eval-
uated. In the context it would be relevant to suggest that the
phenomenon is more predominant in polyploid species than
diploids. The female germ lines of angiosperm species should
also be explored to assess whether cytomixis prevails there or
not, which may be significant in the proper understanding of
the process not only in flowering taxa but as a whole. With this
in view, the phenomenon of cytomixis has been discussed in
animals, lower groups of plants and specifically in angiosperms
with an objective that it may provide scope of further explora-
tion to unravel some of the ambiguity associated to it. There
seems to be a general ignorance about cytomixis. Proper
knowledge of the phenomenon may be effective in understand-
ing cell, reproductive, structural and evolutionary biology.
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