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Abstract

Parthenogenesis is a reproductive mode that does not require males. Though theoretically
advantageous, its rarity among metazoans suggests otherwise. Paradoxically, some
unisexual species within the genus Aspidoscelis appear to be thriving by reproducing
through obligate parthenogenesis. Formed via hybridization between different bisexual
species, these lizards apparently reap the benefits of both hybrid vigor and higher
reproductive potential. Previous studies have demonstrated the high degree of
heterozygosity between generations, which contributes to the success of these lineages; a
loss of heterozygosity would likely be accompanied by a decrease in fitness. How
meiosis is modified in these animals is unknown. The predominant hypothesis suggests
that endoreplication takes place prior to meiosis, resulting in a two-fold increase in DNA,;
however this has not been definitively shown. Further, the downstream modifications that
result in a heterozygous gamete have merely been speculated upon.

In the following thesis, meiosis within three parthenogenetic species is investigated.
Quantification of DNA in germinal vesicles of the diploid parthenogen A. tesselata and
the bisexual species A. gularis demonstrated that the parthenogen contains two-fold more
DNA, despite equivalent somatic cell ploidy. Chiasmata were present on diplotene-stage
chromosomes in both species, indicating that recombination is not bypassed.
Additionally, synaptonemal complexes were found during pachytene in each species.
Maintenance of heterozygosity is highly dependent on chromosome pairing in the
parthenogen. Pairing between homologous chromosomes would result in a decrease;
whereas pairing between identical (sister) chromosomes resulting from the additional

DNA doubling event would preserve heterozygosity. Using homolog specific FISH



probes in the parthenogen A. neomexicana, sister chromosome pairing is revealed. Thus,
sister chromosome pairing after an additional DNA doubling allows for maintenance of
heterozygosity in Aspidoscelis parthenogens. Secondly, four self-sustaining lineages of a
new tetraploid species were generated from the mating between the diploid bisexual
species Aspidoscelis inornata and triploid parthenogen A. exsanguis. The identity of these
hybrids was confirmed by genotyping analysis. Females retain the ability to reproduce
parthenogenetically through the doubling mechanism described in diploid species. These
tetraploids have demonstrated how ploidy elevation hypothetically occurs in natural
parthenogens. The mechanisms described in this thesis may be utilized in other

parthenogens. Recent findings and future directions based on this work are presented.
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An Evolutionary Conundrum

In the dry and arid southwestern regions of the U.S. and northern Mexico, throughout
disturbed desert areas uninhabitable by many native animals, an evolutionary conundrum
is taking place. Within some of these environments, lizards of the genus Aspidoscelis
appear to be thriving — but not all individuals within Aspidoscelis are created equal. The
parthenogenetic, or unisexual, species within the genus are primarily responsible for this
inhabitation. And although sexual reproduction prevails among most multicellular

organisms, there is an obvious discrepancy in the Aspidoscelis genus.

Though uncommon, parthenogenesis occurs in a subset of organisms, and some
such species adapt to harsh environments better than related bisexual counterparts. As
one extreme example, the Bdelloid rotifers have apparently survived for millions of years
without sex. How are rotifers and other Aspidoscelis parthenogens successful, and what
sets them apart from other animals in which asexual reproduction has never been
reported? Perhaps more importantly, why is parthenogenesis rare, even among reptiles?
Unisexual Aspidoscelis species arose from interspecific hybridization between closely
related sexual species, however, unlike other hybrids, these animals are capable of

escaping sterility. How this is achieved is not well understood.

Aspidoscelis
A breakthrough in herpetology came from the Caucasus region of Eurasia in 1958, when
Darevsky described the first known unisexual lizard species in the genus Lacerta

(Darevsky, 1958). This fueled the search for other parthenogenetic species, and led to its
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discovery in Aspidoscelis. The first publications reporting all-female Aspidoscelis
lineages arrived in 1962, after initial observations noted an absence of males (Duellman
and Zweifel, 1962; Maslin, 1962; Wright, 1993). The genus was originally grouped with
South American Cnemidophorus species until mitochondrial data revealed significant
variation that led to the separation of these two regions (Reeder et al., 2002a). Thereafter
the genus has been referred to as Aspidoscelis. To date, the genus consists of at least 50
recognized species, of which approximately one-third are unisexual.

Aspidoscelis parthenogens were formed by hybridization between bisexual
progenitors. In some cases, the parentage is assumed based on morphology, or confirmed
by molecular techniques. Noted for harboring high levels of heterozygosity, the
parthenogen contains several distinct alleles which can be used to identify parentals.
Indeed, parentage has been affirmed for several lineages by genomic or allozyme
analysis. Inherent to the hybridization event is the convergence of two distinct genomes
and a high correlation with the phenomenon known as hybrid vigor. Similarly,
Aspidoscelis parthenogens apparently benefit from the union of two (or in some cases,
more) separate genomes. Unlike other hybrids, which commonly experience reduced
fertility, successful Aspidoscelis lineages are fertile and maintain high levels of
heterozygosity at tested loci (Neaves and Gerald, 1968a). Preservation of heterozygosity
from generation to generation is taken to an extreme, as these parthenogenetic species
reproduce in a clonal manner (Cuellar, 1976; Cuellar and Smart, 1977). This high
conservation of heterozygosity appears to be linked with the meiotic aberration that

allows this species to reproduce clonally.
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Whiptails are among the most widely researched lizards, after only Sceloporus and
Anolis. Studied not only for an unusual reproductive biology, their ubiquity in North
America makes them amenable to the study of natural unisexual populations, including
behavioral aspects, physiology, and population genetics, among other interests

(Hernandez-Gallegos et al., 2003; Hotchkin and Riveroll, 2005; O’Connor et al., 2011).

Phylogeny

The plasticity of speciation within Aspidoscelis has long been the bane of
herpetologists who have attempted to classify it (Wright, 1993). Parthenogenetic
combinations can become very complicated. The current phylogenetic consensus has
divided the genus into five groups: A. cozumela, A. deppii, A. sexlineata, A. tesselata, and
A. tigris. The latter three are the source of the majority of parthenogens (Reeder et al.,
2002a). As with most obligate parthenogenetic vertebrates, diploid Aspidoscelis
parthenogens arose from hybridization between two different bisexual species, and
triploid lineages arose via addition of a sperm genome from a bisexual male onto the
diploid parthenogen oocyte (Cole, 1979; Lowe and Wright, 1966; Neaves, 1969a; Neaves
and Gerald, 1968a). One of the most commonly studied parthenogens, A. tesselata,
resulted from the mating between A. tigris marmorata and A. gularis septemvittata, (Fig.
1). Both of these parental species are extant, which allows for comparative analyses
between parthenogen and parentals, and can answer important evolutionary biology
questions. On the contrary, triploid A. exsanguis, A. opatoe, A. uniparens, and A. velox
arose from a theoretical intermediate which no longer exists, and although the bisexual

species persist, the inability to sample the intermediate occludes several meaningful
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A. deppii
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\ A. tesselata
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'gri : A. tesselata complex
A t{g s qetf?fop g ® A neotesselata complex
A. tigris tigris

A. tigris septentrionalis

A. neomexicana

A. gularis scalaris
A. gularis gularis
A. gularis septemvittata
A. costata costata
A. burti burti
A. burti stictogramma
A. costata grisedcephala
A.inomata
|: A. sexlineata sexlineata
A. sexlineata viridis”

A. sexlineata

A. laredoensis complex

e A.exsanguis

e A flagellicauda and A. sonorae complexes

(intermediate ancestor)

e A.opatae, A. uniparens and A. velox
complexes
o diploid @ triploid

Fig. 1. Phylogeny of a subset of Aspidoscelis bisexual lizards (left) and resulting hybrids, i.e.
unisexual species, (right). Adapted from (Reeder et al., 2002a).

experiments. For example, using populations of A. tesselata and A. tigris marmorata for
mitochondrial DNA restriction analyses revealed less than 1% nucleotide divergence
between these two groups as well as among individuals of the A. tesselata population,
indicating that (a) A. tigris is the maternal parent of A. tesselata, and (b) the hybridization
event that resulted in this population occurred relatively recently (lii et al., 1989). These
findings appear consistent across Aspidoscelis; the number of hybridization events that
created most, if not all, existing parthenogenetic species is estimated to be greater than
one, but still relatively few (lii et al., 1989; Moritz et al., 1992; Moritz et al., 1989b).
Interestingly, while parthenogens have risen within the A. sexlineata group, no

such phenomenon seems to occur in A. tigris, which apparently requires hybridization
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with the A. sexlineata group for parthenogen formation. These A. tigris / A. sexlineata
parthenogens comprise a separate group, A. tesselata, whereas unisexual lineages created
within the A. sexlineata clade retain their group classification. In practice, each
population of hybrids is considered a species, although this is not without debate; a
suggestion to designate each hybridization event has been put forth, however it is not

very practical and therefore is not widely used (Cole, 1990; Frost and Hillis, 1990).

Ploidy

Although bisexual species in the Aspidoscelis genus are strictly diploid, unisexual
whiptails do not appear to be constrained to two genomes. Homolog pairing in the
bisexual probably plays a role in this restriction, as odd-ploidy animals rarely reproduce
sexually [see exception (Stock et al., 2012)], but presumably, the mechanism of meiosis
in unisexuals circumvents the traditional pairing process. As illustrated in Fig. 2, triploid
unisexual species abound in the genus: of the eleven documented unisexual species in
Aspidoscelis, seven are triploid (Vrijenhoek et al., 1989). This suggests that perhaps
triploids have an advantage over diploids, especially when considering that a diploid
intermediate would have co-existed for some time with the triploid. Muller’s ratchet — an
evolutionary hypothesis which suggests that unisexuals accrue detrimental alleles — may
play role, as three genomes would increase gene redundancy. This might alleviate the
effect of any mutations, thereby allowing a triploid species to outcompete a diploid. It is
as yet unknown what other differences exist between a diploid and triploid. Is the

mechanism of meiosis conserved in diploid and triploid unisexuals? Do other advantages
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exist, such as increased physiological plasticity, which might favor a triploid genome in
the harsh environments of the southwestern U.S.?

Remarkably, ploidy does not culminate with three genomes; two female tetraploid
Aspidoscelis have been found in nature; in one case, the animal appeared to be sterile,
and in the other, fertility was apparent, but validation was unfortunately not possible
(Hardy and Cole, 1998; Neaves, 1971). The viability of a tetraploid species is interesting
in its own right; however, more confounding may be the absence of these species in a
genus in which viability is clearly possible. The ratchet-supporting hypothesis that ‘more
is better’ does not appear to apply at the tetraploid level in Aspidoscelis, and several more
questions emerge: How are four sets of chromosomes disadvantageous? Are such animals
fertile? Can meiosis continue with so much DNA that presumably necessitates pairing,
etc., and other processes that are normally managed with only two sets? The evolutionary
biology and history of these animals are fascinating, and answers to these questions will

undoubtedly be enlightening.

Geography

While Aspidoscelis parthenogens predominantly occupy the Southwest, bisexual
species within the A. sexlineata group are ubiquitous throughout the U.S. and Mexico,
distributed as far as the East Coast of the U.S. (see Fig. 2). A. tigris, on the other hand, is
distributed primarily in the West, with extensions into Northern Oregon. The overlap
between these two territories correlates with the prevalence of parthenogen inhabitation.
There is an obvious lack of parthenogen A. sexlineata dispersal, despite its overall

distribution and higher propensity to form viable inter-specific hybrids, e.g. A. exsanguis
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A. sexlineata

&i A. sexlineata parthenotes

inms A tesselata

Fig. 2. Geographic distribution of two Aspidoscelis parthenogenetic species and their bisexual
parental species. (a) Bisexual A. tigris.Bisexual A. sexlineata group: (b) A. inornata and (c) A.
gularis. Parthenogenetic A. tesselata group: (d) A. neomexicana, hybrid of A. tigris and A.
inornata (e) A. tesselata, hybrid of A. tigris and A. gularis Adapted from (Wright, 1993).

and A. uniparens. This can probably be explained by two observations. First, species
within the A. sexlineata clade lack considerable sympatry, decreasing the likelihood for
interspecific interactions (Wright, 1993). Secondly, successful asexual lineages appear to
originate from a single or few hybridization events (Parker and Selander, 1976).
Illustrating this is the observation of hybrids at the interface between bisexual species, the
majority of which have been sterile (Dessauer et al., 2000; Taylor et al., 2001; Walker et
al., 1990). Thus, hybridization appears to correlate with parthenogenesis, but it is not

sufficient to create a fertile lineage.

Meiosis

Overview
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A highly dimorphic mechanism used to generate gametes, meiosis is largely
conserved within each sex and provides the mechanism by which sexual reproduction can
occur (see Fig. 3). By halving the genome and creating 1C gametes, ploidy can be
restored upon union of sperm and oocyte.

At the onset of meiosis is an S-phase that, karyotypically, is indistinguishable from
that of mitosis, but is actually unique in several aspects. First, the pre-meiotic S-phase is
longer: by a factor of 3 in yeast, and in mammals not as drastic, but still significant (11.5
hour compared to 10 hour in somatic cells) (Kofman-Alfaro and Chandley, 1970;
Wartenberg et al., 1998). The reason for this increase is unknown, although in yeast it
may be an artifact of nutrient starvation required for sporulation rather than a meiosis-
specific effect (Blitzblau et al., 2012). Second, the meiotic replication machinery has
novel factors included, distinct from mitosis. CLB5 mutants were initially characterized
for a mild mitotic S-phase defect and failure in meiotic progression, but later shown —
along with another cyclin, CLB6 — to be essential for normal meiotic S-phase (Epstein
and Cross, 1992; Stuart and Wittenberg, 1998).

Homologous chromosomes resulting from S-phase subsequently undergo pairing, a
process characterized by transient interactions between chromosomes, both homologous
and nonhomologous. Clustering of telomeres to the centrosome (spindle pole body) of the
nuclear periphery effectively reduces the search to two dimensions. Interestingly,
homologous domains have been observed to remain associated longer than
nonhomologous regions. The mechanism behind this double strand break-independent
phenomenon has been elusive; however, recent findings in Schizosaccharomyces pombe

indicate that cis-acting noncoding RNAs play an important role in this process (Ding et
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Replication  Pairing Exchange 1stdivision 2nd division
[ ]
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Fig. 3. The basic process of meiosis, depicted as in an oocyte. Premeiotic S-phase creates a 4C
nucleus. Homologous chromosomes undergo recombination and after two cell divisions, four
genetically distinct cells result, comprised of one oocyte and three polar bodies.

al., 2012). Pairing initiates homolog interactions, but in most organisms, premature
chromosome segregation is prevented by the production of double strand breaks (DSBs)
followed by formation of the synaptonemal complex (SC). DSBs are universally created
by the endonuclease SPO11; mutants for the highly conserved protein exhibit extensive
amounts of aneuploidy. Visible by electron microscopy as a ladder-like structure, the 200
nm wide SC is a proteinaceous lattice that aids in holding the homolog along its length,
like a zipper. Early SC formation correlates with sites of recombination, and crossover
sites are suspected to be associated with recombination nodules, SC-associated
proteinaceous foci that measure approximately 100-nm in diameter. However, the
strongest indication of a recombination site is the chiasma, the resulting physical
attachment after a reciprocal crossover which is visible by light microscopy in many
organisms.

Cell divisions are the final hallmarks in meiosis that will be introduced here. While
the second division is essentially identical to that of mitosis, it is the first — a reductional
division — which is unique to reproduction, by separating homologs rather than sister

chromatids. Cohesion between chromatids is essential for reductional division, and is
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accomplished though the meiosis-specific cohesin Rec8. Rec8” cells undergo equational
division and, interestingly, continue to complete the second division as well (Molnar et
al., 1995; Watanabe and Nurse, 1999). Another factor involved in proper chromosome
segregation is the orientation of the kinetochores, the proteinaceous structures that
assemble on each chromosome and interact with microtubules to physically separate
chromosomes (for reviews, see (Santaguida and Musacchio, 2009; Watanabe, 2012)). In
mitosis, kinetochores are located at opposite ends of the centromere, and bi-orientation is
favored (microtubules emanating from opposite poles), making segregation of chromatids
favorable. In contrast, during meiosis I, sister chromatids are to remain associated. For a
successful first division, chromatids should be mono-oriented instead, and the bivalent
should be bi-oriented. Facilitating this is a unique fusion of the kinetochore structure
within each chromatid pair, which favors their mono-orientation. Additionally, and
perhaps more importantly, the tension created from bi-orientation of the bivalent favors
its formation and stability.

Meiosis is unusual in having two consecutive divisions without an intervening
interphase. How is cell division number controlled? This is as yet unknown, although one
hypothesis suggests that replication licensing is correlated with the presence of sister
chromatid cohesion (Wilkins and Holliday, 2009). Because the first division separates
homologous chromosomes, chromatids are left intact, thereby signaling progression into
sister chromatid separation without a preceding S phase. Mechanisms that dictate division
number may also prove to be significant to parthenogenesis.

Given the high conservation of meiosis, one might assume that the processes therein

are disrupted only in parthenogens and pathological conditions. Surprisingly, several

20



sexually-reproducing organisms successfully generate haploid gametes in spite of
obvious meiotic aberrations. For example, while recombination is required in most
organisms, all chromosomes in male Drosophila, as well as the fourth in females, waive
this mechanism; rather, a DSB-independent process unites homologs to prevent
chromosome nondisjunction (Harris et al., 2003). Another example,
Schizosaccharomyces pombe, undergoes recombination but without the characteristic
tripartite synaptonemal complex. Seemingly analogous structures known as linear
elements can be visualized between homologs via electron microscopy, although these
are probably not required for normal gamete formation (Bahler et al., 1993; Wells et al.,

2006).

Routes to a 2C gamete

An additional DNA doubling within a cell is conceptually very easy: two rounds of
replication, a failed cytokinesis, or reentry into G1 are among a few possibilities.
However in reality, a cell with exactly twice the DNA content is rare. Cells are attuned to
the DNA content required; perhaps more importantly, the effects of polyploidy could be
disastrous for a species in the long-term (Fujiwara et al., 2005). Paradoxically, polyploid
cells exist naturally, and may even be necessary for normal physiological function. For
example, the Drosophila germline generates oocyte-nourishing polyploid cells by
utilizing endoreplication, a special cell cycle in which multiple rounds of DNA
replication occur. Germ cells in this organism divide within a cyst from a single
progenitor, after which only one of the resulting 16 cells differentiates into the oocyte.

The remaining cells differentiate into nurse cells and endoreplicate 10-12 times to
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generate >1000C nuclei (Dej and Spradling, 1999). This mechanism is not restricted to
invertebrates. It is used during embryonic development in mammalian trophoblasts and in
the red blood cell precursors, megakaryocytes [see (Edgar and Orr-Weaver, 2001) for

endoreplication review].

As it pertains to Aspidoscelis, how can 2C gametes consistently be generated? The
following hypothetical scenario, using endoreplication as a mechanism, is based on the
fact that each (diploid) parthenogenetic species is a hybrid of two different sexual
species. Consequently, the parthenogen essentially contains two different genomes, and
the resulting genetic diversity likely extends to meiotic proteins (Neaves, 1969a; Neaves
and Gerald, 1968a). Let us assume that the temporal expression of meiosis-specific
cyclins varies between sexually-reproducing Aspidoscelis species such that cyclins are
expressed in different parts of premeiotic S phase. The parthenogenetic species, by nature
of their formation, would have inherited both expression patterns, and would express both
cyclins, each at a different time of premeiotic S phase. Such a minor variation may be
sufficient to initiate and complete two rounds of DNA replication. However, one
inconsistency with this hypothesis is that hybridization between bisexual parental species
would be sufficient for establishing parthenogenesis, and this is not observed. Mating
experiments between known parental species have yielded infertile hybrids (Cole et al.,
2010). Therefore, it would strongly suggest that a mutation is required in addition to the
hybridization event (Fig 4). Another problem with the endoreplication hypothesis, which
essentially requires reentry into G1, is that it conflicts with the idea put forth by Wilkins
and Holliday to explain the existence of two meiotic divisions (Wilkins and Holliday,

2009).
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Other mechanisms could account for a 2C gamete. Failed cytokinesis, through a
variety of mechanisms, could occur at any of the oogonial or meiotic divisions and result
in twice the DNA content. A contractile ring that is incorrectly positioned or poorly
constructed, can yield unevenly distributed chromosomes or cause complete failure of
furrow ingression (Lacroix and Maddox, 2012). A return to the cell cycle from meiosis
can potentially explain a 2C gamete — and there is precedence for this phenomenon.
Saccharomyces cerevisiae cells that have initiated meiosis can return to vegetative
growth if supplied with nutrient-rich media (Sherman and Roman, 1963; Simchen et al.,
1972). Thus, there are numerous cytological and genetic alternations in meiosis that can
theoretically generate a parthenogen. Uncovering the biologically relevant mechanism(s)

will be the challenge.

Fig. 4. Hypothetical explanation of endoreplication

Parental Parental in Aspidoscelis. A mutation in one parental species
Species 1 Species 2 results in temporally misregulated S-phase,
resulting in two rounds of DNA replication. Note
that the sexual species would become
¥ parthenogenetic as well in this scenario. See text
X for details.
Precocious Normal
S-phase S-phase g
* %
, * —>» —>» x * %

Parthenogen
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Meiosis in most hybrids

The textbook example of hybridity — the mule — with all its inherent strengths, is
also subject to a fate common in hybrids: loss of fertility (Taylor and Short, 1973;
Wodsedalek, 1916). Across species, the underlying cause is the same: divergence
between two parental genomes; however, mechanisms responsible for sterility or
infertility vary considerably, and the performers involved may be DNA, RNA, or protein.
Research in the past few decades has vastly expanded on basic hypotheses first proposed
in the early twentieth century.

Although it may seem reasonable to assume that genetic divergence directly
abrogates chromosome pairing, in reality, this explains only a few known cases of hybrid
incompatibility (Coyne and Orr, 1998). Chromosome pairing deficiencies affect both
sexes, and thus cannot explain the high incidence of incompatibility in the heterogametic
sex (Haldane’s rule). A more applicable hypothesis, suggested in the 1930s and 1940s,
would later become known as the Dobzhansky-Muller model (discussed in (Coyne and
Orr, 1998)). According to this model, multiple loci — which are compensatory within each
parental species — yield irreconcilable combinations in the hybrids. These antagonisms
may manifest as loss of function (Mihola O Fau - Trachtulec et al.) or gain of function
(Bayes and Malik, 2009; Long et al., 2008). The first known hybrid incompatibility gene
among vertebrates is PRDM9, a H3K4 trimethylase required for recombination in mice
and humans (Baudat et al., 2010; Parvanov et al., 2010). Mutations in this DNA-binding
protein result in sterility, and the nature of hybrid incompatibility stems from the

variability in the zinc finger domain.
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Parthenogenesis

Superficially, parthenogenesis appears to be advantageous: each individual within a
species is capable of reproduction, which circumvents a significant disadvantage dealt to
sexually-reproducing species: males (Maynard Smith, 1971). Bisexual species require
energy for mate searching and mating, and a male’s inability to generate offspring
decreases the fecundity of the species. Because each individual within a parthenogenetic
species is capable of reproduction, the population can expand more quickly.
Theoretically, a parthenogenetic population would increase by a factor of two in each
generation, exponentially outnumbering a bisexual species, assuming all other factors are
equal (Fig. 5). Unisexuals also have an apparent advantage in that favorable genotypes
remain intact over time. Bisexual species, on the other hand, are affected by the
recombinational load that may potentially break up advantageous combinations.
However, in reality, sexual eukaryotes overwhelmingly outnumber parthenogens.
Additionally, parthenogens (as well as hermaphrodites) rarely comprise more than a
collection of species and are typically present at the terminal nodes of phylogenetic trees,
suggesting that these species are evolutionarily lackluster and result in dead-ends.
Therefore, sexuality must harbor one or more advantages that compensate for deceased

fecundity and recombinational load.

Hypotheses for the predominance of sexual reproduction

The focus will be on concepts and predominant theories within the field. For a
comprehensive summary of theories, see (Chao and Tran, 1997; de Visser and Elena,
2007; Muller, 1932).
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Fig. 5. The two-fold cost of sex. Theoretical population expansion in unisexual and bisexual
species, assuming four offspring per female individual and neutral contribution from the male.

Fisher-Muller hypothesis

Unlike parthenogenesis, sexual reproduction is a way in which genetic information

from individuals within a species can be combined, thereby accelerating the formation of

favorable genotypes. In a parthenogenetic species, such favorable combinations would

need to arise independently within the same lineage and would thus require more time

(Fig. 6a). Fisher and Muller independently proposed that sexual reproduction could be

favored over asexual reproduction due to a faster combination of favorable alleles

(Fisher, 1930; Muller, 1932).
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Muller’s ratchet

Extrapolating from the Fisher-Muller hypothesis is Muller’s ratchet. Because most
unisexual species reproduce as genetic copies of themselves, they are essentially locked
into their genotype. Inheritable genetic variability predominately arises from spontaneous
germline mutations. While most mutations would likely be neutral and not affect the
fitness of the animal, those of a deleterious nature would inevitably arise over time (Fig.
6b). A unisexual species would have no means by which to purge such a mutation,
creating an irreversible “click” in the ratchet. Eventually, the ratchet would reach a point
in which the fitness of the animal was severely decreased, thereby lowering its fitness as
a species. Hemiclonal frogs of the species Rana esculenta provide support for this model.
These sexually-reproducing amphibians are hybrids (genotype RL) produced from two
bisexual species (genotypes RR and LL). Offspring inherit the R genome clonally —
without net genetic recombination — and the other genome sexually, yielding a RL’
genotype. Crosses between RL’ offspring within a population to produce RR animals
typically leads to embryo lethality; however, crosses between RL offspring of a different
parental origin (that produce RR’ individuals with genetically distinct R genomes) result
in healthy tadpoles (Vorburger, 2001). This suggests that deleterious alleles may have

accumulated in the R genome since the hybridization event that formed R. esculenta.

Red Queen hypothesis

One of the strongest hypotheses to describe the advantages of sexual reproduction,
in large part due to recent studies, is the Red Queen. The name is derived from an event
in Lewis Carroll’s Through the Looking Glass in which the protagonist, Alice, tries to
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race away from the Red Queen, but instead finds that, for all her efforts, she has merely
remained in the same spot. Such an analogy has been used in evolutionary biology:
species expend large amounts of effort simply to remain competitive with the
surrounding co-evolving species (van Valen, 1973, 1974). Parasites in particular are used
to illustrate this phenomenon, as they typically infect common host genotypes, giving
selective advantage to rare varieties (Dybdahl and Lively, 1998; Neiman and Koskella,
2009). Therefore, unisexual species, due to their genetic invariance, would be at a

disadvantage compared to their bisexual, and inherently diverse, counterparts (Fig. 6¢).

Several studies have demonstrated the correlation between parasitism and
reproductive mode of the host species. In the New Zealand freshwater snail,
Potamopyrgus antipodarum, sexual varieties co-inhabit the shallow regions of lakes with
parasitic Microphallus sp, whereas asexual forms are predominately found in deeper,
Microphallus-sparse regions (Jokela and Lively, 1995; King et al., 2009). Vertebrates
show similar trends. Wild-caught geckos of the species Heteronotia binoei display higher
rates of mite infestations compared to a closely related sexual species (Moritz et al.,
1991). In an analysis of 619 lizards, 51% of parthenogenetic individuals contained mites
compared to 2% of the bisexual species with a mean infestation of 21.64 and 0.59 per
individual, respectively. Higher mite infestations were verified by Shine’s group
(Kearney and Shine, 2004). To directly test the cause-effect relationship between genetic
variability and co-evolution with parasites, Curtis Lively’s team grew strains of C.
elegans with S. marcescens, a bacterium that produces a potentially lethal infection in the
worm. C. elegans is capable of either self-fertilization or outcrossing, and particularly

useful selfing-restricted mutants have been generated. To simulate co-evolution and

28



(a)

Unisexual

Bisexual

(c)

Unisexual

Bisexual

Parasitic
adaptation

Fisher-Muller (b)
‘A (AB mBC
NS S A

AB

\\ 4
AN A

A |ABC
\:77_ /: A L
‘B |

Time —»
Red Queen

~ @
®® ~
A c  [BC

» @

Muller’s Ratchet

AR ‘Aa‘ :@,

\AA

AA @ *

\AA

Time —>»

Fig. 6. Hypotheses for prevalence of sex. (a)
Fisher-Muller suggests that advantageous
alleles (ABC) will marry more quickly in
bisexual species. (b) In Muller’s ratchet,
slightly deleterious alleles (Aa) accumulate
until lethal (aa), but unlike some bisexual
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select for the most harmful parasites, bacteria were harvested from dead worms and

recultured with survivors. In the absence of the parasite, wildtype populations of C.

elegans outcrossed at a rate of 20%; however in its presence, outcrossing escalated to

more than 70% over a period of 30 generations. Further, obligately selfing strains of C.
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elegans died out within 20 generations (Morran et al., 2011). Taken together, these

studies suggest that outcrossing is essential in order to compete with parasitic species.

Notably, the long-lived Bdelloid rotifers have recently been found to escape fungal
parasites with an unusual ability to desiccate and blow away (Wilson and Sherman,
2010). This may partly explain how this species is able to overcome the Red Queen
effect. However, Meselson and colleagues have shown that despite the presence of this
defense mechanism, large amounts of horizontal gene transfer have occurred in rotifers,
including a gene of bacterial origin which is capable of expression in the rotifer genome

(Gladyshev et al., 2008).

Unisexuality across species

From microscopic invertebrates such as the rotifer to the largest lizard in the world,
the Komodo dragon (Varanus komodoensis), observations of parthenogenesis have been
found in a wide range of animals. The variation of meiosis across species rivals the
variation of the organisms themselves. At the most extreme, meiosis is essentially
abolished as suspected in rotifers, and oocytes are produced via a mitosis-like mechanism
(HSU, 1956). Despite extensive studies, meiotic genes have yet to be found, suggesting
that parthenogenetic rotifers have survived without meiosis to such an extent that these
genes have diverged. However, in general, most organisms have retained key aspects of
meiosis, which include, but are not limited to, the expression of meiotic genes, pairing of

homologous chromosomes, and a reductional division that separates homologs.
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Additionally, ploidy restoration to equate that of a somatic cell is essential for successful

parthenogenesis.

Polar body fusion

Many known examples of asexual reproduction apparently occur via fusion of the
haploid oocyte and a polar body. Interestingly, the genotype of the parthenogenetic
oocyte will differ drastically depending on the type of fusion in meiosis. High levels of
heterozygosity are retained from central fusion, merging of the oocyte with a polar body
from the first division (Fig. 7). Based on microsatellite analyses, this mechanism appears
to occur in, among others, the queen fire ant Wasmannia auropunctata, the cape
honeybee Apis mellifera capensis, and some strains of Drosophila (Baudry et al., 2004;
Fuyama, 1986; Rey et al., 2011). On the other hand, terminal fusion — that between the
oocyte with its polar body from the second division — will result in high levels of
homozygosity (Fig. 7). The snake Epicrates maurus and the termite Reticulitermes
virginicus have been observed to undergo such fusion, and this mechanism may be
responsible for facultative parthenogenesis in the Komodo dragon and the Hammerhead

shark (Booth et al., 2011; Vargo et al., 2012; Watts et al., 2006).

It is important to note the apparently high incidence of fusion in ovaries of the
aforementioned animals. One critical question is whether fusion is exclusive to
parthenogens or a general occurrence during oogenesis. There are exceptions to the
fusion rule, such as the Bdelloid rotifers. And while genetic analysis can merely suggest

that polar body fusion has occurred, only cytological investigation can distinguish one
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mechanism among others. In the cyclical parthenogen Daphnia pulex, for example, it had
been postulated that diploid oocytes formed by apomixis, the mitotic-like division
characteristic of the rotifers. However, Hiruta and colleagues demonstrated that meiosis |
proceeds normally until the first division when anaphase aborts and chromosomes
reunite, a process termed abortive meiosis (Hiruta et al., 2010). Possibly, abortive meiosis
is more common than previously thought, as it could account for the high levels of
heterozygosity observed in cases of presumed central fusion. Further cytological analysis
in those animals can positively distinguish between central fusion and abortive meiosis.
Likewise, terminal fusion may actually result from an abortive second division. Although
one can argue that such a distinction is unnecessary as long as the genetic outcome is
known, an understanding of the cellular and molecular mechanisms is crucial in order to

explain the rarity of parthenogenesis.

Premeiotic doubling

Premeiotic doubling of DNA solves the problem of ploidy loss: cells begin with
twice as much DNA as a sexually-reproducing species and end with twice as much
(diploid). This mechanism also appears common among hybrids; chromosomes that
would not normally pair due to sequence dissimilarities instead match up identical
chromosomes that resulted from the doubling. Meiosis then apparently proceeds in a
quasi-normal manner, and after two divisions, the resulting daughter cells are genetically
identical to each other and to the mother cell. The grasshopper Warramaba virgo,the

brown alga Ectocarpus, Poeciliopsis, and several species of amphibians and reptiles,
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Fig. 7. Theoretical mechanisms of parthenogenesis. A mitotic-like division is presumed to
take place in Bdelloid rotifers, resulting in maintenance of heterozygosity. It would manifest
cytologically by absence of homolog pairing and generation of one or two polar bodies.
Endoreplication is characterized by an additional chromosome doubling prior to meiosis.
The nature of chromosome pairing would dictate the resulting genetic outcome. Polar body
fusion may occur with the first or second polar body and, as in endoreplication, would
generate different degrees of heterozygosity depending on the exact nature of the fusion.

including Aspidoscelis, are among the organisms in which premeiotic doubling is
suspected due to the observed DNA content elevation during meiotic prophase (Bothwell
et al., 2010; Cuellar, 1971; White et al., 1963). Prior to our research, premeiotic doubling,
and downstream events such as chromosome pairing, had yet to be definitively
demonstrated. DNA elevation has been better characterized in the planarian; in some

species, the entire germline is elevated by two-fold (Benazzi, 1963).
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Obligate and facultative parthenogenesis

In a Nebraska zoo in 2001, a single newborn hammerhead shark changed the way
scientists view reproduction. No males of the same species were housed in the enclosure.
It was later confirmed that the pup was produced parthenogenetically by one of three
females housed in the aquarium, making it the first confirmed example of
parthenogenesis in a shark (Chapman et al., 2007). The combination of a controlled
environment (the zoo) and an increased interest in microsatellite analysis has allowed
researchers to positively identify cases of sporadic parthenogenesis in recent years.
Incidents such as this one demonstrate the reproductive plasticity of animals once thought
to be strictly sexual. And it is highly likely that other examples will be revealed in the

coming years.

Parthenogenetic species can be subdivided based on their dependence to
parthenogenesis, and range from full dependence (obligate) to seasonal (seasonally
facultative) to sporadic incidences (facultative). In general, obligate parthenogens retain
heterozygosity from generation to generation, whereas facultative organisms, both
seasonal and sporadic, appear to lose heterozygosity. Therefore, it is quite likely that the
molecular and cellular mechanisms between facultative and obligate parthenogens are

distinct.

It is known from facultative parthenogens that some bisexual species can transition
to parthenogenesis, but can obligate parthenogens transition to sexuality? In the case of
animals that undergo premeiotic doubling, fertilization from a closely related bisexual
species can occur, but this is followed by ploidy elevation from the sperm DNA, i.e. a

triploid produced from a diploid mother. Therefore, depending on semantics, sexual
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reproduction can occur; but true sexual reproduction, in which oocyte DNA content is
halved, has yet to be found. Generally, an indicator of cryptic sex within a
parthenogenetic population is the presence of fertile males. However, this can be
misleading, as demonstrated in the Darwinulid ostracods, a controversial ancient asexual
clade comprised predominantly of females, but in recent years found to contain a few
conspicuous males. While initially exposed as a “sex scandal,” it has since been
confirmed that males can arise from mutations in the sex determination pathway (Schon
et al., 2009). It is currently unknown whether these males are capable of passing on their
genes. Schultz noted the correlation between interspecific hybridization, polyploidy, and
sexuality: if a parthenogenetic male could produce unreduced sperm and fertilize an
unreduced oocyte, the resulting tetraploid could be capable of normal pairing and sexual
reproduction could theoretically be restored (Schultz, 1969). This appears to be the case
in the minnow Leuciscus alburnoides, in which males are fertile and produce diploid
sperm (Alves et al., 2001). Thus, even if parthenogenetic species are evolutionary short-

lived, they may play an important role in the evolution of sexual species.

Sperm dependence in unisexual lineages

Many unisexual species, predominantly fish and amphibians, require sperm for egg
activation. Some, including Ambystoma and Poeciliopsis, may even incorporate paternal
chromosomes or the entire genome while preserving the maternal complement, utilizing
mechanisms known as kleptogenesis and hybridogenesis, respectively. On the other hand,
sperm-independence is prevalent among invertebrate unisexuals as none of the putative
ancient lineages (rotifers and ostracods) require fertilization (Schurko et al., 2009). The
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only exception among vertebrates is Squamata (lizards and snakes), which apparently
undergoes de novo centrosome synthesis and oocyte activation (Neaves and Baumann,
2011a). Although poorly understood among vertebrates, insights have been made in the
arthropods Drosophila and Bacillus. De novo formation of functional centrosomes occurs
in the majority of oocytes within a strain of Drosophila mercatorum and may explain the
parthenogenetic development observed in 5% of oocytes (Kramer and Templeton, 2001;
Riparbelli and Callaini, 2003). And in the stick insect Bacillus, oocytes bypass the
requirement for centrioles during spindle formation, thus assembling components
exclusively from maternal origin (Marescalchi et al., 2002). Therefore, a similar

mechanism may exist among vertebrates.

Sperm dependence adds to the confusion regarding speciation in unisexual lineages
as it necessitates a close relationship with a related sexual species that acts as a sperm
donor (Schlupp, 2005). Because fertilization proteins such as the zona pellucida evolve
rapidly (Swanson and Vacquier, 2002), the unisexual and bisexual species are linked,
constraining the unisexuals in regards to habitat, behavior, etc. In some examples, the
unisexual species can be fertilized by another bisexual species, thereby allowing
expansion of their habitat (Choleva et al., 2008). Because squamates are the only known
vertebrates that display sperm-independent parthenogenesis, they arguably constitute
independent lineages and can comprise a species, whereas the sperm-dependence of other
vertebrates occludes this possibility (Cole, 1990; Frost and Hillis, 1990). However, some
ichthyologists maintain that requirements for sperm activation, especially in gynogens
(which do not incorporate paternal DNA), are overshadowed by other species-defining

characteristics, such as morphological, ecological, and genetic novelty (Schlupp, 2005).
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Correlation with interspecific hybridization and polyploidy

The correlation between interspecific hybridization and obligate parthenogenesis is
striking, especially among vertebrates (Neaves and Baumann, 2011a; Vrijenhoek et al.,
1989). Of approximately 80 known taxa of obligate vertebrate parthenogens, only two —
both lizard species — have been apparently generated via nonhybrid mechanisms (Sinclair
et al., 2010). Obligate parthenogenesis appears to be a means by which hybrids
circumvent sterility caused by improper chromosome pairing of homologs. By doubling
DNA and allowing identical chromosomes to pair, or dividing through a mitotic-like
process, oocytes bypass homolog pairing. Importantly, however, hybridization is not
sufficient to create parthenogenetic lineages, as sterile hybrids have been found within
asexual-rich genera (Hardy and Cole, 1998; Neaves, 1971). Likewise, hybrids generated
under laboratory conditions using presumed parental species have also been sterile, with
few exceptions (Cole et al., 2010; Mavarez et al., 2006; Schultz, 1973a). Then why are so
many parthenogens of hybrid origin? The answer may lie in the highly heterozygous
makeup inherent to interspecific hybrids. As exemplified by the horse-donkey cross,
mules are superior to their parental species in both strength and endurance. This process,
termed heterosis, or more commonly “hybrid vigor’, is observed across the animal and
plant kingdoms (Baack and Rieseberg, 2007; Chen, 2010). Estimates indicate that
hybridization has occurred in approximately 10% of animals and 25% of plants,

suggesting that it is a significant driving force in speciation (Mallet, 2005, 2007a).

Experiments to test heterosis in lab-synthesized hybrids have yielded conflicting
results. In the hemiclonal frog, Rana esculenta, F1 hybrids generated in the laboratory

exhibited higher survival rates leading up to metamorphosis, faster development rates,
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and shorter times to metamorphosis than either parental species (Hotz et al., 1999). This
was higher than natural lineages, indicating that the hybridization event itself may have
initial advantages. On the other hand, Poeciliopsis hybrids exhibited a higher percentage
of deformities compared to naturally-formed counterparts, suggesting that the strongest
hybrids persist to generate robust lineages (Wetherington et al., 1987a). And in
Heteronotia, parthenogenetic species displayed equal or inferior attributes compared with
sexual counterparts in regards to burst speed and parasitic load (Kearney and Shine,
2004). However, they also displayed greater average head width and greater mass at
hatching. Likewise, natural populations of Poeciliopsis exhibit greater heat tolerance than
their sexual counterparts (Bulger and Schultz, 1982). Taken together, this suggests that
phenotypic advantages may be selected for in the hybrids, which allow them to establish

their own ecological niche.

Like hybrids, polyploids comprise a large fraction of parthenogens. Approximately
two-thirds of vertebrate parthenogens are polyploid (Vrijenhoek et al., 1989). For some
hybrids, with numerous examples in plants, polyploidy allows for successful homolog
pairing and a persistence of sexual reproduction. In these examples, autopolyploidy
(ploidy elevation within one species) may coincide with hybridization. For others,
including many vertebrates, a frequently observed phenomenon is allopolyploidy
(different parental genomes comprise the extra ploidy levels); in fact, some
parthenogenetic diploids are outnumbered by their triploid relatives. The advantages for
polyploidy in these species is unknown, but elevated DNA content may result in greater
phenotypic variability needed for niche establishment. Alternatively, the extra genome,

which is highly redundant, may lighten the load on Muller’s ratchet.
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Mitosis vs. Meiosis

Parthenogens reproduce either through a mitotic mechanism (often referred to as
apomixis) or through a modification of the meiotic program (see Table 1). Among
vertebrates, there are no known examples of mitotically produced gametes, and all known
vertebrates have retained the basic meiotic program in some way. This may be a
reflection of a specie’s longevity. Organisms such as rotifers and Darwinulid ostracods,
which are thought to reproduce mitotically, are regarded as ancient lineages, existing for
approximately 35 and 70 million years, respectively (Judson and Normark, 1996). In
these animals, evidence for meiotic genes is sparse, indicating that these genes may have
devolved after years of disuse. However, the meiotic characteristics that influence

reproduction in these ancient lineages remain unknown,

The extent to which ancient asexuals retain properties of oogenesis may have
important implications in aging. Angelika Amon’s group recently reported a correlation
between meiosis and replicative life span in yeast, demonstrating that mitotically-
dividing strains yielded lower survival rates compared to those that underwent
sporulation (Unal et al., 2011). Presumably, cellular damage is repaired during this
process. The group also showed that expressing the meiosis-specific transcription factor
ndt80, life span could be restored in aged cells without the process of meiosis. The
significance of this mechanism in higher organisms is unknown. Do ancient asexuals
retain any aspects of oogenesis that reset the replicative lifespan of their offspring? Is
there another mechanism by which they achieve this rejuvenation? Because rotifers

undergo egg formation, we know that at least some oogenesis processes must be retained.
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By looking at the extent to which meiotic genes have diverged, we may gain insights into

the advantages of key meiotic genes, independent of gamete formation.

The vertebrate ovary

The body is highly resourceful, and several organs can be equated to a highly efficient
factory, producing high volumes of their specialty — blood, filtered urine, or sperm, for
example. On the other hand, the vertebrate ovary can be likened to a nursery. Relatively
inefficient, but with high quality control, the ovary houses very few oocytes that will be
used in fertilization. The amount of energy invested into each useful cell is relatively high
compared to other organs. Indeed, there is a high rate of follicular atresia in the ovary
such that women, upon reaching puberty, contain only a portion of the oocytes with
which they began. The vertebrate ovary consists of two basic types of cells: (1) germ
cells that will rise to become oocytes, and (2) somatic cells that either provide support to
the organ or nourishment to the germ cells. Most oocytes arrest in the primordial state
and reside in the ovary cortex in the diplotene stage of meiosis. Through an unknown
mechanism, some oocytes selectively grow larger than neighboring germ cells. These
large diplotene-stage oocytes resume the cell cycle after a hormonal response from
luteinizing hormone and undergo germinal vesicle breakdown before arresting again prior

to fertilization (for review, see (Zhang, 2012)).

Molecular analysis in the vertebrate ovary is best described in mouse, and to a
lesser extent in chicken. In higher vertebrates, oogonia divide mitotically until meiosis is

initiated via a wave-like mechanism involving retinoic acid, which acts as a morphogen
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(Bowles et al., 2006; Bullejos and Koopman, 2004). The speed with which meiosis is
initiated may be facilitated by cytoplasmic bridges between oogonia. These connections
are created by incomplete cell divisions and intimately bind groups of oogonia descended
from a single progenitor. Just prior to meiosis-specific gene expression, DNA replication
takes place: at approximately 12.5 dpc in mouse (Lima-De-Faria and Borum, 1962) and
embryonic day 14.5 in chicken (Callebaut, 1967). A widely favored — and highly
controversial — hypothesis is that all oogonia within mammals initiate meiosis well prior
to sexual maturity. Suggesting that infertility is nonreversible in women, this topic has
important health implications. Several years ago, neo-oogenesis, the reprogramming of
somatic cells into oocytes, had been claimed in adult mammals (Johnson et al., 2005;

Johnson et al., 2004); however, it has since been refuted (Eggan et al., 2006).

Oogenesis in reptiles and other lower vertebrates

Physiologically similar to the higher vertebrates, oogenesis in lower vertebrates
varies in several aspects. Perhaps of most importance is that lower vertebrates continually
engage a subset of oogonia to enter meiosis, beyond birth and into adulthood
(Andreuccetti et al., 1990; Nakamura et al., 2010). This process takes place in the cortex
of the germinal bed, an oocyte reserve attached to the dorsal side of the ovary. As a result
of germ cell differentiation, germinal beds are absent in adult chickens and mammals. On
the other hand, ovaries among lower vertebrates evoke only a fraction of oogonia to
initiate meiosis at any given time, leaving a population of mitotic germ cells in the adult

(Andreuccetti et al., 1990; Arronet, 1973; Guraya, 1989). One known exception is the
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Fig. 8. Cortex of mammal ovary. A small number of oocytes progress through meiosis.
Several primary and secondary follicles can be seen in this section. Note the large
number of primordial oocytes on the periphery of the tissue (Hill, 2011).
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tuatara, Sphenodon punctatus, whose oogonial population appears to completely

commence meiosis prior to hatching.

And just as differences exist between the two groups of vertebrates, some
characteristics vary greatly even among amphibians, fish and reptiles. Follicle number
and follicle size are two such examples. In many lizard species, a single ovulated egg is
common, whereas Xenopus laevis produces hundreds of follicles. Egg size ranges from
0.5 mm in the diminutive Southeast Asian cyprinid fish, Paedocypris, to 30 cm in the
enormous whale shark, Rhincodon typus (Compagno, 1984; Kottelat et al., 2006). The
follicle size prior to vitellogenesis also differs, and has practical applications in

experimental biology. Larger oocytes are found in egg-laying animals, allowing for easier
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visualization of nuclei and chromosomes. Thus, some lower vertebrates are more

amenable to chromosome dynamics studies.

Important similarities exist among most vertebrates, including the round shape of
the nuclei and the clear cytoplasm of young oocytes. In fact, many of the mechanisms
within the oocyte are conserved. The histology of the primary, secondary and tertiary
follicles is strikingly similar between animals. And as in higher vertebrates, intercellular
bridges between oogonia have been found in lizards, suggesting that reptilian oogonia
undergo synchronous development as well (Filosa and Taddei, 1976). It should also be
noted that meiosis initiates during embryogenesis in many lower vertebrates, as is the

case in mouse and chick (Guraya, 1989).

As it pertains to parthenogenetic vertebrates, what modifications might be expected
in oogenesis? Unless a mitotic-like mechanism occurs, which would involve a single cell
division, ploidy must increase during oogenesis. At what stage might this occur? One
hypothesis suggests that cells double at the onset of meiosis; however, there is no
precedence for this. On the contrary, one study of parthenogenetic loaches suggests that
the ploidy increase may occur long before meiosis. In the study, the research group took
advantage of sex-reversal capabilities in loaches and generated males from unisexual
female lineages. The advantage is that males produce greater numbers of germ cells,
making cells easily amenable to ploidy analysis. Interestingly, they found that a subset of
spermatogonia contain enlarged nuclei, consistent with the hypothesis that ploidy
increases long before meiosis (Yoshikawa et al., 2009). Ploidy increase prior to meiosis is
not exclusive to fish. Surprisingly, it is not even exclusive to unisexual species. In some

sexually-reproducing snakes, mitotically-replicating oogonia undergo an additional DNA
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doubling to produce 8C cells and subsequently divide twice to restore the diploid state
(Becak et al., 2003). This illustrates the fluctuation in oogonial mitosis and suggests that
if meiosis is modified by an additional doubling event, it may occur well prior to meiosis

in Aspidoscelis and other unisexual lineages.

Oryzias hybrids

Comparing Aspidoscelis with other hybrids may prove informative not only to the
reproductive biology of lizards, but also of vertebrates in general. Unfortunately, many
hybrids are not viable, occluding studies with model organisms such as Danio. However,
in the genus Oryzias (common name ricefishes), approximately 30 species exist, and
many combinations readily form viable offspring (Iwai et al., 2011). Particularly useful is
the cross between O. latipes and O. curvinotus, which develops normally, but undergoes
an aberrant meiosis. Both sexes are affected, but in vastly different ways. Male
spermatogenesis lacks cell divisions. The majority of sperm-like cells are enlarged,
display little movement, and contain 4C DNA content (Shimizu et al., 1997).

In the female hybrids, on the other hand, most oocytes do not proceed through
meiosis. Instead, these cells arrest during zygotene, the pairing stage in meiosis.
Interestingly, it appears that a small number of oocytes are able to successfully complete
meiosis and generate diploid eggs (Iwai et al., 2011). The authors suggest endomitosis as
the mechanism responsible for ploidy elevation, however the exact pathway remains to
be found (Shimizu et al., 2000). The study also suggests that oogenesis contains more
checkpoints to prevent progression of oocytes with unpaired chromosomes compared
with spermatogenesis. It is as yet unknown whether such ploidy elevation is exclusive to
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hybrids or a common occurrence among Oryzias. These phenomena may have

widespread implications in other vertebrate hybrids.

Unsuccessful Aspidoscelis hybrids

While many robust parthenogenetic lineages exist in Aspidoscelis, it is the analysis
of unsuccessful crosses that may provide mechanistic clues into parthenogenesis.
Although molecular tools are not as readily available in Aspidoscelis as in Oryzias,
histological analyses have contributed significant observations. For example, gross
examination of the sterile tetraploid hybrid A. sonorae / A. tigris revealed small ovaries,
empty or fluid-filled follicles, and an overall disorganization of the germinal bed (Hardy
and Cole, 1998). Additionally, the follicles displayed an obvious lack of vascularization.
Surprisingly, the mesonephric tubules were similar in size to the paternal, rather than
maternal, species. Indeed, male features may be common to female hybrids; an apparent
female formed from an Aspidoscelis inornata arizonae and A. tigris marmorata exhibited
male-like features, including a mesonephros that had epididymal morphology (Cole et al.,
2010). This phenotype was especially perplexing because A. inornata and A. tigris are the
parental species of the successful parthenogenetic lineage A. neomexicana, although the
maternal and paternal species were reversed in this cross (Fig. 1). Even more confusing
was the A. tigris / A. tesselata cross, which showed no propensity toward maleness but
likewise yielded empty follicles (Taylor et al., 2001). These observations support the
notion that parthenogenetic lineage establishment is rare. Also, the ease with which
hybrids can be generated is more successful than in Oryzias where certain crosses exhibit

severe aneuploidy defects in embryogenesis (Sakai et al., 2007).
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Why study parthenogenesis? And why use lizards?

The first question can be divided into two components: (1) Why does sexual reproduction
predominate? and (2) What prevents parthenogenetic species from spontaneously arising?
The first question is one that perplexed Darwin himself, and it stands as one of the most
outstanding in evolutionary biology (Charlesworth, 2006). Meiosis, and essentially sexual
reproduction, is intimately correlated with the earliest known eukaryotes, and no known
examples have arisen without it. Thus, sex is a defining attribute of eukaryotes. To fully
analyze its importance we must turn to those animals in which sex has been lost. As with
many scientific problems, it is advantageous to study an organism that has taken the
research topic to an extreme. In this case, the Bdelloid rotifers and Darwinulid ostracods,
which have seemingly reproduced without sex for millions of years, are ideal organisms
for study. By learning how these species have survived, and even thrived, we can
understand why the majority of species cannot.

The second question, concerning the ease of parthenogenetic transition, is one best
suited for the develo