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1. ABSTRACT

Speciation of clawed frogs occurred through
bifurcation and reticulation of evolutionary lineages, and
resulted in extant species with different ploidy levels.
Duplicate gene evolution and expression in these animals
provides a unique perspective into the earliest genomic
transformations after vertebrate whole genome duplication
(WGD) and suggests that functional constraints are relaxed
compared to before duplication but still consistently strong
for millions of years following WGD. Additionally,
extensive quantitative expression divergence between
duplicate genes occurred after WGD. Diversification of
clawed frogs was potentially catalyzed by transposition and
divergent resolution — processes that occur through
different genetic mechanisms but that have analogous
implications for genome structure. How sex determination
is maintained after genome duplication is fundamental to
our understanding of why allopolyploidization is so
prevalent in this group, and why clawed frogs violate
Haldane’s Rule for hybrid sterility. Future studies of
expression subfunctionalization in polyploids will shed
light on the role and purviews of cis- and trans- regulatory
elements in gene regulation.
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2. INTRODUCTION

Clawed frogs (genera Xenopus and Silurana) are
model organisms for biology (1, 2). Considerable scientific
resources have been developed for this group including
DNA sequences of thousands of expressed genes in the
tetraploid species X. laevis, a complete genome sequence of
the diploid species Silurana tropicalis, transgene
technology, and prefabricated expression microarrays.
That multiple species of clawed frog are polyploid makes
them useful models for studying evolution after vertebrate
genome duplication. Sex-differences in reproductive
barriers between species of clawed frog also make them
compelling subjects for exploring the genetic basis of
speciation. Their ability to form viable hybrid individuals
facilitates the study of cis- and trans- acting factors in gene
expression. This review will explore our current
understanding of these issues as they relate to clawed frogs.

3. EVOLUTIONARY RELATIONSHIPS
Phylogenetic ~ relationships  are  generally

represented in terms of the hierarchy of monophyletic
groups — or clades — wherein each group includes all
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descendants of their collective most recent common
ancestor. However, the recent evolutionary history of
clawed frogs is characterized by a combination of “regular”
bifurcating speciation, in which one ancestral species splits
into two descendant species, and also reticulating
speciation via allopolyploidization, in which two ancestral
species merge into one descendant species (Figure 1A). As
a result, the phylogenetic tree of clawed frogs composed of
branches that split and also merge as one goes from past to
present. Speciation by allopolyploidization occurs when
inter-species hybridization leads to fusion of their complete
genomes into a new descendant species. The genome of a
new allopolyploid species is therefore duplicated relative to
that of each ancestral species. Each species of clawed frog
is divergent on a genetic level (3, 4) and has a distinct male
vocalization; X. laevis includes populations/subspecies with
distinct male vocalizations (M. Tobias and D. Kelley,
personal communication; 5, 6).

Multiple  methods  exist for estimating
evolutionary relationships, and their implementation
depends on the type of data being analyzed, the
philosophical perspective of the researcher, and
computational efficiency. Maximum parsimony is an
optimality criterion that favors the evolutionary hypothesis
(phylogenetic tree) that requires the fewest number of
changes along its branches in order to account for the
differences between the taxa. Maximum likelihood and
Bayesian analyses favor an evolutionary hypothesis that
maximizes the likelihood or posterior probability of the
data, respectively, given a model of evolution and (for
Bayesian analysis) prior distributions for each parameter in
the model (reviewed in 7).

3.1. Pipid genera

Clawed frogs (genera Xenopus and Silurana) are
aquatic anurans in the tongueless frog family Pipidae. This
family includes four extant genera native to Africa: the
African clawed frogs (Xenopus), the tropical clawed frogs
(Silurana), the African dwarf frogs (Hymenochirus), and
Merlin’s clawed frogs (Pseudhymenochirus), and one
extant genus from the New World: the Surinam toads
(Pipa). Some phylogenetic relationships concerning pipid
frogs are well established. The families Pipidae and the
Mexican burrowing toad family Rhinophrynidaec are a
clade, Xenopus and Silurana are a clade, and
Pseudhymenochirus and Hymenochirus are a clade
(Figure 1B; 1, 3, 8-13). Monophyly indicates that
Silurana could be subsumed by Xenopus and that

Pseudhymenochirus ~ could  be  subsumed by
Hymenochirus, but trenchant molecular, cytogenetic,
and/or morphological differences argue for the

independent recognition of each of these genera (3, 8).
For instance, Silurana includes species multiples of 20
chromosomes (20 or 40) whereas Xenopus includes
species with multiples of 18 chromosomes (36, 72, oe
108). Estimates of the time of whole genome duplication
(WGD) in Xenopus, which occurred after the split with
Silurana, have an upper limit of roughly 53—-64 million
years ago and a lower limit of roughly 21 million years
ago (3, 14). In Silurana, WGD is estimated to have
occurred about half as long ago (3).
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Other relationships among pipid genera remain
poorly resolved and vary depending on the dataset and
analytical methods. Monophyly of (Pipa + Hymenochirus
+ Pseudhymenochirus). with respect to (Xenopus +
Silurana) was supported by morphological data (1, 10).
Monophyly of (Pipa + Hymenochirus) with respect to
(Xenopus + Silurana) was weakly supported by molecular
data from mitochondrial DNA and a portion of the RAG1
nuclear gene (3, 12). When analyzed using maximum
parsimony, molecular data from linked mitochondrial genes
and three (presumably) unlinked nuclear genes also
supported this latter relationship (13). However, a sister
relationship between Pipa and (Hymenochirus + Xenopus +
Silurana) was recovered when the same data were analyzed
using maximum likelihood and Bayesian methods (13).
Another recent study recovered a third relationship among
these genera: a sister relationship between Hymenochirus
and (Pipa + Xenopus + Silurana) (11). That study was
based on sequences from mitochondrial DNA and at least
one nuclear gene from each of these genera, but the nuclear
data were patchy in that no comparable nuclear sequences
were obtained from all of these genera. One of the major
challenges to resolution of relationships among pipid
genera is the identification of the phylogenetic root (11).

Evolutionary relationships among these genera
have implications for the calibration of a molecular clock
for anurans based on continental drift of Africa and South
America. This is because the distribution of pipid frogs
spans the Atlantic Ocean and presumably was continuous
before the breakup of Gondwanaland (3, 13). Resolution of
these relationships is thus challenged by the advanced age
of the unresolved phylogenetic relationships (Figure 1B),
which are about 100 million years old or so. Ancestral
polymorphism, which can lead to discordance between
genealogical and phylogenetic relationships, could also
contribute to the lack of concordance in these studies. An
example of this is revealed by analyses of mitochondrial
and nuclear DNA of clawed frogs which recover strongly
supported but incongruent relationships in clawed frogs
with respect to the placement of X. c/ivii (see next section;
3,4,12).

3.2. Clawed frog species, relationships, and inferred
ancestors

Seventeen species of clawed frog have been
described, and other species have been identified but are
not fully documented. The only known diploid species of
clawed frog is Silurana tropicalis; the genome of this
species contains 20 chromosomes and is currently being
sequenced (15). Xenopus and Silurana both include
tetraploid species with 36 or 40 chromosomes respectively.
In Xenopus, eight tetraploids have been documented: X.
laevis, X. gilli, X. clivii, X. largeni, X. fraseri, X. pygmaeus,
X. borealis, and X. muelleri. 1In Silurana, only one
tetraploid has been described: S. epitropicalis. Xenopus
also includes six octoploid species (which have 72
chromosomes): X. wittei, X. vestitus, X. andrei, X
boumbaensis, X. amieti, and “X. new octoploid” — whose
description is in review (16) — and at least two dodecaploid
species (which have 108 chromosomes): X. longipes and X.
ruwenzoriensis. A few additional species have been
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Figure 1. Speciation and evolutionary relationships of tongueless frogs (Pipidae). (A) Clawed frogs diversified by “regular”
speciation where one ancestor diverges into two descendants, and by allopolyploid speciation where two ancestoral species are
fused into one allopolyploid descendant species. (B) Some relationships are well resolved: Pipidae is sister to Rhinophrynidae
but there is not a consensus concerning the relationships among three clades that together include five pipid genera. (C)
Relationships among clawed frogs as reflected by autosomal DNA; modified from (4). Daggers indicate inferred ancestors for
which an extant same-ploidy level descendant is not known. Blue lineages in (C) highlight a putative allopolyploidization event
in Xenopus.
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identified but are not yet described. In West Africa there is
a widely distributed tetraploid that has been called
“Xenopus muelleri West” (5, 17) or “Xenopus new
tetraploid” (3, 4, 12). Also in west Africa are two other
undescribed tetraploids that have been called “Silurana
new tetraploid 1” and “Silurana new tetraploid 2” (3, 4,
12). Xenopus laevis and X. fraseri may include multiple
species (12, 18). The evolutionary history of X
boumbaensis was recently re-evaluated as a result of a mis-
identified sample, leading to the identification of another
undescribed but closely related dodecaploid individual, “X.
cf. boumbaensis” (4). It is not yet clear whether X. cf.
boumbaensis is in fact a species in terms of being an
autonomous evolutionary lineage that persists through time
(19), or just an individual allopolyploid progeny from a
hybrid cross between X. fraseri and X. boumbaensis (4).

Within Xenopus, various “subgroups” have been
defined (5, 20-22), but many of these groups do not contain
all of the descendants of their most recent common
ancestor (i.e. they are not monophyletic) or relationships
among the species in the group remain unresolved.
Following Kobel et al. (5), for example, the “laevis”
subgroup includes the tetraploid species X. laevis, X. gilli,
and X. largeni. Xenopus laevis and X. gilli are clearly sister
species, but existing molecular data do not resolve the
relationship of X. largeni with respect to (X. laevis + X.
gilli) and some of the other species (Figure 1C; 3, 4, 12).
The “muelleri” subgroup includes X. muelleri, X. borealis,
X. new tetraploid / X. muelleri “west”, and X. clivii (5).
Analysis of two tightly linked autosomal genes indicate that
this subgroup is a clade (4, 12), but analysis of
mitochondrial DNA suggests that it is not (3). The
“vestitus-wittei” group includes X. vestitus, X. wittei, and X.
new octoploid, the “longipes” group includes only X
longipes, and the “fraseri” group includes the other species
of Xenopus (5). The “vestitus-wittei”, and “fraseri” groups
are not monophyletic as a result of reticulating relationships
among subgenomes of these allopolyploid species (Figure
1C). Genes carried by X longipes, are also not
monophyletic as a result of allopolyploidization, but this
species now appears to be an independent evolutionary
lineage.

Tetraploidization occurred once in Xenopus and
once in Silurana to generate the most recent common
ancestor of the tetraploids in each genus (12). Octoploids
originated independently three times and dodecaploids
originated independently two or three times, depending on
the species status of X. cf. boumbaensis (4). An interesting
aspect of this history is that multiple ancestral species are
inferred even though there is not a known extant
descendant species with this ploidy level (Figure 1C).
These ancestral species may be extinct in terms of existing
as an autonomous species, but their genomes persist in
combination with others in extant allopolyploids.
Alternatively, descendants of these ancestors might also
exist today, providing motivation for further fieldwork and
molecular studies. A scenario involving inferred but
extinct ancestors contributing their genome to form an
extant polyploid has also been suggested in the evolution of
a tetraploid frog, Hyla versicolor (23).
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4. SPECIATION

4.1. Bifurcation

Although most extant clawed frogs are
allopolyploid, about twice as many instances of “regular”
bifurcating speciation occurred during their evolution
(Figure 1C; 4). Bifurcating speciation can be initiated by
physical barriers to dispersal between populations in
different geographic locations (allopatric speciation) or by
barriers to reproduction between populations that share a
habitat (sympatric speciation). Variation within a species
could be partitioned into geographically discrete regions by
a barrier to dispersal such as a mountain, or its distribution
could change gradually along a geographic cline if the
barrier to dispersal were geographic distance. If a physical
barrier to dispersal is present for long enough then genetic
barriers to reproduction also will arise due to independent
mutations that occur in each isolated lineage or population.
Pipids once were more widely distributed in parts of the
Middle East and North Africa (24, 25) but, probably as a
combined consequence of northerly drifting of Africa and
natural climatic fluctuations, the contemporary distribution
of clawed frogs is restricted to sub-Saharan Africa. Within
this region, they occur in slow moving or stagnant ponds
over a striking diversity of altitudes, temperatures, habitat
types, and pHs. There is evidence for barriers to dispersal
over small geographic distances — perhaps as a
consequence of marine inundation — such as the divergent
western and eastern populations of X. gilli that are
separated by only 100 km (3, 26, 27). There are also
species whose distribution is extremely small, such as X.
longipes, suggesting a recent origin and/or low dispersal
and restrictive habitat requirements that could promote
speciation. In contrast, there is also evidence for extensive
gene flow or dispersal over long distances in some species
— genetically similar populations of X. laevis in Nigeria and
in Botswana, for example, are separated by thousands of
kilometers.

Reproductive  barriers  maintain  species
autonomy, and these barriers can be complete or partial,
prezygotic or postzygotic, and can be maintained by
genetic or by environmental barriers. A key insight into
understanding the genetic basis of speciation was the
realization that (a) genetic incompatibilities generally
involve new (derived) variation rather than ancestral
variation in each individual, and that (b) this new variation
is often at different but interacting loci (28-30). That
epistatic interactions between loci (Dobzhansky-Muller
incompatibilities) could explain the origin of reproductive
barriers between individuals, population, or species
overcomes problems with unfit heterozygotes in models
where reproductive barriers arise from conflict between
alleles at only one locus.

In addition to being caused by divergence,
genetic barriers can also arise as a consequence of changes
in genomic organization by transposition (Figure 2A; 31) or
by divergent resolution — gene duplication followed by
asymmetric pseudogenization (one duplicate becomes a
pseudogene) in different populations (Figure 2B; 32, 33,
34). A variety of tandem repeats and transposable elements
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Figure 2. Changes in genomic architecture can cause reproductive incompatibilities if a crucial gene is affected. (A)
Transposition in a diverged population causes one sixteenth of F, backcross progeny to lack a gene. (B) Asymmetric
pseudogenization of duplicate genes (“divergent resolution”) also causes one sixteenth of the F, backcross progeny to lack a
gene. In addition to their possible roles in speciation, transposition and divergent resolution can also facilitate switching of the

sex chromosomes.
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have been identified in clawed frogs (35-38) and activation
of transposable element mobility (or de-repression of
mobility) can change gene order and even genome size in
hybrids (39). The genomic implications of transposition
and of divergent resolution are analogous in that each one
results in 1/16™ of the F2 hybrid progeny that completely
lack a locus (Figure 2).

Substantial reproductive incompatibilities exist
between species of clawed frogs, despite a comparatively
high frequency of allopolyploidization in clawed frogs
compared to most other vertebrates. Gametogenesis of F1
hybrids is defective — males are sterile and females produce
unreduced eggs (Figure 3; 40, 41, 42). The proportion of
unreduced eggs varies between individuals and between
clutches and sometimes the unreduced eggs do not contain
the full set of maternal chromosomes (40-42). Male F1
hybrids produce less sperm than do parental males, and
hybrids have a higher proportion of undifferentiated
spermatozoa (43). The reproductive success of
hybridization also can be affected by the direction of the
cross. For example, hybridization between X. /aevis and X.
borealis, produces more zygotes if the eggs are from X.
laevis (44), perhaps due to the jelly coat of X. borealis
eggs. Morphology could also play a role in the
directionality of success of hybrid crosses due to the
combined effects of sexual dimorphism and species
dimorphism in size. Fertilization normally requires
effective male clasping of the female (amplexus). The arm
span (fingertip to fingertip) of adult X. gilli males is smaller
than the inguinal girth of adult X. laevis females,
suggesting that this direction of F1 hybrid cross would
rarely produce progeny (unpublished data; 27). Consistent
with this speculation, a naturally occurring putative F1
hybrid carried X. gilli mitochondria, suggesting that it was
derived from a cross between an X. /aevis male and an X.
gilli female, which are more similar in size (26, 27).
Barriers to specific directions of F1 hybrid crosses could
have implications for speciation by allopolyploidization if
gene expression is affected by epigenetic, maternal, or
paternal effects (45, 46).

4.2. Reticulation

In clawed frogs, second generation backcrossed
hybrid females can produce a clutch comprised of fertile
polyploid individuals of both sexes (41, 42) and sympatric
speciation could be essentially instantaneous if these
polyploid siblings interbreed and if reproductive
incompatibilities exist between them and the lower ploidy
parental species. Assortative mating within a ploidy level
could facilitate genetic isolation of polyploids and fixation
of their duplicated genome in a new species (47). Whether
WGD (by autopolyploidization or allopolyploidization) is
advantageous, disadvantageous, or neutral is difficult to
assess without knowing the rates of speciation and
extinction of diploids and of polyploids. Polyploidization
could be advantageous, for example, if new beneficial
dominant alleles evolve frequently (48).

Allopolyploid as opposed to autopolyploid origin
of WGD is evinced by duplicated genes (paralogs) within a
species that each are evolutionarily more closely related to
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genes carried by another lower-ploidy level species than
they are to each other. Except for the tetraploid ancestor
of Xenopus tetraploids (tetraploids with 36 chromosomes),
all polyploid clawed frogs are definitively derived from an
allopolyploid ancestor (4, 12, 21, 22). The most recent
common ancestor of Xenopus tetraploids probably also
originated by allopolyploidization, but this has not been
confirmed because diploid descendants of the putative 18
chromosome ancestors of this tetraploid have not been
identified (4).

Allopolyploidization has genomic implications
beyond those directly related to genome duplication as a
result of interactions between diverged subgenomes that are
inherited from each ancestral species. These interactions
could include exchange of chromosome segments (49, 50),
concerted evolution — where molecular variation of one
copy of duplicated gene is homogenized by that of another
(51, 52), recombination (53), and epistasis (54).
Allopolyploidization can also be associated with substantial
changes in genomic stability, chromatin, and expression
(55-58), although it is clear that the extent of genomic
rearrangement after allopolyploidization is variable (59-
62). After allopolyploidization, co-adapted proteins that
were inherited from one ancestor may function more
efficiently with one another than with proteins that were
derived from different ancestors (63). Furthermore, the
impact on expression divergence of polyploidization and of
hybridization in allopolyploid species may be unique, with
the latter process potentially initially causing more
divergence (64). A potential cost of allopolyploidization
but not autopolyploidization is that Dobzhansky-Muller
incompatibilities may be present in subgenomes resulting
from the first type of genome duplication. In other words,
genetically incompatible proteins derived from different
parental species may be co-expressed in an allopolyploid.
However, if these incompatibilities are not lethal and do not
cause allopolyploid sterility, subsequent gene silencing
(pseudogenization) or changes in the timing or location of
gene expression could mitigate these conflicts.

Allopolyploidization could also offer benefits
over autopolyploidization. Both allo- and
autopolyploidization can increase variation in dosage
regulated gene expression, as well as epigenetic phenomena
such as mobility of transposable elements, and molecular
phenomena orchestrated by dimers, heterodimers, and
protein complexes (58). However, these factors should
vary to a greater degree immediately after
allopolyploidization  than after autopolyploidization
because each half of an allopolyploid genome diverged in
its respective parental species. Hybrid vigor is another
potential advantage of allopolyploidization in that it could
generate a genomic arena for heterosis, wherein
interactions among proteins that were derived from
different ancestral species are favored over those among
proteins that were derived from the same species (4).
Clawed frogs with higher ploidy levels, for example, are
resistant to various parasites to which at least one of their
ancestors was susceptible (65). Greater allelic diversity
might also confer an advantage for allopolyploid genomes.
It is also possibility that -ecologically-intermediate
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Figure 3. Generation of an allopolyploid individual by sequential backcrossing of unreduced hybrid eggs. F1 hybrid females
generated from a cross between two disomic tetraploids can produce unreduced eggs — eggs that contain the entire genome of the
mother. These eggs can be fertilized by sperm from one of the parental species to produce a fertile female with a genome that is
1.5 times larger than that of either parental species. These backcross females are also capable of producing unreduced eggs that,
if fertilized by the sperm of the other parental species, produce a viable and fertile polyploid F3 backcross hybrid individual that
carries a full complement of chromosomes from both parental species. In this figure, hybrids are colored according to the
proportion of their genome that is derived from each of the blue and green parental species. The ploidy of each species or hybrid
is indicated in terms of x, the number of haploid genomes and in terms of n, which is the number of chromosomes in half of a
disomic genome in which bivalents rather than multivalents form during cell division. The genome of a diploid species, for
example, is 2x and 2n and its normal reduced gametes are x and n. The genome of a disomic tetraploid genome is 4x but 2n and
its reduced gametes are 2x and n.

conditions on the edge of the respective ranges of the
parental species could favor a chimerical allopolyploid
genome over the parental species (42). A benefit in the
form of broad ecologically tolerance is suggested by the

large distribution of some tetraploid species such as X.
laevis and the apparent out survival of 2n=36 tetraploids
over 2n=18 diploids in Xenopus.  However, some
tetraploids such as X. gilli have very small ranges and
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Figure 4. Comparative data can be used to dissect apart changes that occurred immediately following duplication from those that
occurred more recently. A phylogeny and genealogy illustrates relationships among X. laevis (XL), X. borealis (XB), and S.
tropicalis (ST), and paralogs o and B of X. laevis (XLo and XLp) and of X. borealis (XBa and XBf). Dotted lines represent
diploid species or genes, red lines are tetraploid species or genes immediately after duplication, and blue lines are tetraploid
species or genes at a later stage after duplication. Note that because a 2x=18 diploid is not available in Xenopus (indicated by
daggers), a lineage between nodes 1 and 3 was compared to a lineage between 3 and the terminals. Modified from Chain et al.

(71).

specific habitat requirements, and octoploid and
dodecaploid species of Xenopus also generally have small
ranges.

Both allo- and autopolyploid genomes have the
potential for unequal chromosome segregation during
gametogenesis and consequent reduction in reproductive
success. In polysomic genomes each chromosome may
have more than one homolog and multivalents or random
bivalents form at meiosis. However, divergence can
convert a polysomic genome into a disomic genome, such
that each chromosome has only one homolog and only
bivalents form during meiosis. After WGD, disomic
inheritance may not evolve simultaneously in all loci (66-
68). But because an allopolyploid genome is an
amalgamation of the genomes of two diverged species,
disomic inheritance might evolve immediately or more
rapidly than in an autopolyploid one, avoiding problems
associated with unequal chromosome segregation in a
polysomic genome. In the dodecaploid X. ruwenzoriensis,
the major histocompatibility complex class I and II shows
evidence of polysomic inheritance, possibly as a
consequence of recombination or gene conversion between
duplicated genes (69). However, disomic inheritance of
many alleles occurs immediately in laboratory generated
hybrid Xenopus (70), many duplicated loci do not exhibit
signs of extensive recombination between duplicated genes
in tetraploids (4, 12, 71), and in most species, multivalents
rarely form (72). Visible differences in secondary
constrictions between duplicated pairs of chromosomes are
present (72), though it is not clear whether these differences
arose before polyploidization (i.e. in a diploid ancestor) or
after the polyploid genome became disomic. Thus,
disomic inheritance appears to be the more prevalent mode
of gene inheritance in Xenopus tetraploids, and this is
perhaps also true in clawed frogs of other ploidy levels.

5. MOLECULAR EVOLUTION AND EXPRESSION
AFTER WGD

Whole genome duplication occurred during the
evolution of several vertebrate lineages including the
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ancestors of all jawed vertebrates (73), teleost fish (74), and
salmonid fish (75). Similar to clawed frogs, some of these
ancient WGDs may have occurred through
allopolyploidization rather than autopolyploidization (76).
It is difficult to directly study early genetic transformations
in duplicates derived from these ancient WGDs because
observable differences between them are the culmination of
both early and more recent evolution. Moreover, changes
in protein evolution and expression may have been
dynamic after WGD, and the earliest changes (or periods of
stasis) were likely pivotal in influencing the functional
longevity of expressed duplicates (34, 77-79). In very
ancient duplicates generated by WGD, substitutions at
synonymous sites are often saturated because the same
nucleotide position (80, 81). In contrast, divergence
between Xenopus duplicates generated by tetraploidization
is typically about 0.2 synonymous substitutions per
synonymous site (71). The rate ratio of nonsynonymous to
synonymous substitutions per site is therefore an
informative metric of functional constraints after WGD in
clawed frogs but not the older WGDs (14, 82-84).

Within an allopolyploid genome, divergence
between paralogs can be greater than the divergence
between one of them and an ortholog (two genes whose
divergence is a result of speciation, Figure 4). For this
reason, in Xenopus, because bifurcating speciation occurred
after WDG, genetic changes that occurred immediately
after WGD can be dissected apart from those that occurred
later by analyzing data from multiple tetraploid species in a
phylogenetic context (Figure 4; 71). Clawed frogs thus
offer a promising model with which to explore the early
stages of genome and transcriptome evolution after
vertebrate WGD and to evaluate how genome evolution
occurred in different stages after WGD.

5.1. Mechanisms for duplicate gene persistence after
WGD

Duplication of a portion of a genome or an entire
genome has a myriad of genetic implications including
decreased pleiotropy, increased exon shuffling and
microfunctionalization, buffering of genetic pathways
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against null mutations, increased diversity of gene
expression, increased biological complexity, increased
specialization of genes and pathways, and catalysis of
speciation by divergent resolution (33, 85-89).
Understanding of the mechanisms behind duplicate gene
persistence is therefore intertwined with the realization of
these various genetic fates.

Unless natural selection acts to preserve
functionality of both copies, the inevitable and most
common fate of a duplicate pair is loss of function of one
copy (pseudogenization; Figure 5). The rate of
pseudogenization depends on the length and sequence
composition of the duplicated genes, the rate and biases of
mutation  (including  nucleotide  substitutions and
insertion/deletion mutations), the level of degeneracy of
cis- and trans- acting regulatory factors, epigenetic
phenomena, the action of transposable elements, and
natural selection. The probability of pseudogenization may
be influenced by gene function (90, 91) and
pseudogenization after WGD can be non-stochastic,
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repeatable, and can occur immediately or within a few
generations (51, 92-96).

Mechanisms that promote the persistence of
duplicate genes after WGD — and particularly after WGD
by allopolyploidization — may differ from or be more
effective than those that operate on duplicates generated by
segmental duplication. Whole genome duplication copies
entire genetic networks whereas segmental duplication
copies only a single gene, fragment of a single gene, or a
portion of a network. In many organisms, the genomic
scale of duplication is positively correlated with the
functional longevity of the resulting copies (67, 97-100).
Different functional types of genes tend to be retained after
WGD versus after segmental duplication (91, 101).
Segmental gene duplication occurs frequently and the
resulting duplicates are generally are short lived, typically
lasting on the order of only a few million years (34).
However, thousands of duplicate genes generated by WGD
are still expressed and functional in the tetraploid species X.
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laevis, even though polyploidization occurred dozens of
millions of years ago (3, 14, 71, 82-84).

After WGD, an incentive to preserve both copies
of a duplicated gene can exist without mutation after
duplication (Figure 5). For example, interacting duplicates
may persist if pseudogenization of one copy disrupts a
balanced stoichiometry (57, 102). Redundancy could also
generate a novel and advantageous genetic buffer against
deleterious mutations that is favored by natural selection
(87, 103) or it could cause novel, advantageous dosage-
dependent phenotypes (104). Even before mutations occur,
new beneficial phenotypes could arise if one copy has an
incomplete coding or regulatory region, or if preexisting,
differently-functioned alleles that were segregating at the
ancestral locus independently fix at each paralogous locus
(105).

Mutations  that  confer new  function
(neofunctionalization) or degrade paralogous function or
expression in a complementary fashion

(subfunctionalization), or a combination of these
possibilities (Figure 5) may also promote the retention of
functional copies of duplicated copies.
Neofunctionalization can be realized by mutation in one or
both paralogs at the level of protein expression or protein
function, and it can occur by chance or be driven by
positive selection (106-108). Neofunctionalization can also
occur by expanding the expression domain of a paralog
through recruitment of cis- acting regulatory elements
(109). Mutations that degrade function may contribute to
preservation of both paralogs if different subfunctions in
each one are degraded such that they complement one
another (110) or if they compromise activity of both
paralogs such that their combined action is necessary to
carry out the duties of the single-copy ancestor (111).
Degradation of function after duplication
(subfunctionalization) is possible at the level of protein
function or in a quantitative, spatial, or temporal dimension
of paralogous expression (110, 112). If
neofunctionalization or subfunctionalization contribute to
duplicate gene persistence, functional constraints after
duplication should be dynamic in that duplicates should be
initially subject to relaxed purifying selection (or even
positive selection) but later under increased purifying
selection.

Alternative explanations for how duplicate genes
avoid pseudogenization can be examined by exploring how
evolution and expression of duplicates differ from single-
copy genes and how these phenomena differ between
paralogs. On a molecular level neofunctionalization might
be associated with (a) asymmetrical rates of
nonsynonymous substitution in paralogs, (b) a rate ratio of
nonsynonymous to synonymous substitutions per site of
one or both paralogs that is higher than a single-copy gene,
(c) more radical amino acid substitutions in one or both
paralogs, (d) different functional constraints at an early
stage of duplicate gene evolution (when new function is
being acquired) than at a later stage (after new function has
been acquired), and/or (e) different paralogous expression
domains. Degradation or enhancement of different
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functional domains could be associated with a
complementary distribution of new substitutions along the
length of different paralogs (14, 79, 106, 113) or
complementary paralogous expression domains that
together match that of a single-copy ortholog (110, 114).
Alternatively, activity compromising nonsynonymous
substitutions could be randomly distributed along the
length of a protein, but still more prevalent than in a single
copy ortholog (14, 111). Understanding divergence of
paralogous expression and molecular evolution is therefore
key to dissecting apart the mechanisms that promote their
persistence as functional genes. However, evidence of
altered  function  (either  subfunctionalization  or
neofunctionalization) could be difficult to detect if they are
realized by few mutations. Of course, multiple mechanisms
may operate within a genome or even sequentially or
concurrently on the same pair of duplicates (14, 115, 116),
making the mechanisms for duplicate gene preservation
challenging to pigeonhole. Evidence for dynamic
functional constraints also can be elusive because similar
molecular footprints can be left by relaxed purifying
selection and by positive selection, which respectively
permit or favor amino acid changing substitutions.

5.2. Functional constraints on expressed duplicates in
polyploid clawed frogs

Purifying selection on the coding region of
expressed duplicate genes is often relaxed relative to
single-copy genes but more constrained than the neutral
expectation (34, 77, 78, 104). This has been demonstrated
in clawed frogs by multiple independent studies (14, 71,
82-84). In particular, purifying selection on X. laevis
paralogs is relaxed compared to single-copy genes in a
closely related diploid frog, S. tropicalis (14, 71, 82, 84),
compared to single-copy orthologs in mammals (82, 83),
and compared to single-copy genes in X. laevis (82). Using
different statistical methods, independent tests recover
evidence for asymmetric amino acid substitution in 4-6% of
expressed paralogs in X. laevis (14, 82). Retained
duplicates and single-copy genes of X. /aevis do not appear
to be enriched for any particular functional category (82,
84) and the mechanisms that promote their retention do not
appear to be biased by functional category of the expressed
paralogs (14).

Using comparative data from X. borealis, X.
laevis, and S. tropicalis, Chain et al. (71) tested whether
functional constraints after WGD in Xenopus differ in an
early versus a later stage of duplicate gene evolution
(Figure 4). Molecular changes after WGD were separated
into those that occurred after WGD but before tetraploid
speciation and those that occurred after WGD and after
tetraploid speciation (Figure 4). In contrast to comparisons
in other organisms of young duplicates to older duplicates
(77, 114), functional constraints in clawed frogs in the early
stages did not differ from later stages of evolution. These
comparisons are distinct because the first one compares
differently aged and differently functioned duplicates
whereas the second comparison compares evolution of the
same duplicate genes at different intervals of time. The
timescale for a “return to normalcy” — the point at which
functional constraints on expressed duplicates match those
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of a single-copy ortholog — thus appears drawn out in
excess of the tens of millions of years since
tetraploidization in Xenopus. In addition, evolution of most
duplicates in the early stages of their existence may
frequently differ substantially from the evolution of the few
paralogous pairs that are destined to persist (71). This is
also suggested in other organisms in that duplicates that
initially evolve conservatively in terms of the rate of
nonsynonymous substitutions tend to persist for longer
periods (77, 117, 118).
5.3.  Expression after WGD
allopolyploidization

Regulatory plasticity is a crucial element of
developmental and sexual differentiation, expression
divergence and subfunctionalization after gene duplication,
and the origin and divergence of species (86, 119, 120).

divergence by
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After allopolyploidization, completely novel expression
patterns that were not present in either parental species can
occur, perhaps as a result of dosage dependent gene
regulation (121). Gene regulation is orchestrated by cis-
acting factors that are part of the expressed gene, such as a
binding site for a transcription factor, and also by trans-
acting factors that are not part of the expressed gene, such
as a transcription factor. Cis-acting regulatory elements
affect transcription initiation, abundance, or stability in an
allele-specific manner whereas frans-acting factors affect
regulation of both alleles by interacting (directly or
indirectly) with cis-acting elements. Because they share a
cellular environment, intraspecific expression divergence in
co-expressed paralogs generated by segmental duplication
or autopolyploidization is attributable to mutations on cis-
acting elements. However, when paralogs are generated by
allopolyploidization, expression divergence of co-
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expressed paralogs can be driven by cis- and trans-acting
factors because each paralog may respond to sub-genome
specific trans-acting factors (Figure 6). Analysis of
expressed duplicates in X. /aevis indicates that in multiple
tissue types and developmental stages, both paralogs are
often co-expressed but at different levels. In particular,
analyses of expression microarrays (71) and expressed
sequence tag (EST) databases (82) suggest that 40-50% of
co-expressed paralogs are quantitatively diverged, although
another study based on EST data suggested only about 14%
are (84). Expression microarray data from five
developmental stages or tissue types suggest that spatial or
temporal expression divergence is not common on a coarse
scale; only 2-7% of these expressed paralogs were each
expressed in a tissue type or developmental stage in which
expression of the other paralog was not detected (71).
Presumably, analysis of additional tissue types and
developmental stages could increase this percentage as
would a finer scale analysis of paralogous expression
profiles using, for example, in situ hybridization (82).

6. SEX DETERMINATION

Variation in the identity of the primary locus for
sex determination exists across animals (122-126) and
variation in male versus female heterogamy occurs in frogs
(127, 128). In clawed frogs, females are heterogametic
(ZW) and males are homogametic (ZZ) (129). The sex
chromosomes are not morphologically distinguishable but
genetic sex determination has been determined with sex
reversal experiments. Treatment with estradiol causes
genetically male tadpoles to develop into fertile females
(i.e. ZZ females). When crossed with normal ZZ males, the
sex-reversed ZZ females produce progeny that are 100%
male (ZZ). Additionally, implantation of testes causes
genetically female frogs to develop male secondary sexual
characteristics (130, 131).

So far, the locus or loci that govern primary sex
determination in clawed frogs is unknown.  Genes
encoding cytosolic superoxide dismutase and glycerol-3-
phosphate dehydrogenase appear to be sex linked in clawed
frogs (132). A previous study suggested that the primary
sex determining locus (or loci) of clawed frogs was tightly
linked to the malic enzyme locus (133), but subsequent
research invalidated this assertion by demonstrating no sex
linkage of this locus, and suggested that the allozyme
assayed by Graf (133) was in fact mitochondrial malate
dehydrogenase (134). Expression (or lack of expression) of
the sex determination locus triggers sex-specific
differentiation of gonads and secondary sexual
characteristics such as body size and laryngeal morphology
— phenotypes whose development is orchestrated by the
action of steroid regulated genes (135). Interestingly, the
early phases of secondary sexual differentiation do not
require the presence of ovaries, suggesting that the
homogametic sex need not be the one that exhibits the
default program of sexual differentiation (135).

One regulator of primary sexual differentiation —
the doublesex-mab3 related transcription factors — is
strikingly conserved across a diversity of animals including
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fruit flies, nematodes, coral, and humans (136-138). In
medaka, a teleost fish, a paralog of one of these
transcription factors called DMY is located on the Y-
chromosome and is also the primary sex determining gene
(139, 140), but this is not the case in other fish (141). In
clawed frogs, the doublesex-mab-3-related transcription
factor 1 (DMRT]1) is expressed in the primordial gonads in
tadpoles and in adult testes; this gene also acts as a
transcription factor in cultured cells (142, 143). At least
two divergent X. laevis transcripts of DMTRI, are
expressed in X. laevis, raising the question of how
expression of these paralogs is modulated to maintain sex
ratio after WGD. Two DMRTI sequences, accession
numbers NM_ 001096500 and AB252634, are identical at
the amino acid level and in the 3’ untranslated region
(UTR) but different in a portion of the 5’ UTR, suggesting
that they are splice variants. Another sequence, accession
number NM_001085483, is divergent from the first two in
the coding region and both UTRs. Relationships to X.
borealis DMRT1 paralogs indicate that it has a paralogous
relationship with respect to NM 001096500 and
AB252634 that originated from tetraploidization in
Xenopus (unpublished results).

6.1. Sex determination and allopolyploidization
Polyploidization is more common in plants than
in animals (144-146), and more common in clawed frogs
than in most other animal lineages. The question of how
clawed frogs manage to maintain sex determination in the
wake of genome duplication is central to our understanding
of why polyploidization is so common in clawed frogs. A
plausible explanation for the greater tolerance of WGD by
plants and clawed frogs compared to most other animals is
that WGD is rare in species that have evolved dosage-
compensation to cope with sex chromosome degeneration
(146). Y chromosome degeneration is generally more
advanced in most animals than plants (147) and visible
evidence of sex chromosome degeneration has not been
detected in clawed frogs (72, 148). In fact, few frogs have
sex chromosomes that have been distinguished by
differences in size, banding pattern or replication time
(127) and wunlike mammals, bar bodies and other
mechanisms of gene inactivation in the homogametic sex
have not been observed in amphibians (127, 149). This
suggests the possibility that in clawed frogs only a small
region surrounding the sex determining locus (or loci) has a
reduced level of recombination (150). If this is the case,
WGD would not substantially disrupt aspects of gene
dosage that differ between the sexes as a consequence of
hemizygous sex chromosomes, and would not disrupt
dosage compensation mechanisms that appear to be
rudimentary or absent in amphibians (127, 149).

Sex chromosomes probably initially start out as
autosomes that, if the ancestor is asexual, incurred a
mutation that causes the switch to gonochorism.
Subsequent switching of the sex chromosome can occur by
duplication and divergent resolution of a pre-existing sex
determination gene, by transposition of the sex-determining
locus, or by mutation that transforms a gene into the
primary sex-determining locus by either replacing or acting
upstream of the ancestral one (151). If sex determination is
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based on presence or absence of a locus, as it is in humans,
suppressed recombination prevents homogenization of the
sex determination locus in the heterogametic sex.
Degeneration of linked loci follows as either a consequence
of Muller’s ratchet turning over time due to the
accumulation of deleterious mutations (152, 153) or as a
result of selective sweeps at loci linked to the sex
determination region, which incur a cost on linked genes
(154). The level of degeneration is correlated with the time
since recombination stopped, as well as other factors such
as the rate of deleterious mutation, the fitness effect of
these mutations, and the effective population size of the
haploid locus (155).

That polyploidy is more common in clawed frogs
than in other similarly-aged clades of frogs that also do not
have extensively degenerated sex chromosomes, however,
suggests a role for additional factors specific to clawed
frogs that facilitate tolerance of or advantage to
polyploidization. For instance, hybrid clawed frogs may be
better equipped than other hybrid frogs to cope with sex
determination after WGD by allopolyploidization. This
could occur through environmental mechanisms for sex
determination or dominance of the primary sex determining
locus from one species over that of another (42). It is also
possible that mechanisms such as nucleolar dominance (e.
g. 156) — the transcriptional silencing of genes from only
one parental species — facilitate tolerance of WGD in
clawed frogs.

6.2. Sex determination and hybrid fertility; Haldane’s
rule

Haldane’s rule for hybrid sterility posits that
when one sex of a hybrid cross is absent, rare, or sterile,
that sex is the heterogametic one (157). The broad
applicability of Haldane’s rule suggests that the genetic
mechanisms of postzygotic reproductive isolation among
many animals may be related to sexual determination and
differentiation (158). Clawed frogs violate Haldane’s Rule,
however, because male but not female F1 hybrids are
sterile (40, 159). This has interesting implications for
understanding the genetic mechanisms of speciation and
the origin of reproductive incompatibilities — implications
that, like the prevalence of polyploidy in clawed frogs, are
likely intertwined with the phenomena of sex determination
and sexual differentiation.

Possible explanations for Haldane’s rule for
sterility in species with male heterogamy include (a)
dominance, in that genes that cause sterility tend to be
recessive and if sex-linked, more adversely affect the
heterogametic sex because recessive sex-linked alleles are
hemizygous when paired with a degenerate sex
chromosome, (b) faster evolution of genes expressed
mostly or only in males as a result of sexual selection, and
(c) the complexity of spermatogenesis compared to
oogenesis (158, 160-163). In species with female
heterogamy that adhere to Haldane’s Rule (heterogametic
female hybrids are sterile or inviable), only the first of
these explanations (dominance) applies. If sex
chromosome degeneration is minimal, dominance is less
likely to drive Haldane’s Rule because hemizygous loci are
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less common in the heterogametic sex than in species with
a substantially degenerated sex chromosome. Exceptions
to Haldane’s Rule in reciprocal hybrid crosses could arise if
there were partially dominant incompatibilities between
autosomal loci of one species and loci on the sex
chromosomes of the homogametic sex of another (161).
An exception could also arise if there were partially
dominant genetic incompatibilities between loci on the
homogametic sex chromosome of different species (161).
Furthermore, if dominant incompatibilities are between loci
with sex biased expression, hybrid sterility could arise in
hybrids of the sex that expresses them, irrespective of
which sex is heterogametic, and irrespective of whether the
incompatibility are physically located on a sex
chromosome or an autosomal chromosome.

6.3. Sex-reversed hybrids

Recently it was reported that, like other hybrid
males in Xenopus, sex reversed hybrid males are sterile,
and that sex reversed hybrid individuals have similar
gonadal expression profiles as non-sex reversed hybrids of
the corresponding phenotypic sex (164). Three main
conclusions were drawn from these observations. First, it
was asserted that “the W chromosome in Xenopus bears
few, if any, genes expressed in adult gonads and consists
mainly of loci controlling the developmental regulation of
physiological sex.” Second, it was suggested that this
result supports the faster male evolution hypothesis for
Haldane’s Rule. Third, on the basis of another study of
gene expression between the sexes of different Xenopus
species (165), it was proposed that hybrid male sterility is
not due to “selection or divergence of male-specific genes”.
However, the authors did not consider another, more
plausible scenario that is inconsistent with their first
conclusion and that renders the others equivocal— namely,
that the W chromosome of Xenopus includes a large
pseudoautosomal region.

As discussed above, there is in fact no evidence
that the W chromosome of Xenopus is particularly
degenerate: no cytological differences between the Z and
W chromosomes have been detected (72, 148), male versus
female heterogamy is polymorphic in frogs (127), and there
is not evidence for dosage compensation in frogs (127,
149). The W chromosome could therefore be
indistinguishable from the Z chromosome except for a
small sex-determining region (166). Under this scenario,
the W and Z chromosomes contain similar (if not nearly
identical) sets of loci, some of which are expressed in a
sex-biased manner in either adult gonad. Expression of
these sex-biased genes would be regulated by the
endogenous hormones and transcription factors that
produce normal ZZ males and ZW females and by
exogenous ones triggered by testes implants or estradiol
treatment that produce sex reversed ZW males and ZZ
females respectively. It is no surprise then, that sex-
reversed males are sterile and that sex reversed individuals
have similar gonadal expression profiles as non-sex
reversed individuals of the same phenotypic sex. These
observations tell us nothing new about what the mechanism
of hybrid male sterility is in these animals. Sterility of
hybrid males (whether sex-reversed or not) necessarily
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implicates male expressed genes (on the sex chromosomes
or elsewhere in the genome) that have diverged in
sequence, expression, or both.

7. CONCLUSIONS AND PERSPECTIVES

Further information on the diversity of and
evolutionary relationships among clawed frogs would
enhance our understanding of genome evolution in this
group, resolve species boundaries, and further catalyze
study of interesting characteristics such as morphology,
vocalization, and neuroethology (167-169). Evolutionary
relationships and population structure among these frogs
also have implications for toxological studies because there
may be heterogeneous endocrine function within
experimental species such as X laevis (170).
Morphological similarities among clawed frog species has
the potential to obscure cryptic species and species
identification and delineation can be assisted by the use of
molecular markers and/or distinctive male advertisement
songs that differentiate each species.

WGD in clawed frogs promises to offer
perspective on the relative roles of cis- and trams-acting
factors in gene regulation (171-176) in the wake of WGD,
through development, between the sexes, in different tissue
types, and between polyploid species. If two species can
produce viable hybrids, the relative contributions of cis-
versus frans-acting factors in expression differences
between species can be dissected apart by comparing the
ratio of expression level of a gene in each parental species
to the ratio of expression level of each parental allele in
hybrid individuals (176). If exclusively cis-acting factors
drive expression divergence, then the ratio of parental allele
expression in hybrids should be the same as the expression
ratio in each parental species, even if the overall level of
expression of trans- acting factors is different in hybrids.
If exclusively trans-acting factors drive expression
divergence between species, then the level of expression of
each parental allele in a hybrid should be equal because
they share the same cellular environment. Other scenarios
include changes that reinforce or oppose one another as a
result of co-evolution are also possible (175).

Interesting examples of expression
subfunctionalization after genome duplication have been
identified through comparison of expression domains of X.
laevis paralogs and the S. tropicalis ortholog. The cyclin-
associated protein skpla, for example, has identical amino
acid sequence in both X laevis paralogs and the S.
tropicalis ortholog, but in situ hybridization indicates that
the X. laevis paralogs are divergently expressed (82).
Prefabricated microarrays are available for X. laevis and S.
tropicalis and combined X. laevis/S.tropicalis chips are
being developed (177), opening the door for high
throughput, fine scale analysis of expression
subfunctionalization across developmental time and
different tissue types. Once subfunctionalized paralogs
have been identified, analysis of polymorphism in their
upstream regulatory elements could reveal the identity and
purview of cis- regulatory elements (110) through
comparison to the diploid species S. tropicalis. This
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approach has identified putative subfunction partitioning in
conserved noncoding regions in divergently expressed
paralogs of zebrafish (112), and offers a compelling
justification for an X. /aevis genome sequencing project, if
only at a low depth of coverage.

Additionally, identification of the primary locus
(or loci) for sex determination will pave the way for study
of how this crucial phenotype is maintained through
multiple rounds of allopolyploidization. It will be
fascinating to explore whether in polyploids all duplicated
copies of the sex determining locus are expressed, whether
these loci are or have been subject to positive selection, and
whether dominance relationships exist among species-
specific alleles of this locus in polyploid hybrids. This
information, along with ongoing work on the phylogeny of
amphibians, will also facilitate further research on sex
chromosome  degeneration. Because their sex
chromosomes are not visually degenerate, this avenue of
inquiry promises to offer unique insights into the earliest
stages of sex chromosome evolution.
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