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Abstract

The African clawed frog Xenopus laevis has a large native distribution over much of

sub-Saharan Africa and is a model organism for research, a proposed disease vector,

and an invasive species. Despite its prominent role in research and abundance in nat-

ure, surprisingly little is known about the phylogeography and evolutionary history of

this group. Here, we report an analysis of molecular variation of this clade based on 17

loci (one mitochondrial, 16 nuclear) in up to 159 individuals sampled throughout its

native distribution. Phylogenetic relationships among mitochondrial DNA haplotypes

were incongruent with those among alleles of the putatively female-specific sex-deter-

mining gene DM-W, in contrast to the expectation of strict matrilineal inheritance of

both loci. Population structure and evolutionarily diverged lineages were evidenced by

analyses of molecular variation in these data. These results further contextualize the

chronology, and evolutionary relationships within this group, support the recognition

of X. laevis sensu stricto, X. petersii, X. victorianus and herein revalidated X. poweri as
separate species. We also propose that portions of the currently recognized distribu-

tions of X. laevis (north of the Congo Basin) and X. petersii (south of the Congo Basin)

be reassigned to X. poweri.
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Introduction

The African clawed frog Xenopus laevis, sensu lato (Kobel

et al. 1996), has an unusual connection with humans, hav-

ing been used in the early 20th century as a pregnancy

assay (Shapiro & Zwarenstein 1934; Weisman & Coates

1941) and more recently as a model organism for research

(Cannatella & de S�a 1993; Gurdon 1996; Gurdon & Hop-

wood 2000). Also called the Common Platanna, the

native range of this species spans much of sub-Saharan

Africa (Tinsley et al. 1996). Established invasive colonies

exist in portions of Europe, North America and South

America (McCoid & Fritts 1980, 1989; Tinsley & McCoid

1996; Measey & Tinsley 1998; Lobos & KJaksic 2005), and

nonpersistent populations have been reported in other

localities, including parts of Asia (Measey et al. 2012).

Xenopus laevis has been identified as a potential vector for

the amphibian pathogens Batrachochytrium dendrobatidis

(Weldon et al. 2004) and ranavirus (Robert et al. 2007),

although a causal role between X. laevis and the dispersal

of these pathogens has not been demonstrated (Measey

et al. 2012). Xenopus laevis has potentially harmful conse-

quences for Xenopus gilli (Evans et al. 2004, 2005; Evans

2007), which is endangered (South African Frog Re-

assessment Group (SA-FRoG) ISASG (2013), through
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ecological competition and hybridization (Tinsley 1981;

Simmonds 1985; Picker 1993; Picker et al. 1996; Evans

et al. 1997, 1998; Fogell et al. 2013).

Xenopus laevis is generally found in slow moving or

stagnant water, and occasionally disperses over land

(Measey & Tinsley 1998; Eggert & Fouquet 2006). It is a

generalist species that does well in disturbed habitat

and has a high capacity to tolerate drought conditions,

salinity, starvation, anoxia and temperature fluctuations

(reviewed in Measey et al. 2012). This species (and other

frogs in the Family Pipidae) has unusual adaptations in

adults for a mostly aquatic lifestyle, including lateral

line sensory organs and a complex communication sys-

tem involving a unique mechanism of sound produc-

tion, context- and sex-specific vocalizations and female

phonotaxis (Tobias et al. 1998, 2004, 2011; Kelley

& Tobias 1999).

Tetraploidization, sex determination

An ancestor of Xenopus laevis experienced genome

duplication during its evolution, probably by allopoly-

ploidization between two diploid ancestors with 18

chromosomes, to create a genome with 36 chromosomes

(Tymowska 1991). However, its genome is now func-

tionally diploidized in that, during cell division, each

chromosome aligns with only one other homologous

chromosome (Tymowska 1991). Tetraploidization in the

ancestor of X. laevis duplicated essentially all genes in

its genome, although many of these duplicates were

reduced to a single copy as a result of pseudogenization

(Chain & Evans 2006; Morin et al. 2006; Hellsten et al.

2007; S�emon & Wolfe 2008; Chain et al. 2011).

Of particular interest is the chromosome W-linked

DM-domain containing gene (DM-W), which is present

as a single allele in female X. laevis, but absent in males,

and is the sex-determining gene in this species (Yoshim-

oto et al. 2008). DM-W originated by partial segmental

duplication of one of the two copies (paralogs) of the

double sex- and mab-3-related transcription factor 1

gene (DMRT1) that arose when an ancestor of X. laevis

experienced tetraploidization (Bewick et al. 2011). If

DM-W was strictly maternally inherited over evolution-

ary time, its evolutionary history is expected to match

that of mitochondrial DNA, which is also thought to be

maternally inherited and nonrecombining in most spe-

cies.

Taxonomy and phylogeography of X. laevis sensu lato

Xenopus laevis sensu lato (Kobel et al. 1996) comprises

three currently recognized species (AmphibiaWeb 2014;

Frost 2014): X. laevis sensu stricto from southern Africa

and a disjunct population north of the Congo Basin

(Daudin 1802), X. petersii from southern Central Africa

(du Bocage 1895) and X. victorianus from Eastern Africa

(Ahl 1924). A fourth species, X. poweri, was described

based on specimens from the area of the Victoria Falls

(Zambia–Zimbabwe border) by Hewitt (1927) but con-

sidered a subspecies of X. laevis by some authors

(Schmidt et al. 1959; Poynton 1964), or a synonym with

X. (laevis) petersii (e.g. Parker 1936; Poynton & Broadley

1985). Xenopus laevis sensu lato also includes two pro-

posed subspecies: X. l. bunyoniensis (Loveridge 1932)

and X. l. sudanensis (Perret 1966). Additional informa-

tion on the taxonomic history of this clade is provided

in Supplementary Information.

Diversity within X. laevis sensu lato has been explored

in terms of molecular and morphological variation (Carr

et al. 1987; Grohovaz et al. 1996; Evans et al. 1997, 2004;

Kobel et al. 1998; Measey & Channing 2003; Du Preez

et al. 2009) and variation in vocalization (Tobias et al.

2011). In general, these studies consistently found that

populations in different parts of Africa, including popu-

lations from different portions of South Africa, are dif-

ferentiated. The distribution of variation within

mitochondrial DNA is perhaps best relayed in terms of

four geographical zones of sub-Saharan Africa, which

we will refer to as ‘southern Africa’ (including South

Africa and Malawi), East Africa (including Tanzania,

Kenya, Uganda, Burundi, Rwanda and the eastern por-

tion of the Democratic Republic of the Congo, ‘Central

Africa’ (including Nigeria, Cameroon, western Zambia

and northern Botswana), and ‘West Central Africa’

(including the southern Republic of Congo, the western

portion of the Democratic Republic of the Congo and

Angola) (Fig. 1). Evans et al. (2004) analysed mitochon-

drial DNA sequences from X. laevis sensu lato from each

of these zones. Their analysis recovered paraphyly of

the group of mitochondrial DNA sequences from south-

ern Africa with relatively weak support, but recovered

strong support for monophyly of the group of mito-

chondrial DNA sequences from East and Central Africa

(Evans et al. 2004). Mitochondrial DNA from one sam-

ple from the Republic of Congo (West Central Africa)

was closely related to a clade containing mitochondrial

DNA from Central and East Africa (Evans et al. 2004).

Within the country of South Africa, Grohovaz et al.

(1996) and Measey & Channing (2003) found a popula-

tion of X. laevis sensu lato sampled near the town of

Niewoudtville to be distinct from populations in other

parts of the country. Measey & Channing (2003) also

identified a zone of admixture of mitochondrial haplo-

types from Niewoudtville and haplotypes from the

south-western Cape Region in the vicinity of the town

of Vredendal (not sampled in the current study), which

is ~100 km south-west of Niewoudtville. Du Preez et al.

(2009) further identified a second zone of admixture
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near the town of Laingsburg (sampled in the current

study), South Africa, between South African popula-

tions to the north-east and south-west of this locality

based on variation in mitochondrial DNA and two

autosomal genes.

The main goal of this study is to further characterize

the evolutionary history of X. laevis sensu lato in terms of

the phylogenetic relationships, divergence times and

geographic distributions of diverged evolutionary lin-

eages. We additionally evaluate support for previously

proposed species designations within X. laevis sensu lato

(X. laevis sensu stricto, X. victorianus, X. petersi and

X. poweri). For evaluating support for the previously pro-

posed species, we adopt the ‘General Lineage Concept’

(GLC; de Queiroz 1998, 2007) of a species, which defines

a species as a ‘separately evolving metapopulation line-

age’ (de Queiroz 2007). The term ‘metapopulation’ refers

to a set of subpopulations that are interconnected by

gene flow, and ‘lineage’ refers to the ancestor–descen-
dant relationship between metapopulations of the same

species through time (de Queiroz 2007).

Methods

Samples and molecular data

A total of 183 samples of X. laevis sensu lato from 14

countries were used in this study, including 104 sam-

ples obtained from South Africa, 37 from Democratic

Republic of the Congo (hereafter DRC), 12 from Bur-

undi, 8 from Zambia, 7 from Cameroon, 3 from Nigeria,

3 from Uganda, 2 from Kenya, 2 from Botswana and 1

each from Rwanda, the Republic of Congo, Angola,

Malawi and Tanzania (see Table S1, Supporting infor-

mation for specific locality information). These tissue

samples were obtained from field collections, tissue

donations from institutional archives (California Acad-

emy of Sciences, the Museum of Comparative Zoology

at Harvard University, the Natural History Museum of

Geneva and the Zoological Research Museum – Alexan-

der Koenig), a collection of live Xenopus that was at the

University of Geneva, and colleagues (T. Hayes, L. Ka-

lous, R. Tinsley and P. Wagner).

Sequences from a portion of the mitochondrial 12S

and 16S rDNA genes and the intervening tRNAVal gene

were obtained using primers from Evans et al. (2004) for

159 X. laevis sensu lato individuals (87% of the samples

in this study), with an average of 907 base pairs (bp) per

individual (range: 623–2374 bp). Sequences from the

female-specific W chromosome gene DM-W and flank-

ing regions were obtained using primers detailed in

Bewick et al. (2011) for 96 female X. laevis sensu lato indi-

viduals, with an average of 1734 bp per individual

(range: 1036–2049 bp). Autosomal DNA sequences were

obtained from portions of the protein coding region of

15 loci ranging in length from 341 to 618 bp (Table 1)

for 113–136 individuals per locus, using paralog-specific

primers detailed in Bewick et al. (2011). Sequence data

were aligned by eye, and homologies of the aligned

characters were unambiguous. Sequences of individual

autosomal alleles were inferred using the ‘best guess’

estimates of allelic states from PHASE v.2.1.1 using default

parameters (Stephens et al. 2001; Stephens & Donnelly

2003), and both alleles were analysed for the population

assignment tests detailed below. DNASP v.5.10.01 (Librado

& Rozas 2009) was used to quantify descriptive statistics

of the sequence data, and formula 5 of Kimura & Ohta

(1972) to calculate 95% confidence intervals (95% CI) for

pairwise nucleotide diversity at synonymous sites. All
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Fig. 1 Xenopus laevis sensu lato sampling localities, and cur-

rently recognized and revised species ranges. Numbers inside

circles indicate locality numbers that correspond with samples

listed in Table S1. Unfilled polygons with different lines indi-

cate the currently recognized distributions of X. laevis, X. pet-

ersii (including X. poweri as a synonym) and X. victorianus,

respectively (AmphibiaWeb, 2014; Frost, 2014). Filled polygons

indicate four geographical regions that are referred to in the

text, each of which corresponds to the distribution of a species

(named below the geographical region) that is supported by

this study. No locus in this study has data from every sample

depicted; mitochondrial DNA has the least missing data (see

Table S1 for details). Additional shading refers to meters above

sea level as indicated.
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Table 1 Polymorphism statistics for autosomal loci for Xenopus laevis, X. petersii, X. powerii and X. victorianus, including the gene

acronym (gene), number of base pairs sequenced (bp), number of alleles sequenced (No. of allelles), number of unique haplotypes

(No. of haplotypes), number of synonymous sites (SSites), the number of nonsynonymous sites (NSites), Jukes Cantor corrected pair-

wise nucleotide diversity for synonymous (pS) and nonsynonmous (pN) sites, the number of segregating synonymous (SS) and non-

synonymous (SN) sites, and Tajima’s D based on synonymous sites (DS), with * indicating significant departure from zero. For some

loci, NA indicates that Tajima’s D could not be calculated due to insufficient molecular diversity or data

Gene bp No. of alleles No. of haplotypes SSites NSites pS pN SS SN DS

Southern Africa (X. laevis)

AR 339 160 9 83 256 0.0015 0.0035 3 6 �1.28

prmt6 612 170 61 146 466 0.0237 0.0033 17 10 0.36

mogA 619 176 26 155 463 0.0031 0.0037 3 17 �0.13

c7orf25 531 184 16 119 412 0.0127 0.0005 11 4 �0.53

nfil3 534 188 21 120 415 0.0172 0.0016 12 7 �0.06

pigo 494 184 28 127 365 0.0230 0.0029 15 12 0.25

Sugp2 438 182 19 108 330 0.0103 0.0027 11 9 �1.16

mastl 537 184 46 119 418 0.0126 0.0073 11 32 �0.53

zbed4 471 170 17 110 361 0.0100 0.0029 9 9 �0.72

Rassf10 486 186 36 98 388 0.0307 0.0070 19 11 �0.29

p7e4 522 186 30 121 401 0.0274 0.0009 16 5 0.45

fem1c 474 146 24 107 367 0.0192 0.0010 17 21 �0.94

znf238.2 531 186 24 117 410 0.0030 0.0073 4 17 0.17

bcl9 489 188 18 114 372 0.0123 0.0010 10 10 �0.45

nufip2 473 156 24 105 363 0.0148 0.0019 27 29 1.97*
West Central Africa (X. petersii )

AR 339 8 6 83 256 0.0065 0.0058 1 4 1.17

prmt6 612 2 2 145 467 0.0210 0.0021 3 1 NA

mogA 619 10 7 155 463 0.0000 0.0139 0 19 NA

c7orf25 531 10 9 118 413 0.0549 0.0099 18 11 �0.10

nfil3 534 10 6 120 414 0.0211 0.0013 6 1 0.72

pigo 494 10 5 127 365 0.0167 0.0006 6 1 �0.06

Sugp2 438 10 4 108 330 0.0052 0.0026 2 3 �0.69

mastl 537 10 4 119 418 0.0056 0.0018 2 3 �0.18

zbed4 471 8 2 109 357 0.0023 0.0000 1 0 �1.05

Rassf10 486 8 4 98 388 0.0118 0.0018 2 2 1.80

p7e4 522 10 3 122 400 0.0089 0.0000 3 0 0.02

fem1c 474 8 3 107 367 0.0175 0.0000 4 0 0.79

znf238.2 531 10 4 117 414 0.0052 0.0027 3 3 �1.56

bcl9 489 10 3 114 372 0.0000 0.0022 0 2 NA

nufip2 473 10 4 106 365 0.0070 0.0018 2 2 0.12

Central Africa (X. poweri)

AR 339 26 5 83 256 0.0071 0.0020 4 2 �1.20

prmt6 612 22 12 145 467 0.0155 0.0017 8 6 0.03

mogA 619 24 8 155 463 0.0000 0.0036 0 10 NA

c7orf25 531 26 7 118 413 0.0043 0.0023 3 3 �0.89

nfil3 534 26 16 120 414 0.0130 0.0023 5 8 0.49

pigo 494 26 7 127 365 0.0087 0.0014 5 4 �0.48

Sugp2 438 24 5 109 329 0.0000 0.0017 0 4 NA

mastl 537 18 14 119 418 0.1052 0.0194 33 27 0.90

zbed4 471 28 7 109 355 0.0095 0.0042 3 6 0.80

Rassf10 486 18 7 95 376 0.0126 0.0021 3 3 0.99

p7e4 522 26 4 121 401 0.0028 0.0005 3 2 �1.29

fem1c 474 26 16 107 367 0.0312 0.0004 13 2 �0.10

znf238.2 531 26 9 118 413 0.0102 0.0033 4 7 0.36

bcl9 489 26 4 114 372 0.0059 0.0016 3 2 �0.36

nufip2 473 22 10 106 365 0.0135 0.0036 7 5 �0.86
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new sequence data are deposited in GenBank (Accession

nos. KP343951–KP345838), and Accession nos. of other

data in these analyses are listed in previous studies

(Evans et al. 2004, 2005, 2008, 2011; Evans 2007; Bewick

et al. 2011).

Phylogenetic analyses

We used BEAST v.1.6 (Drummond & Rambaut 2007) to

generate time calibrated trees for the mitochondrial

and for the DM-W data. For each locus, we performed

four independent runs, 50 million generations each,

using a strict clock. Previously published orthologous

sequences from X. gilli were used as outgroups. The

timing of divergence of X. laevis and X. gilli was set

to 16.7 million years ago (Ma) with a standard devia-

tion of 3.62 Ma (Evans et al. 2004), to calibrate these

analyses. This divergence time is based on the

assumption that the separation of the South Atlantic

Ocean triggered the diversification of South American

from African pipid frogs ~100 Ma (Pitman et al. 1993;

Maisey 2000; McLoughlin 2001; Sereno et al. 2004; Ali

& Aitchison 2008) and was based on analysis of data

from mitochondrial DNA (Evans et al. 2004). We

tested for convergence of the MCMC chains on the

posterior distribution by calculating effective sample

sizes (ESSs) of post-burn-in likelihoods using TRACER

v.1.5 (Rambaut & Drummond 2007), and inspecting

traces of parameter estimates. This led us to discard a

burn-in of 25% of the generations from each analysis.

For each analysis, the model of evolution was selected

by the program MrModeltest version 2 (Nylander

2004) based on the Akaike information criterion. The

preferred model for the mitochondrial DNA analysis

was the general time reversible model (Tavar�e 1986),

with a proportion of invariant sites, a gamma-distrib-

uted heterogeneity in the rate of evolution and esti-

mated base frequencies (GTR+I+Γ+bf). For the DM-W

data set, the preferred model was the Hasegawa, Ki-

sino and Yano model (Hasegawa et al. 1985), with a

proportion of invariant sites and estimated base fre-

quencies (HKY+I+bf).
To examine evolutionary relationships among the

autosomal genes, three approaches were taken. First,

phylogenetic networks were generated among phased

autosomal alleles from each locus using SPLITSTREE

v.4.13.1 (Huson & Bryant 2006). We used Jukes–Can-
tor corrected distances between alleles and the Neigh-

bor-Net algorithm (Bryant & Moulton 2004). Support

for the splits in the networks was determined with a

bootstrap analysis with 1000 replicates. Second, we

performed a phylogenetic analysis on concatenated

autosomal data using BEAST version 1.7.4 (Drummond

et al. 2012) including individuals with less than 50%

missing data (i.e. the same individuals that were

included in the population assignment analyses

described below). And third, we estimated a species

tree using *BEAST with a reduced data set of 70 indi-

viduals and 10 genes that minimized missing data

across individuals and loci. For the phylogenetic

analyses of concatenated autosomal data, we used a

model of evolution selected by MrModeltest, with the

same calibration procedure as detailed above for mito-

chondrial DNA and DM-W, and we performed four

independent runs for 20 million generations each. For

the *BEAST analysis, we assumed a strict molecular

clock with an exponentially distributed mutation rate

with a mean of 4.7 9 10�10 substitutions/site/

Table 1 Continued

Gene bp No. of alleles No. of haplotypes SSites NSites pS pN SS SN DS

East Africa (X. victorianus)

AR 339 40 7 84 255 0.0007 0.0034 2 4 0.38

prmt6 612 38 10 145 467 0.0104 0.0001 8 1 �0.63

mogA 619 42 10 155 463 0.0009 0.0054 2 9 �1.30

c7orf25 531 40 5 117 413 0.0053 0.0009 3 2 �0.28

nfil3 534 40 9 120 414 0.0052 0.0016 3 5 �0.27

pigo 494 34 7 127 365 0.0052 0.0006 5 2 �1.20

Sugp2 438 42 4 108 330 0.0009 0.0004 2 1 �1.50

mastl 537 34 16 119 418 0.0173 0.0043 11 12 �0.78

zbed4 471 32 10 109 353 0.0039 0.0041 4 8 �1.50

Rassf10 486 42 15 99 387 0.0100 0.0058 4 13 0.12

p7e4 522 40 6 121 401 0.0090 0.0000 6 0 �0.62

fem1c 474 40 11 107 367 0.0137 0.0009 6 4 0.05

znf238.2 531 38 10 117 414 0.0057 0.0034 4 7 �0.73

bcl9 489 40 11 113 370 0.0157 0.0026 7 6 0.18

nufip2 473 38 16 106 365 0.0192 0.0021 11 10 �0.67
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generation following Bewick et al. (2012). This muta-

tion rate estimate is based on a multilocus analysis of

data from >100 genes from pipid frogs and relied on

the same assumption about the geological trigger for

diversification of pipid frogs as the mitochondrial

DNA analysis above. To achieve convergence, it was

necessary to use a simpler model of evolution than

that recommended by MrModeltest for the concate-

nated data set (we used HKY+Γ+bf instead of

GTR+I+Γ+bf). For the *BEAST analysis, we linked the

model of evolution across all data partitions, and

unlinked the phylogeny of each partition. A priori spe-

cies designations were based on eight clades that were

observed in the concatenated analysis of autosomal

DNA, including: (i) Nigeria and Cameroon, (ii) Bots-

wana and Zambia, (iii) Angola and western DRC, (iv)

eastern DRC, Uganda and Burundi, (v) Malawi, and

the South African localities Kimberly and Victoria

West, (vi) the South African locality Niewoudtville,

(vii) the South African localities Betty’s Bay, Garden

Route National Park and some individuals from La-

ingsburg and (viii) the South African localities Beau-

fort West, and other individuals from Laingsburg. The

*BEAST analysis was performed with four independent

runs, each for 100 million generations. For BEAST and

*BEAST analyses, orthologs from X. gilli were used as

the outgroup, and independent runs were combined

using LOGCOMBINER version 1.7.4 (Drummond et al.

2012). Similar to the other phylogenetic analyses, 25%

of the run was discarded as burn-in, and convergence

was assessed based on ESSs of the parameters as cal-

culated by TRACER version 1.6 (Drummond & Rambaut

2007). A maximum clade credibility tree with median

node heights was constructed using TREEANNOTATOR

version 1.7.4 (Drummond et al. 2012).

BP&P analysis

We used BP&P version 2.2 (Yang & Rannala 2010) to

test for evidence of species limits. This analysis uses

molecular data and a ‘guide’ phylogeny, which is a

hypothesized relationship among populations or spe-

cies, to evaluate the posterior probability of a species

tree. The species tree is assumed to either be the same

as the guide tree, or alternatively to be a simplified

version of the guide tree that can be obtained by col-

lapsing one or more nodes. We used a guide tree

based on clusters obtained from the phylogenetic

analysis of concatenated autosomal DNA, and

included only the autosomal DNA sequences that were

analysed in the *BEAST analyses detailed above. BP&P

has two different reversible jump proposal algorithms

for species delimitation that influence the probability

that nodes within the guide tree are expanded or

collapsed during the Markov Chain (Yang & Rannala

2010). We ran two independent chains for each algo-

rithm using a gamma prior G (2, 1000) for both the

population size and tree root age priors, with auto-

matic adjustments of step lengths in the MCMC algo-

rithm made by the program. In addition, we explored

an alternative prior for both of these parameters in

which we calculated a scale parameter (b) for the

gamma distribution, by dividing 1 (a diffuse value for

the shape parameter (a) of the gamma distribution) by

the mutation rate used in the *BEAST analysis (Bewick

et al. 2012) multiplied by an estimated divergence time

from the outgroup taxon X. gilli of 16.7 Ma (Evans

et al. 2004), which resulted in a value of 126. We then

ran two independent chains for both algorithms with

this new gamma prior distribution G (1, 126) for both

the ancestral population size and the tree root age. For

each prior setting, the MCMC was run for 100 000

generations, and 20 000 generations were discarded as

burn-in, based on visual inspection of the posterior

distribution of likelihoods.

Population assignment

The phylogenetic analyses detailed above evaluate evo-

lutionary relationships in the context of a bifurcating

phylogeny. However, autosomal DNA relationships

may reticulate or be inconsistent among loci as a result

of gene flow, lineage sorting and recombination, and

this is a particular concern when analysing intraspe-

cific samples. More specifically, use of a phylogeny

estimated from autosomal DNA to guide the *BEAST

and BP&P analyses comes with the caveat that we did

not explore all possible groupings or (for BP&P) all pos-

sible relationships among these groups, and therefore

the results are contingent on the a priori groups and

guide tree that we used for *BEAST and BP&P, respec-

tively. Population assignment tests (and also the Splits-

Tree analysis discussed above) therefore offer a

complementary perspective on the nature of multilocus

molecular variation among taxa because they do not

interpret evolutionary relationships in the context of a

bifurcating tree. To assess the degree of population

structure and assign individual genotypes to putative

populations, we used the programs TESS v.2.3 (Chen

et al. 2007) and STRUCTURE v.2.3 (Pritchard et al. 2000).

Both approaches estimate the probability that each

individual is assigned to K populations, with an aim

of minimizing Hardy–Weinberg and linkage disequilib-

ria within the populations (Pritchard et al. 2000; Chen

et al. 2007; Franc�ois & Durand 2010). Unlike Structure,

Tess incorporates spatial information on geographic

distances between sampling points (based on GPS

coordinates) into the prior distribution when

© 2015 John Wiley & Sons Ltd
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calculating individual assignment probabilities (Chen

et al. 2007; Franc�ois & Durand 2010).

For Tess and Structure analyses, we excluded data

from individuals with missing data from more than half

of the loci. Data from mitochondrial DNA and DM-W

were also excluded so that these analyses would pro-

vide a perspective on diversification independent from

the analyses of the maternally inherited loci. The 135

individuals in the analysis had an average of 6.3% of

the loci with missing data. We ran Tess for 100 000 gen-

erations with a burn-in of 10 000, using the conditional

auto-regressive admixture model (Durand et al. 2009),

starting from a neighbour-joining tree and using 10 iter-

ations for each value of K ranging from 2 to 10. Because

some individuals were sampled from the same location,

we used the ‘generate spatial coordinates for individu-

als’ option in Tess, with a standard deviation equal to

1.0. Convergence was based on inspection of post-run

log-likelihood plots, and support for alternative K val-

ues was assessed by inspection of the deviance informa-

tion criterion (DIC) (Spiegelhalter et al. 2002); models

with lower DIC values are preferred.

For Structure analysis, we ran 20 million generations

with a burn-in of 2.5 million generations for values of K

equal to 2–10, with five iterations for each value of K.

We specified the ‘admixture model’ (Falush et al. 2003)

and assumed no correlation between alleles. The

post-run likelihood values were stable and support for

alternative K values was evaluated using the DK statis-

tic (Evanno et al. 2005), as calculated with STRUCTURE

HARVESTER WEB v.0.6.93 (Earl & von Holdt 2012), and the

ad hoc method outlined in Pritchard et al. (2000).

The samples used in the population assignment

analyses comprise more from South Africa (n = 107)

than from other portions of the distribution of X. laevis

sensu lato that are not from South Africa (n = 41). To

examine whether this uneven geographic sampling

affected our results, we reran the Tess analysis with a

random subsample of only five individuals from each

sampling locality in South Africa, plus all other sam-

ples from other countries. This reduced data set had a

total of 66 individuals, of which 25 were from South

Africa. We ran this analysis for 100 000 generations

with 10 000 discarded as burn-in, for K values ranging

from 2 to 10, with 10 iterations for each value. Other

analytical details were identical to those discussed

above.

Tess and Structure runs were post-processed using

CLUMPP v.1.1.2 (Jakobsson & Rosenberg 2007), which

averages assignment probabilities across iterations.

Clumpp offers three separate algorithms that maximize

similarity across all of the iterations of a given K; we

selected an algorithm as recommended in the program

documentation (Jakobsson & Rosenberg 2007).

Results

Phylogenetic incongruence between maternally
inherited loci

Estimated phylogenetic relationships from mitochon-

drial DNA and from DM-W each resolve sequences into

geographically clustered clades that correspond with

one another, and both analyses recover strong and

congruent support for paraphyly of the group of

haplotypes from individuals in one pond in Laingsburg,

South Africa. However, there are strongly supported

inconsistencies in the estimated relationships among

these clades (Fig. 2; see Fig 1 and insert in Fig. 3 for

sampling locations). The mitochondrial DNA phylogeny

supports monophyly of the group of sequences from

the following South African localities: Niewoudtville,

Beaufort West, Laingsburg, De Doorns, Betty’s Bay,

GRNP, Hoekwil and Cape Town, whereas the DM-W

phylogeny supports paraphyly of this group of

sequences (Fig. 2). Another difference with strong sta-

tistical support is seen in relationships among samples

from East Africa. In the mitochondrial DNA phylogeny,

all East Africa sequences that are not from or near the

Lendu Plateau form a strongly supported clade. But in

the DM-W phylogeny, this group of sequences is

inferred to be paraphyletic. Strongly supported incon-

sistent relationships were also inferred when we

restricted both analyses to include only those individu-

als for whom data were collected from both loci (data

not shown).

Molecular variation, evolutionary relationships and
species delimitation using autosomal loci

Table 1 presents polymorphism statistics for four

diverged lineages of X. laevis sensu lato that correspond

to previously proposed species within this group as

redefined below. All of the loci were polymorphic

within X. laevis sensu lato. One locus exhibited a Taj-

ima’s (1989) D value that was significantly greater than

zero within a geographical region depicted in Fig. 1, an

observation that could reflect a signature of balancing

selection. After weighting individual locus values by

the number of synonymous sites at each locus, the larg-

est average pairwise diversity of synonymous sites was

similar for individuals from southern Africa (0.0148;

95% CI: 0.0091–0.0206), Central Africa (0.0159; 0.0100–
0.0218) and West Central Africa (0.0124; 0.0072–0.0176),
but about half as large for individuals from East Africa

(0.0081; 0.0039–0.0124).
Phylogenetic analysis of concatenated autosomal data

from 135 X. laevis sensu lato individuals provided strong

support for multiple diverged evolutionary lineages

© 2015 John Wiley & Sons Ltd
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(Fig. 3), many of which correspond to those identified

in the analyses of mitochondrial DNA and DM-W.

Diverged lineages in the analysis of concatenated auto-

somal data include (i) individuals from southern Africa

(South Africa and Malawi), (ii) individuals from East

Africa (Uganda, Burundi, eastern DRC), (iii) individuals

from Central Africa (Nigeria, Cameroon, Zambia, Bots-

wana) and (iv) individuals from West Central Africa

(Angola and western DRC). The topology of relation-

ships among the geographically clustered clades was

more similar to that inferred from DM-W than

mitochondrial DNA in the sense that the group of

samples from Malawi and South Africa are inferred to

be monophyletic. However, it was more similar to the

mitochondrial DNA phylogeny than the DM-W phylogeny

in that the group of samples from East Africa that were

not from or near the Lendu Plateau were inferred to be

monophyletic. The analysis of concatenated autosomal

data differs from the analyses of mitochondrial DNA

and DM-W in that the former supports monophyly of

the group of samples from East Africa (Figs 2 and 3).

Both maternally inherited loci supported a close rela-

tionship between haplotypes from Niewoudtville, South

Africa and those from Beaufort West, South Africa and

a few from Laingsburg, South Africa, but this relation-

ship was not observed in the analysis of concatenated

autosomal loci.

Geographical clustering of variation was observed in

the concatenated analysis. Within Central Africa, for

example, samples from Nigeria and Cameroon form a
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clade that is most closely related to a clade comprising

samples from Botswana and Zambia. Within East

Africa, samples from or near the Lendu Plateau form a

clade that is most closely related to a clade containing

other samples from the rest of the Albertine Rift and

samples from Uganda and Burundi. Within South

Africa, geographically structured clades were recovered

from multiple regions, including (i) samples from

Malawi and northern South Africa (Potchefstroom,

Kimberley, Victoria West) and (ii) samples from Nie-

woudtville, South Africa, (iii) samples from Beaufort

West and some samples from Laingsburg and (iv) other

samples from Laingsburg plus samples from south-

western Western Cape Province.

Species tree analyses with *BEAST (Heled & Drum-

mond 2010) supported the same relationships among

most clusters of sequences as the concatenated analysis

(Fig. 4). The exception to this is that the species tree

analysis infers a monophyletic relationship between the

two populations that included individuals from the

admixed population in Laingsburg, whereas the concat-

enated analysis supported a paraphyletic relationship

between these two populations with respect to other

populations (Figs 3 and 4).

Similar to the phylogenetic analyses discussed above,

the network analysis of phased X. laevis biparentally

inherited alleles reveals strong geographic association

of molecular variation. Twelve of 15 networks placed

molecular variation from southern Africa and the rest

of sub-Saharan Africa on distinct portions of the net-

work (Fig. S1, Supporting information). Variation in

East Africa also tended to cluster in portions of these

networks that were distinct from variation in other

parts of Central Africa or West Central Africa.

Using the species delimitation program BP&P, we

recovered strong support (a posterior probably of ~1)
for separate species statuses for all of the clusters in

the guide tree, with each cluster corresponding to the

terminal taxa presented in Fig. 4 for the *BEAST analysis.

Results were consistent for both species delimitation

algorithms, and for both prior settings that we tried.

Population assignment

Tess and Structure population assignment analyses

recovered similar results and support the existence of

substantial population structure in X. laevis sensu lato

(Fig. 5, Figs S2 and S3, Supporting information). The

DIC plots suggest that 6–7 populations are preferred by

the Tess analysis and the method of Evanno et al. (2005)

supports 5 populations in the Structure analysis. As a

consequence of isolation by distance (identified using

Partial Mantel tests, data not shown), we expected the

ad hoc method of Pritchard et al. (2000) to deliver an

overestimation of the number of clusters due to depar-

ture of the observed data from a model of multiple pan-

mictic populations (Pritchard et al. 2000). As expected,

this method supported the maximum number of clus-

ters we tested (K = 10, P < 0.001).

Individuals assigned to each cluster were nearly

identical in both analyses at most values of K. Clusters

identified by Tess and Structure at higher values of K

corresponded to clades identified in the phylogenetic

analyses, and to the species identified by BP&P analy-

sis. Similar to the phylogenetic analyses, these assign-

ment tests also highlight genetic uniqueness of the

X. laevis sensu lato population from or near the Lendu

Plateau and that from Niewoudtville, and also distin-

guish populations in the northern and southern por-

tions of West Central Africa, the former of which

corresponds to a proposed subspecies X. l. sudanensis

(Perret 1966).

Discussion

Phylogenetic incongruence among maternally inherited
loci

We observed well supported, discordant relationships

among lineages of two putatively maternally inherited

genomic regions in the frog X. laevis sensu lato:

mitochondrial DNA and the female-specific gene DM-

W (Yoshimoto et al. 2008). This observation could

reflect error in phylogenetic inference (that is, an incor-

rect phylogeny may have been inferred in one or both

loci) or it could be a ‘real’ (biological) difference. Miss-

ing data, long-branch attraction and model misspecifi-

cation, for example, may affect phylogenetic inference

(Lemmon & Moriarty 2004; K€uck et al. 2012; Roure

et al. 2013). A biological difference in these phylogenies

could arise if either of these markers was not strictly
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Fig. 4 Species tree analysis by *BEAST. In southern Africa,

shaded branches correspond to the sampling localities depicted

in Fig. 3.
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maternally inherited, or if either experienced recombi-

nation. If individuals carrying DM-W occasionally

developed as phenotypic males, for instance, this could

lead to a mode of inheritance that is not strictly mater-

nal. Periodic phenotypic sex reversal coupled with sex-

specific rates of recombination (specifically, a lower

recombination in the heterogametic sex) has been

proposed as a mechanism for maintaining nondiverged

(homomorphic) sex chromosomes in other frogs (Perrin

2009; St€ock et al. 2011), and indeed, X. laevis has homo-

morphic sex chromosomes (Tymowska 1991). Further

information on rates of recombination in male and

female X. laevis would be useful to evaluate the appli-

cability of this hypothesis to X. laevis. It is also possi-

ble that DM-W or its flanking region exist in duplicate

copies in some females, and that these copies could

occasionally undergo ectopic recombination events,

even if this locus were strictly maternally inherited.

While evidence for recombination in mitochondrial

DNA has been reported in various taxa (Piganeau et al.

2004; Tsaousis et al. 2005), many statistical approaches

to detect recombination are prone to false positives (In-

nan & Nordborg 2002; Galtier et al. 2006; Sun et al.

2011), and we view this as an unlikely explanation for

our observations.

Statuses of previously proposed species

Our results provide novel perspectives on the evolu-

tionary history of X. laevis sensu lato, and argue for tax-

onomic revision from the standpoint of the GLC (de

Queiroz 1998, 2007). Within X. laevis sensu lato, almost

all of our analyses recovered support for at least four

evolutionarily diverged lineages in the following geo-

graphical regions: (i) southern Africa, including Malawi

and South Africa, (ii) Central Africa, including Nigeria,

Cameroon, Zambia and Botswana and (iii) West Central

Africa, including the Republic of Congo, western DRC

and Angola, and (iv) East Africa, including Kenya,

Uganda, Rwanda, Burundi, eastern DRC and Tanzania.

Each of these groups was identified as a differentiated

cluster in the population assignment tests, and lineages

i–iii were recovered in each of the phylogenetic

analyses we performed (mitochondrial DNA, DM-W

and concatenated and species tree analysis of autoso-

mal DNA). Lineage iv formed a clade in the phyloge-

netic analyses of autosomal DNA and DM-W, but not

in the analysis of mitochondrial DNA. These four lin-

eages, respectively, correspond to four currently or pre-

viously recognized species: X. laevis, X. poweri,

X. petersii and X. victorianus, but we argue for a revised

distribution for two of them (X. laevis and X. poweri). A

revision of the distributions of X. laevis and X. poweri is

warranted because individuals from the north of the

Congo Basin (Cameroon, Nigeria) are more closely

related to individuals from the south of the Congo

Basin (Zambia, Botswana) than they are to individuals

from other parts of Africa, including southern Africa,

which is where X. laevis occurs. Thus, we reassign the

population of X. laevis sensu lato from Nigeria and
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Cameroon to X. poweri instead of X. laevis. We note that

a subspecies of X. laevis, X. l. sudanensis, from the Ad-

amawa Region in Cameroon was described by Perret

(1966). Our data potentially support the transfer of

X. l. sudanensis to the synonymy of X. poweri instead of

X. laevis, although additional data from the type locali-

ties or examination of the type specimens is needed.

Similarly, another subspecies of X. laevis, X. l. bunyoni-

ensis (Loveridge 1932), should be tentatively considered

a synonym of X. victorianus, as evidenced by the

inferred phylogeography of X. laevis sensu lato and by

phylogenetic position of our sample from south-wes-

tern Uganda. Although again we note that this study

lacks samples directly from the type locality of

X. l. bunyoniensis, which should be investigated in the

future. Under our proposed taxonomy, relationships

among mitochondrial DNA variants of X. laevis, and

X. victorianus may be paraphyletic within each species;

we note also that monophyly is not a requirement of

the GLC (de Queiroz 2007).

Although the question of whether further taxonomic

division is warranted is beyond the scope of this

study, we do note that genetic variation within X. la-

evis, X. victorianus, and X. poweri is substantial. Within

X. laevis, differentiated populations were identified in

the following regions: (i) south-western Western Cape

Province, (ii) Niewoudtville, (iii) Kimberley, Victoria

West and Malawi. The south-western Western Cape

Province lineage is comprised of two geographically

clustered demes with admixture detected at the loca-

tion of Laingsburg. Individuals from south-western

and north-eastern South Africa also differ in body size

and in the frequency of naturally occurring testicular

oocytes (Du Preez et al. 2009). Within X. poweri, a

population from Cameroon and Nigeria is differenti-

ated from a population from Botswana and Zambia.

Clades within X. laevis and within X. poweri were

delimited from one another by the species delimita-

tion program BP&P. However, significant evidence

was recovered for isolation by distance using a partial

Mantel test (data not shown), and these data therefore

violate an assumption (panmixia) of the BP&P analy-

sis. Within X. victorianus, the population from or near

the Lendu Plateau is differentiated from other popula-

tions. The finding of substantial genetic differentiation

in these species supports the point made by Du Preez

et al. (2009) that the geographic provenance of experi-

mental animals is an important experimental variable

because of among-population variation in genetic

backgrounds.

Our results, which include some of the individuals

from Central Africa studied by Evans et al. (2004) and

Du Preez et al. (2009), but a different suite of individu-

als sampled in South Africa from Du Preez et al. (2009),

are consistent with the findings from these and other

studies (Grohovaz et al. 1996; Kobel et al. 1998; Measey

& Channing 2003). Similar to Du Preez et al. (2009), we

found evidence for extensive introgression between

populations south-west and north-east of the locality of

Laingsburg. This was evinced by (i) individuals from

this locality having a diversity of evolutionary affinities

in the mitochondrial DNA, DM-W and concatenated

analysis of autosomal DNA and (ii) admixed population

affinities that were identified by population assignment

tests. We did not recover qualitative evidence for exten-

sive gene flow between other populations of X. laevis

sensu lato based on the population assignment tests.

One possibility is that this could be an artefact of miss-

ing genetic information from animals in the contact

zones between these lineages, for example in the Congo

Basin and south of the Congo Basin, or between differ-

entiated populations in South Africa (Fig. 1). Reciprocal

crosses between X. laevis sensu lato individuals that

were probably from South Africa, and individuals from

Uganda or Botswana both produced fertile offspring of

both sexes (Blackler et al. 1965; Blackler & Fischberg

1968). Thus, gene flow between these species is possi-

ble. Analysis of additional material from poorly sam-

pled regions therefore could provide novel insights into

the nature of gene flow among species and populations

identified here.

Phylogeographic implications

Vegetation in sub-Saharan Africa can be broadly classi-

fied into ‘savanna’ habitat, which is open habitat where

a C4 carbon fixation grass layer exists, and ‘non-savanna’
(i.e. tropical forest) habitat, which is closed and lacks a

C4 carbon fixation grass layer, with the distribution of

each habitat type being largely dependent on the extent

and seasonality of rainfall (Jacobs 2004; Lehmann et al.

2011). The distributions of these habitat types cycled

during climatic oscillations, with savanna habitat

becoming more extensive or shifting to lower latitudes

during glacial periods (Dupont 2011). Within these hab-

itat types, there is also variation in the seasonality of

rain, a factor that may have played a role in the differ-

entiation of Xenopus laevis in South Africa (Grohovaz

et al. 1996). Thus, over the last 15 Myr or so, the evolu-

tion of X. laevis sensu lato took place on a varied and

dynamic ecological and climatic landscape. It is also

likely that geological features had an impact on popula-

tion structure within X. laevis. In particular, the Great

Escarpment (Fig. 3) lies between the population that

ranges from Victoria West to Malawi and another popu-

lation that ranges from Beaufort West to Laignsburg

(Fig. 3). To the south-west of the Great Escarpment, the

Cape Fold Belt, including the Swartberge Range and
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the Langeberg Range (Fig. 3), lie between the Beaufort

West/Laignsburg population and the coastal population

in the south-western Western Cape Province, South

Africa. The Niewoudtville population is also on top of

the Great Escarpment, and has a zone of contact with

the south-western Western Cape Province population

nearby in Vredendal (Measey & Channing 2003), which

is at the bottom of the Great Escarpment.

We present four molecular clock analyses (mitochon-

drial DNA, DM-W, concatenated autosomal DNA and

species tree analysis of autosomal DNA) that assumed a

strict molecular clock that was calibrated in two differ-

ent ways (Methods). Despite these different calibration

approaches, divergence times were quite similar across

these analyses, although this does not necessarily indi-

cate that these estimates are accurate. We resorted to

relatively crude models of evolution in these analyses

in order to achieve convergence on the posterior distri-

bution of the parameters. Clearly, error in divergence

times and evolutionary relationships could arise due to

model misspecification, and other model violations. For

example, because *BEAST does not account for migration,

divergence times may be underestimated in the pres-

ence of migration (Leach�e et al. 2014).

Although our divergence estimates for species within

X. laevis sensu lato predate the Pleistocene, the geo-

graphic locations of proposed Pleistocene savanna refu-

gia (see Fig. 2 in Lorenzen et al. 2012) coincide with the

distributions of diverged evolutionary lineages in X. la-

evis sensu lato. A possible mechanism for these congru-

ent areas of endemism is that diversification of many of

these evolutionary lineages, including X. laevis sensu

lato, was sculpted by the distributions and connectivity

of suitable habitat, which waned and waxed over time.

Being mostly aquatic, Xenopus presumably are particu-

larly sensitive to ecological factors such as the abun-

dance and seasonality of rainfall that affect

opportunities for dispersal over land and time to

complete metamorphosis. Regions with consistently

habitable habitats potentially acted as ‘lifeboats’ that

sustained divergent lineages that evolved before habitat

contraction (Evans et al. 2004).

Conclusions

This study reports for the first time, evidence of phy-

logenetic discordance between two putatively mater-

nally inherited genomic regions, mitochondrial DNA

and DM-W, in the frog lineage X. laevis sensu lato. We

do not know of a methodological explanation for this

discordance, opening the possibility that there is a bio-

logical cause. Results also support the recognition of

X. laevis sensu stricto, X. victorianus, X. petersii and

newly revalidated X. poweri, but with the assignment

of populations of X. laevis sensu lato from Nigeria and

Cameroon to X. poweri instead of X. laevis and with the

assignment of populations of X. laevis sensu lato from

Botswana and Zambia to X. poweri instead of X. peters-

ii. In doing so, this study clarifies the evolutionary his-

tory of one of the most intensively studied amphibian

species in the context of its closely related relatives,

and identifies additional differentiated populations that

may themselves be meritorious of species status.
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