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Abstract

Surveys of tropical insects are increasingly uncovering cryptic species – morphologically

similar yet reproductively isolated taxa once thought to comprise a single interbreeding

entity. The vast majority of such species are described from a single location. This leaves

us with little information on geographic range and intraspecific variation and limits our

ability to infer the forces responsible for generating such diversity. For example, in

herbivorous and parasitic insects, multiple specialists are often discovered within what

were thought to be single more generalized species. Host shifts are likely to have

contributed to speciation in these cases. But when and where did those shifts occur, and

were they facilitated by geographic isolation? We attempted to answer these questions

for two cryptic species within the butterfly Cymothoe egesta that were recently

discovered on different host plants in central Cameroon. We first used mtDNA markers

to separate individuals collected on the two hosts within Cameroon and then extended

our analysis to incorporate individuals collected across the entire pan-Afrotropical range

of the original taxon. To our surprise, we found that the species are almost entirely

allopatric, dividing the original range and overlapping only in the narrow zone of West-

Central Africa where they were first discovered in sympatry. This finding, combined

with analyses of genetic variation within each butterfly species, strongly suggests that

speciation occurred in allopatry, probably during the Pleistocene. We discuss the

implications of our results for understanding speciation among other cryptic species

recently discovered in the tropics and argue that more work is needed on geographic

patterns and host usage in such taxa.
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Introduction

The increasingly frequent discovery of cryptic species

within what were previously thought to be single inter-

breeding entities calls previous estimates of biodiversity

into question, challenges conservation efforts, and poses

important questions about the speciation process (Bick-

ford et al. 2007). This is nowhere more true than among
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tropical herbivorous and parasitic insects. Studies of

host use, immature stages, and ⁄ or DNA in these organ-

isms often uncover multiple specialized species within

purportedly more generalized taxa (Amiet 1997; More-

head et al. 2001; Berkov 2002; Hebert et al. 2004; Burns

& Janzen 2005; Smith et al. 2006, 2007; Burns et al.

2008).

Despite the impressive efforts behind the discovery of

many of these tropical host-specific cryptic species,

almost all are described from just one location. This is

due to the logistical difficulty of gathering the kinds of

samples necessary for their identification (e.g. immature

stages, host plants ⁄ animals) over large tropical areas.

For example, Palame mimetica was once considered to be
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a single beetle species known from French Guiana,

Brazil and Venezuela. In 2002, Amy Berkov published

the results of a rearing experiment and phylogenetic

analysis that revealed at least two cryptic species within

the taxon, attacking distinct host trees at slightly differ-

ent times of year in a forest just north of Saül, French

Guiana (Berkov 2002). Likewise, Astraptes fulgerator was

once thought to be a single variable butterfly species dis-

tributed across the Americas from the southern United

States to northern Argentina. The collection and rearing

of thousands of A. fulgerator caterpillars in one region of

Costa Rica, however, revealed this taxon to comprise as

many as 7, or possibly even 10, species, mostly limited

to distinct host plants (Hebert et al. 2004; and see Brow-

er 2006). In both of these cases, we know that the

recently discovered cryptic species co-occur in one small

area, but we can only guess how they share or partition

the rest of the geographic range attributed to the taxon

within which they were hidden. The same is true of

many other sets of host-specific cryptic species recently

discovered within tropical herbivorous and parasitic

insects (Amiet 1997; Morehead et al. 2001; Burns & Jan-

zen 2005; Smith et al. 2006, 2007; Burns et al. 2008).

Our lack of information on the distributions of these

taxa makes it difficult to answer some of the most inter-

esting questions posed by their discovery. For example,

what factors were responsible for initial divergence? The

fact that the species specialize on distinct hosts suggests

that ecological adaptation to novel resources contributed

(Stireman et al. 2005; Funk et al. 2006). But did such

adaptation occur in sympatry or was it facilitated by geo-

graphic isolation? Allopatric speciation is generally

accepted to be the dominant mode of speciation in ani-

mals and plants (Coyne & Orr 2004), and there is no rea-

son why divergent host adaptation should not contribute

to allopatric speciation events (Funk 1998). Nevertheless,

substantially more attention has been devoted to the

potential role of host adaptation and host shifts to specia-

tion in sympatry than in allopatry. Indeed, host-special-

ized insects have several characteristics that should

facilitate sympatric speciation: (i) their lives are often so

intimately intertwined with those of their hosts that new

hosts exert strong multifarious selection, (ii) alternative

hosts provide discrete resources without intermediates

and (iii) for insects that mate on or near their hosts,

reproductive isolation can evolve as a direct pleiotropic

effect of selection on host preference (Bush 1975; Rice

1984; Kondrashov & Mina 1986; Diehl & Bush 1989;

Berlocher & Feder 2002; Dres & Mallet 2002).

It would be interesting to know what role, if any,

sympatric speciation has played in generating cryptic

tropical insect diversity. Gathering data on current and

ancestral geographic ranges can help to answer this

question (Diegisser et al. 2006; Fitzpatrick & Turelli
2006; Jordal et al. 2006) and may eventually lead to a

general understanding of patterns of diversification

among such taxa. Wide geographic sampling of cryptic

tropical taxa is also important for basic taxonomy and

the design of effective conservation strategies.

In this study, we address two cryptic species formerly

hidden within the Afrotropical butterfly Cymothoe egesta

(Nymphalidae). For most of the 20th century, C. egesta

was thought to be a single, variable butterfly species

distributed in forested areas across sub-Saharan Africa

from Sierra Leone in the west to Tanzania and Uganda

in the east. The species comprised two subspecies; West

African populations were considered to belong to the

nominate C. e. egesta, while Central ⁄ East African popu-

lations were considered to belong to C. e. confusa. This

situation changed in 1997, when Jean-Louis Amiet

described two forms of C. egesta feeding on different

host plants in sympatry in the vicinity of Yaoundé, cen-

tral Cameroon (within the range of C. e. confusa) (Amiet

1997). Adults of the two forms were nearly indistinguish-

able – the most consistent difference being that the back-

ground wing colour of freshly eclosed males was the

typical C. egesta-like dull yellow in one form (referred to

by Amiet as C. e. confusa), and slightly more orange in

the other form (referred to by Amiet as C. ‘egesta

orange’). In contrast, the immature stages of the two

forms showed obvious colour differences and, as men-

tioned above, were found feeding on distinct host plants;

Amiet collected C. e. confusa on plants in the Rinorea

ilicifolia species group (Violaceae) and found C. ‘egesta

orange’ on Rinorea lepidobotrys, a species representing a

distinct lineage within the genus Rinorea (Amiet 1997).

We used molecular methods to describe the full geo-

graphic distributions of these two cryptic species, and

then to infer the geographic circumstances under which

they initially diverged. We found neither that the two

species were fully sympatric nor that one was endemic

to a portion of the broader range of the other. Instead,

they were largely allopatric, one in the west and the

other in the east, overlapping only in the relatively nar-

row zone of central Cameroon surveyed by Amiet. This

finding, combined with analyses of population structure

and intraspecific genetic diversity, strongly suggests

that speciation occurred in allopatry. We discuss the

implications of these results for understanding specia-

tion among other cryptic tropical taxa and emphasize

the importance of continued attention to such species.
Materials and methods

Insect collection

We searched known and potential Rinorea host plants

for immature stages of C. egesta in six localities across
� 2009 Blackwell Publishing Ltd
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central and south Cameroon in 2003 and 2006. We

assembled additional specimens, mostly captured as

adults by other collectors, from over 30 localities across

the entire range formerly attributed to C. egesta, includ-

ing, from west to east, Sierra Leone, Guinea (Conakry),

Ghana, Nigeria, Cameroon, Gabon, Democratic Repub-

lic of Congo, Zambia and Tanzania. Figure 1 shows a

map of all collection localities, and Table S1 (Support-

ing Information) provides detailed information on each

of the 86 assembled specimens, including collection

locality, collector, year collected, life stage collected and

host plant (if known).
PCR amplification and sequencing

We generated two DNA sequence data sets from the

assembled specimens. The ‘phylogenetic’ set was

designed to maximize phylogenetic signal and thus com-

prised relatively long 1345 bp segments of the mtDNA

gene COI from 59 geographically representative individ-

uals. The ‘barcode’ set was designed to maximize taxon

sampling and comprised shorter, but overlapping, 658-bp
Dahomey
Gap

1
2 3

4

Fig. 1 Map of sub-Saharan Africa showing the collection sites for th

C. confusa, or both were collected are represented by white, black and

lap within Cameroon. The small black arrow in the inset points to t

Dashed grey lines demarcate the five biogeographical sub-regions in

by butterfly endemicity and distribution patterns, but boundaries are
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fragments of COI (DNA barcodes) from a larger group

of 86 individuals (the same 59 plus an additional 27). The

‘phylogenetic’ data set was generated in the following

way: We extracted DNA from 1 to 2 legs per specimen

using a QIAGEN DNeasy kit. We then amplified the

1345-bp segment of COI for the first several specimens

using the generic Nymphalid primer pairs HCO ⁄ LCO

(Folmer et al. 1994) and Jerry ⁄ Pat (Simon et al. 1994) and

the PCR recipe and cycling protocol of Zimmermann

et al. (2000). For all subsequent specimens we used the

custom designed primers found in Table S2 and the

PCR recipes and cycling protocols found in Tables S3

and S4 (Supporting Information) respectively. The

region was amplified in two segments from well-pre-

served specimens and in four shorter segments from

poorly preserved specimens. The PCR amplicons were

purified using either a Qiaquick (QIAGEN) or MSB

Spin PCRapace (Invitek) kit, sequenced on an ABI 3730

Capillary Electrophoresis Genetic Analyzer (both the

forward and reverse strands using the same primers as

in the PCR reactions), and edited ⁄ assembled using

CodonCode Aligner (CodonCode Corporation) or the
5

e specimens examined in this study. Sites where C. egesta s. s.,

grey circles respectively. The inset highlights the zone of over-

he locality where six larvae were collected on R. breviracemosa.

which C. egesta s. s. occurs. These subregions are well defined

not absolute (Larsen 2005).
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Staden Package (Staden 1996; version 1.6.0). All

sequences were deposited in GenBank (accession nos

FJ422147–FJ422211). The ‘barcode’ data set was generated

by trimming the ‘phylogenetic’ data set down to the

appropriate segment and then adding the barcodes of 27

additional individuals. The new barcodes were generated

by the Canadian Centre for DNA barcoding in Guelph,

Canada in the following way: DNA was extracted using

a routine silica-based 96-well extraction automation pro-

tocol (Ivanova et al. 2006), and the target 658-bp frag-

ment was amplified and sequenced as described by

Hajibabaei et al. (2006). These were deposited both in

GenBank (accession nos GQ200316–GQ200343) and the

Barcode of Life Database (BOLD; project code EGES).

We also attempted to amplify a 350-bp segment of

the nuclear gene wingless from a subset of our samples.

Unfortunately, however, the locus would not amplify

from the majority, which had been kept as

papered ⁄ pinned specimens at room temperature for 5

or more years. The data that were obtained (from four

individuals) showed little variation (mean pairwise

divergence <0.3%) and were not analysed further.
Statistical analyses

To infer the evolutionary relationships among the 59

DNA sequences in the ‘phylogenetic’ data set, we first

identified the most appropriate models of sequence

evolution using ModelTest version 3.7 (Posada &

Crandall 1998), and then, for each model in the 95%

credible set, conducted Bayesian phylogenetic analyses

using MrBayes version 3.1.2 (Huelsenbeck & Ronquist

2001) with 3 outgroup sequences (one each from

C. orphnina, C. ogova and C fontainei). All models

yielded similar results, and we report here those

inferred under the best model only – a general-time-

reversible model with a proportion of invariant sites

and gamma distributed rate variation among the

remaining sites (nst = 6, rates = invgamma). The two

Markov Chain Monte Carlo runs were allowed to run

for 4 million generations with the temperature differ-

ential reduced from 0.2 to 0.1 to optimize mixing

among hot and cold chains within each run

(ngen = 4 000 000, Temp = 0.1). The two runs con-

verged (with the standard deviation of split frequen-

cies dropping below 0.01 and the log-likelihood scores

becoming stable) after approximately 2 million genera-

tions and so only trees sampled after this point were

used to generate the consensus tree. We conducted a

second analysis for the 86 sequences in the ‘barcode’

data set; we used the program MEGA4 (Tamura et al.

2007) to compute pairwise distances under the Kim-

ura-2-parameter model (K2P: Kimura 1980) and infer

a haplotype tree by Neighbour Joining.
We examined the structure of genetic variation within

each cryptic species using the ‘phylogenetic’ data and

the program Arlequin 2.000 (Schneider et al. 2000). First

we pruned from the data set all but a single representa-

tive from groups of potential siblings – individuals that

shared identical COI haplotypes and were collected as

larvae on plants in close proximity on the same day.

Removal of these sequences did not significantly alter

the results. We then implemented one AMOVA for each

of the cryptic species to quantify the effects of major

biogeographic breaks on intraspecific gene flow. The

model used for C. egesta sensu stricto partitioned varia-

tion (i) between the regions on either side of the Daho-

mey Gap, (ii) among biogeographic zones nested within

each of those regions and (iii) within biogeographic

zones. The model used for C. confusa partitioned varia-

tion (i) among biogeographic zones (Cameroon vs. the

combination of all regions further east) and (ii) within

biogeographic zones. Third, we estimated two measures

of nucleotide diversity within zones – p (Tajima 1983)

and hW (Waterson 1975). Finally, we examined the

hypothesis that low overall nucleotide diversity in cer-

tain zones was the result of recent range ⁄ population

expansion by computing Tajima’s D (Tajima 1989).

We estimated the time of divergence between the two

cryptic species in two different ways based on the ‘phy-

logenetic’ data set. First, we used the program MDIV

(Nielsen & Wakeley 2001) with an HKY model that

excludes migration (M = 0; reciprocally monophyletic

data provide essentially no evidence of migration). Four

independent runs of 5 million cycles each gave similar

results, indicating convergence. Scaled divergence times

were converted into absolute divergence times using

two different mutation rate estimates for COI in insects:

a relatively high rate of 1.15% per million years (Brow-

er 1994) and a relatively low rate of 0.78% per million

years (Zakharov et al. 2004). Second, we calculated the

‘net divergence’ between the two species. This estimator

of divergence assumes that the ancestral population size

was the average of the descendent population sizes and

is calculated by subtracting the average of the within

species p values from the mean pairwise divergence

between species (Nei 1987). Net nucleotide divergence

was converted into absolute divergence time assuming

a molecular clock and using the same two mutation rate

estimates mentioned above.
Results

Genetic separation of the cryptic species

The ‘phylogenetic’ data set (1345 bp of COI from

59 specimens) included 45 polymorphisms defining

23 unique haplotypes. The Bayesian tree in Fig. 2
� 2009 Blackwell Publishing Ltd



Fig. 2 Bayesian tree showing the phylogenetic relationships among C. egesta sensu lato specimens collected across the forested areas

of sub-Saharan Africa. Coloured bars to the right of the tree indicate the region of origin of each specimen. Numbers at nodes are

Bayesian posterior probabilities. Specimens printed in coloured lettering were collected as larvae on the following host plants: R. lepi-

dobotrys (red), R. breviracemosa (pink), R. ilicifolia group species (blue). Only those specimens with full COI sequences are pictured.

See Figure S1 (Supporting Information) for a tree based on shorter COI barcodes from the larger set of 86 specimens.
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definitively separated these specimens into two sister

clades with 100% posterior probabilities. Average pair-

wise nucleotide divergence between the clades was

2.39%, exceeding the average pairwise divergence

within each clade (0.12% and 0.27%) by an order of

magnitude. To confirm the correspondence of these two

clades to the cryptic species described by Amiet (1997),

we examined 13 individuals collected by Amiet himself

within Cameroon. All six individuals found on R. lepi-

dobotrys and referred to by Amiet as C. ‘egesta orange’

fell into one clade, while all seven individuals found on
� 2009 Blackwell Publishing Ltd
R. ilicifolia group host species and referred to by Amiet

as C. egesta ssp. confusa fell into the other clade (speci-

mens are highlighted in Fig. 2 with red and blue letter-

ing respectively). Although mtDNA is known to

introgress across species boundaries more easily than

nuclear DNA (Hudson & Turelli 2003; Ballard &

Whitlock 2004) and is not necessarily a reliable tool for

de novo species identification (Moritz & Cicero 2004),

the fact that taxa described by other means (morpho-

logy and host plants) correspond perfectly to two

strongly supported sister clades provides excellent
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evidence that mtDNA can be used to separate species

in this case. The NJ tree based on the larger ‘barcode’

data set (658 bp from 86 specimens) corroborated these

results. The 86 sequences were split into two clusters,

and two additional individuals collected on R. ilicifolia

group host plants within Cameroon grouped with those

collected on the same hosts by Amiet (Fig. S1, Support-

ing Information; see RVVE007 and RVVC025).
The two species are largely allopatric despite their
co-occurrence within Cameroon

The two cryptic species within C. egesta s. l. were origi-

nally discovered in central Cameroon. To determine

how they share ⁄ partition the rest of the pan-Afrotropi-

cal range previously attributed to C. egesta, we exam-

ined the position in the phylogeny of 32 specimens

collected mostly as adults in seven additional countries

across sub-Saharan Africa. All 26 specimens collected in

countries west of Cameroon grouped with the individu-

als found on R. lepidobotrys, while all six specimens col-

lected in countries east of Cameroon grouped with the

individuals found on R. ilicifolia group hosts (Fig. 2).

The additional specimens from the ‘barcode’ data set

also assorted perfectly among the two clades ⁄ clusters

according to where they were collected – 10 additional

individuals from West African countries on the one

hand and 18 additional individuals from Central ⁄ East

African countries on the other (Fig. S1, Supporting

Information). The two species thus appear to have lar-

gely allopatric distributions with a narrow zone of over-

lap (Fig. 1).
Species names, taxonomy and host plants

Information on the geographic ranges of the two cryptic

species allowed us to match them with previously

described type specimens and assign each a name. The

type specimen of Cymothoe egesta (originally Papilio

egesta) was described by Cramer (1775) and came from

‘Surinamen’ (patria falsa). It is generally accepted that

the true type locality was Sierra Leone, where the spe-

cies is common and from where much of Cramer’s mate-

rial in 1775–1779 came. As Sierra Leone is well outside

the area of overlap of the two cryptic species (Fig. 1),

we can confidently retain this name for the western

taxon, including specimens referred to by Amiet within

Cameroon as C. ‘egesta orange’. Cymothoe confusa was

described by Aurivillius from Congo, Brazzaville in 1887

(Aurivillius 1887) and has subsequently been treated as

an eastern subspecies of C. egesta sensu lato. We raise

this name to its original status as a distinct species,

C. confusa Aurivillius 1887 stat. rev. and assign it to the

eastern taxon. In summary, C. egesta sensu stricto is
essentially a western butterfly found from Sierra Leone

to Cameroon, while C. confusa is an eastern species

found from Cameroon to Uganda, northeastern Tanza-

nia and Zambia. An east–west cline in the extent of mel-

anization in adult males transcends the species

boundary, creating a situation where adults of the two

taxa are readily distinguishable from each other in allop-

atry (Fig. S2). Adults from the area of overlap in Camer-

oon, however, are nearly identical (Fig. 3), and appear

intermediate in melanization to those found further west

or further east. Immature stages and host plants, of

course, are clearly and consistently different within the

zone of overlap (Amiet 1997). Appendix S1 (Supporting

Information) provides a more detailed taxonomic review

and description of adult morphology.

While searching for larvae on host plants in the field,

we found six individuals in the vicinity of Campo,

Cameroon (see small black arrow in the inset of Fig. 1)

feeding on R. breviracemosa, a previously unrecognized

host plant closely related to R. lepidobotrys (G. Achoun-

dong personal communication and unpublished molec-

ular data). These larvae were morphologically

intermediate to those of the two species described by

Amiet (1997), with reddish-mauve sides resembling

R. ilicifolia-feeding C. confusa (Fig. 4, arrow 1), but a

bright white latero-dorsal line separating the sides from

the back (arrow 2), a yellowish fringe separating the

sides from the belly (arrow 3), and a less extensive

black mask (arrow 4) all resembling R. lepidobotrys-feed-

ing C. egesta s. s. In contrast to the larvae, the pupae

and mtDNA sequences were not intermediate; they

exactly matched those associated with C. egesta s. s. (for

description of pupae see Amiet 1997; for mtDNA

sequences see pink lettering in Fig. 2). It is possible that

these caterpillars represent a third species, so recently

diverged from that feeding on R. lepidobotrys that there

has been little time for morphological divergence or the

development of fixed mtDNA differences. The fact that

they were collected over 100 miles from the nearest

R. lepidobotrys-feeding specimens, however, leaves open

the possibility that they are instead simply geographic

variants. Until further evidence comes to light, we con-

sider C. egesta s. s. to be a single species with somewhat

variable larval coloration, feeding on two closely related

host plants, R. lepidobotrys and R. breviracemosa, within

Cameroon. We do not know what this species feeds on

in the western portion of its range, but R. lepidobotrys

and R. breviracemosa appear to have distributions that

closely resemble that of the butterfly, from Sierra Leone

in the west to Cameroon ⁄ Gabon in the east (Hawthorne

& Jongkind 2006). It is therefore probable that C. egesta

s. s. larvae feed on these hosts throughout.

Cymothoe confusa uses host plants in the Rinorea ilicifo-

lia group within Cameroon. This was true both for the
� 2009 Blackwell Publishing Ltd



Fig. 3 Adult males of C. egesta s. s. (columns 1–3) and C. confusa (columns 4–6) from the area of sympatry in Cameroon. Note that

there is no consistent difference in the extent and intensity of black markings, and that the difference in background colour is slight

– C. egesta being more orange than C. confusa. The background colour of western, allopatric populations of C. egesta is more similar

to that of C. confusa than to the orange tone of the conspecific population shown here. Plate courtesy of Jean-Louis Amiet.
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larvae described by Amiet in 1997 and for two individ-

uals we collected in 2006. C. confusa has also been

found on R. ilicifolia at the opposite end of its range in

northwestern Tanzania (African Butterfly Research

Institute, specimen ABR5 in blue lettering in Fig. 2).

The morphology of this Tanzanian larva exactly

matched that of Cameroonian specimens (Fig. 4, com-

pare bottom two images). We therefore suspect that C.

confusa has relatively stable larval morphology and uses

R. ilicifolia group species as hosts throughout its Cen-

tral ⁄ East African range. More host records and larval

collections, particularly from the central portion of the

range in Congo, are needed to confirm this suspicion.

Note that while R. ilicifolia is reported from throughout

the Afrotropics – including from West Africa where

C. confusa does not occur, preliminary data suggest that

West African populations of this plant ‘species’ are

genetically distinct from Central African populations

(unpublished data).
� 2009 Blackwell Publishing Ltd
Genetic structure and demographic history within
species

We used the ‘phylogenetic’ data set to examine intra-

specific variation within both species, starting with C.

egesta s. s. An AMOVA indicated that 44% of the variation

within C. egesta s. s. can be accounted for by differences

among the major biogeographic zones of West Africa,

defined by such barriers as the Volta River ⁄ Dahomey

Gap, and the Niger, Cross and Sanaga Rivers

(P < 0.0001; zones described in Booth 1958; Larsen 2005

and illustrated in Fig. 1). This result may reflect the

effect of these barriers on historical gene flow in the

species or it may simply reflect isolation by distance.

Two additional results support the latter alternative.

First, the majority of variation fell within zones (66%,

P < 0.0001). Second, there was no genetic signal specifi-

cally associated with the most prominent biogeographic

break in West Africa – the Dahomey Gap (P = 0.9). This
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Fig. 4 Photographs illustrating variation in larval coloration

within and between C. egesta s. s. and C. confusa. The first two

photographs show C. egesta s. s. collected within Cameroon on

R. lepidobotrys (A) and R. breviracemosa (B). The second two

photographs show C. confusa collected on R. ilicifolia in Camer-

oon (C) and Tanzania (D). The numbered arrows in B point to

morphological characters that make this larva intermediate to

those pictured in A and C ⁄ D (see text for more detail). The

photograph in D was taken by Colin Congdon of the African

Butterfly Research Institute.
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gap is a strip of open Savannah habitat in eastern

Ghana, Togo and Benin (Fig. 1) that has separated the

forests of West Africa from those of Nigeria and Camer-
Table 1 Nucleotide diversity and neutrality estimates at mtDNA CO

the number of segregating sites. Tajima’s D was only estimated for zo

Species Zone Sub-region N

C. egesta 1 Liberian 10

2 Ghana 3

3 Western Nigeria 10

4 Eastern Nigeria ⁄ Cross River Loop 3

5 Cameroon 8

C. confusa Cameroon 12

Congo ⁄ Tanzania ⁄ Zambia 6
oon repeatedly during arid periods over the course of

the past million years – the most recent separation

beginning approximately 8000 years ago (Maley 1996).

The Gap has facilitated recent speciation among many

forest animals, including some butterflies (see Larsen

2005). The fact that we found no lasting mark of the

Dahomey Gap on population genetic variation within

the butterfly suggests that the species is highly mobile.

To gain insight into the geographic origin and demo-

graphic history of C. egesta s. s., we estimated two mea-

sures of sequence diversity (p and hW) for the same five

zones mentioned above. Table 1 shows that genetic var-

iation was low at the western end of the species range

(zone 1), increased towards the centre (zones 2 and 3),

and then decreased again at the eastern end of the

range (zones 4 and 5; zones illustrated in Fig. 1). If we

consider only those zones where at least eight individu-

als were sampled, it becomes clear that western Nigeria

(zone 3) in the centre of the species range harbours

more diversity than either the Liberian subregion to the

west (zone 1) or the area of overlap with C. confusa in

Cameroon to the east (zone 5). None of the zones gave

Tajima’s D values that were significantly different from

zero, but the value for zone 1 trended negative

(Table 1). Taken together, these data suggest that popu-

lations in the centre of the species range have been the

most stable over evolutionary time and that populations

currently found further to the west and east are the

result of range ⁄ population expansion out of western

Nigeria and possibly Ghana.

Limited sampling from politically unstable regions of

Central and East Africa (particularly the Democratic

Republic of Congo) prevented us from conducting

detailed analyses of population structure within C. con-

fusa and from identifying its geographic centre of diver-

sity. Nevertheless, we did observe significant variation

between the Cameroonian specimens and those col-

lected further to the south and east in Congo, Tanzania

and Zambia (AMOVA P = 0.002; 43% of variation) – again

likely a reflection of isolation by distance. We also
I for C. egesta and C. confusa within biogeographic zones. S is

nes where >5 individuals were sampled

S

Nucleotide diversity · 103

Tajima’s D Pp ± SE hW ± SE

2 0.31 ± 0.11 0.54 ± 0.13 )1.40 0.08

3 1.56 ± 0.85 1.56 ± 0.68

5 1.98 ± 0.43 1.67 ± 0.30 0.73 0.8

1 0.50 ± 0.36 0.50 ± 0.29

2 0.53 ± 0.18 0.60 ± 0.16 )0.45 0.3

9 1.69 ± 0.34 2.63 ± 0.37 )1.46 0.07

6 2.78 ± 0.81 2.73 ± 0.66 0.08 0.6

� 2009 Blackwell Publishing Ltd
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observed a nearly significant negative Tajima’s D within

Cameroon ()1.46, P = 0.07, Table 1), again suggestive

of recent range ⁄ population expansion there.

The two methods we used to estimate the time of

species divergence gave slightly different results, but

both placed the split within the Pleistocene. The coales-

cent-based approach implemented in MDIV gave a 90%

credible interval of 0.1–0.6 Ma (high mutation rate) or

0.2–0.9 Ma (low mutation rate) (Fig. S3, Supporting

Information). Net divergence between the two species

was 2.2%, corresponding to a divergence time of

0.95 Ma (high mutation rate) or 1.41 Ma (low mutation

rate).
Discussion

Many cryptic species of specialized insect herbivores

and parasitoids have been discovered in the tropics

during the past 10 years (e.g. Amiet 1997; Morehead

et al. 2001; Berkov 2002; Burns & Janzen 2005; Smith

et al. 2006, 2007; Burns et al. 2008). Collecting and

studying insects across large tropical areas are logisti-

cally difficult, however, and despite the impressive and

coordinated efforts behind many of the recent discover-

ies (e.g. the biodiversity inventory in Area de Conser-

vación Guanacaste, Costa Rica, http://janzen.sas.

upenn.edu), the vast majority of new species are

described from just a single location or region (but see

Condon et al. 2008 for broad geographic study of flies

that specialize on different plant parts rather than dif-

ferent plant species). We are left with little knowledge

of the geographic distributions of these new species or

of the extent of intraspecific variation within them.

This knowledge gap has several important conse-

quences. For one, it complicates basic taxonomy. The

morphological similarity of cryptic species makes it dif-

ficult for taxonomists to match new species with exist-

ing type specimens and thus to determine which

should retain the original specific name. Amiet (1997)

refrained from naming the cryptic species of C. egesta

for this reason. The type specimen of C. egesta came

from Sierra Leone, and he had no way to tell which, if

any, of the Cameroonian species it represented. Our

investigation of geographic distributions allowed us to

resolve this dilemma since we found that only one of

the species occurs in Sierra Leone. Information on geo-

graphic distributions will clearly be less useful in

cases where multiple cryptic species occur in the type

locality.

Ignorance of the geographic ranges of tropical cryptic

species also makes it difficult for conservationists to

determine how best to conserve them. Is one or more of

the new species a narrowly distributed endemic that

must be conserved through preservation of habitat in
� 2009 Blackwell Publishing Ltd
one specific region? Or are the taxa broadly sympatric

such that preservation of any number of regions within

the purported range of the original taxon will help to

conserve all of them? These questions remain unan-

swered for the majority of cryptic species so far discov-

ered in the tropics.

Finally, our ignorance of phylogeographic variation

across the ranges of these cryptic species makes it dif-

ficult for us to answer some of the most interesting

questions posed by their discovery. For example,

there is widespread agreement that host shifts, and

subsequent host adaptation, can contribute to specia-

tion in herbivorous and parasitic insects (Funk et al.

2002). The geographic context under which this is

likely to take place, however, has been hotly debated

(see Via 2001). And although many authors have

noted that cryptic taxa found feeding on distinct host

plants in the same location make good candidates for

sympatric speciation (e.g. Morehead et al. 2001;

Al-Barrak et al. 2004; Blair et al. 2005; Xue & Yang

2007; Barat et al. 2008), few data are available to test

these hypotheses.

Here we examined the geographic distribution and

mode of speciation of two cryptic Afrotropical butterfly

species. We show that although C. egesta and C. confusa

were first discovered through their sympatry, they are

largely allopatric today, and are likely to have been

completely allopatric during speciation.
Current geographic distributions and incongruence
between old and new species

All 36 specimens we examined from countries west of

Cameroon clustered genetically with one cryptic species

(C. egesta s. s.) and all 24 specimens from countries

south ⁄ east of Cameroon clustered genetically with the

other (C. confusa). The probability of obtaining such

perfect geographic assortment of 60 samples by chance

alone (assuming the two species are equally likely to be

collected in any given place) is less than 10)17. We

are thus confident that the two species are largely

allopatric.

This finding may seem unsurprising since until

approximately 100 years ago the taxon was classified as

two distinct, allopatric species by the same names as

those we apply here. But the ‘new’ species do not corre-

spond exactly to those previously recognized on the

basis of adult morphology. The previous species were

differentiated by the extent of black markings on the

wings of males, with western males being lighter than

eastern males. This trait varies clinally, however, and

the cline transcends the ‘new’ species boundary (Fig. S2

and Appendix S1, Supporting Information). The result

is that the ‘new’ species have indistinguishable black
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markings in the area of overlap – both resembling what

was considered C. confusa (until early 1900s) or C. egesta

confusa (early 1900s to present). Moreover, the subtle

difference in wing ground colour that does differentiate

adult males of the ‘new’ species where they occur in

sympatry (Fig. 3), does not do so in allopatry and was

not recognized as important in the previous classifica-

tion (Appendix S1, Supporting Information). Perform-

ing this study, we therefore expected that one of the

cryptic species would remain C. egesta confusa, the east-

ern subspecies of a broadly distributed Afrotropical

butterfly, while the other would be a novel taxon with

slightly orange wings and a narrower, but fully sympat-

ric, range. Instead, we found two mostly allopatric spe-

cies exhibiting an unusual pattern where adults are

morphologically distinct outside the area of overlap,

but nearly indistinguishable within. Explained from a

different perspective, we found two mostly allopatric

species whose clear differences in host plants, immature

morphology and mtDNA were incongruent with previ-

ously described variation in adult morphology.

Several phenomena may explain this incongruence.

First, male-mediated hybridization within the area of

overlap may have resulted in gene flow at nuclear, but

not mitochondrial loci. It is not clear, however, why

such hybridization would obscure the differences in

adult morphology without also affecting those in imma-

ture morphology and host plant choice. The latter traits

may be sex-linked like the mtDNA (note that species

differences in Lepidoptera are often sex-linked; Prowell

1998), but sex-linkage should create mismatches

between phenotypic traits and mtDNA rather than pre-

serve correlations among them. This is because females

are the heterogametic sex in Lepidoptera, carrying a

single Z-chromosome inherited from their fathers. The

daughters of between species crosses would thus carry

the mtDNA of one species and the Z-chromosome (and

sex-linked phenotypes) of the other. A second explana-

tion for adult morphological similarity within, but not

outside, the area of overlap is convergent selection –

either for Mullerian mimicry or for melanization pat-

terns that are adaptive in the climatic conditions of

west ⁄ central Cameroon. We know of no Cymothoe spe-

cies in which males are mimics, but several other but-

terflies do become increasingly melanic from Cameroon

eastwards (e.g. Acraea pseudegina), perhaps due to

increasingly cool ⁄ humid environments.

More work addressing these issues, including analy-

ses of variable nuclear markers, would clearly be inter-

esting. Unfortunately, this will require fresh collections.

We were only able to achieve the broad sampling we

present here by assembling specimens of variable age

and state of preservation. The majority of our material

(particularly that with known host plants and larval
morphology) proved too old and poorly preserved for

nuclear DNA sequencing.
Historical geographic distributions

To infer the extent of historical range overlap between

C. egesta and C. confusa, we examined patterns of pop-

ulation genetic variation within species. The centre of

genetic diversity for C. egesta was in the middle of its

range in western Nigeria, well to the west of the range

limit of C. confusa. Although we could not identify the

centre of diversity for C. confusa, the frequency spec-

trum of polymorphic sites segregating among C. con-

fusa individuals within Cameroon (summarized by

Tajima’s D) suggests that the species has not been sta-

ble in this area of sympatry. Instead, it likely invaded

or increased in population size in recent evolutionary

time. For example, the estimated Pleistocene species

divergence time is consistent with the idea that C. con-

fusa evolved in the stable forests of eastern Congo

during arid periods when the remainder of its contem-

porary range in central ⁄ western Congo and adjacent

eastern Cameroon were largely savannah (see discus-

sion of African forest refugia in Douglass & Miller

2003). It would have then only colonized Cameroon

relatively recently. In support of this hypothesis, other

pairs of forest butterfly taxa share similar distributions.

For example, Papilio menestheus and P. lormieri are also

largely allopatric, but overlap in the narrow zone of

Cameroon east of the Sanaga River. Whatever the

exact history may be, the pattern of intraspecific

genetic variation indicates that current sympatry

between C. egesta and C. confusa is likely the result of

secondary contact between taxa that originally

diverged in allopatry.

Given the current distributions, this result should

come as no surprise. Even insects with more sympatric,

or fully sympatric, contemporary ranges are sometimes

inferred to have originated in allopatry or parapatry.

Diegisser et al. (2006) used phylogeographic data to

infer that broadly sympatric host races of the fruit fly

Tephritis conura diverged in allo- or peripatry before the

postglacial range expansion of one of the two host

plants to current areas of sympatry. Jordal et al. (2006)

inferred that two completely sympatric taxa from the

island of La Palma, which appear to be each other’s

closest relatives based on combined analysis of mito-

chondrial and nuclear loci, are likely the result of inde-

pendent colonization events. Although host-specialized

insects do provide some of the most plausible candi-

dates for sympatric speciation, it is important to empha-

size that the very same characteristics that make them

good candidates for speciation via host shift in sympa-

try should also facilitate the secondary co-existence of
� 2009 Blackwell Publishing Ltd
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young taxa that originated in allopatry. Discrete alterna-

tive resources should help to prevent competitive exclu-

sion, and mating on or near host plants should help to

prevent hybridization and species fusion.
Implications for understanding the origins of other
cryptic species in the tropics

It is difficult to extrapolate our findings to the many

other sets of cryptic taxa that continue to be discovered

in tropical areas. It may be that many of those discov-

ered in known biogeographical contact zones such as

West ⁄ Central Cameroon or Central America will also

end up being largely allopatric and having allopatric

origins. But we do not expect this to be true for all taxa,

and each case will surely prove unique in some way.

True understanding of broad patterns can only come

through the accumulation of many individual examples.

Here we present one of the first such examples for

cryptic tropical insects. We hope that future work will

add additional examples and in so doing contribute to

species description and taxonomy, promote the design

of efficient conservation priorities, and help to answer

questions about speciation.
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Supporting information

Additional supporting information may be found in the online

version of this article:

Appendix S1 Taxonomic summary of C. egesta and C. confusa.

Fig. S1 Neighbour-Joining tree of short COI barcodes from 85

specimens of C. egesta sensu lato. The specimens fall into two

major clades corresponding to the cryptic species, C. egesta s. s.

and C. confusa. Specimen labels include the country and locali-

ties of origin, with the country names coloured to illustrate

their position in the map of Africa (top left). The two species

are mostly allopatric, overlapping only in Cameroon. The
� 2009 Blackwell Publishing Ltd
specimen ABR5 from northwest Tanzania was excluded due to

poor sequence quality in the region of the barcode.

Fig. S2 Variation in the extent of melanization on wings of

adult male C. egesta (A–C) and C. confusa (D–F). The specimens

of each species are arranged from west to east – with the east-

ern most C. egesta (C) and the western most C. confusa (D)

coming from the area of sympatry in Cameroon. The cross-spe-

cies longitudinal cline in melanization can be seen by disre-

garding the species assignments and examining the specimens

in order from west to east (A–F). A) Light C. egesta f. degesta

from Vane, Ghana. B) Typical western C. egesta from Bobiri,

Ghana. C) Darker and slightly orange C. egesta from Camer-

oon. D) Light C. confusa from Cameroon. E) Typical C. confusa

from Shaba, Congo (DRC) that matches the holotype closely. F)

Very dark C. confusa male from Tanganyika Province, eastern

Congo (DRC). Background yellow colour tone of different

specimens is not directly comparable due to differences in pho-

tographic methods and postprocessing. Males average 6.5 cm

in wing-span. Females are not shown.

Fig. S3 Estimated divergence time between C. egesta and

C. confusa. The curves represent the posterior probability den-

sities of divergence time estimated using the program MDIV

assuming two different values for the mutation rates (u). The

set of curves on the left and right represent the same four

independent runs of the program with u assumed to be either

1.15% (Brower 1994) or 0.78% (Zakharov et al. 2004) respec-

tively.

Table S1 Collection information associated with the butterfly

specimens examined this study

Table S2 Primers used for amplifying and sequencing the

mtDNA COI gene from low and high quality (poorly and well

preserved) C. egesta specimens

Table S3 PCR recipes used in combination with the C. egesta

specific primers for specimens yielding high and low quality

DNA

Table S4 PCR cycling protocols used in combination with the

C. egesta specific primers. The standard protocol was used for

high quality specimens, and the ‘touchdown’ protocol was

used specifically for older specimens that yielded low quality

DNA
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