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Abstract

Small to medium-sized central African forest artiodactyls constitute a diverse yet

heavily hunted group composed primarily of species within the genera Cephalophus,

Neotragus, Tragelaphus and Hyemoschus. Of these genera, Cephalophus is the richest

with as many as seven sympatric species known to occur in central African forests.

However, differentiating species from their faeces or from tissue where the whole

carcass is unavailable is very difficult. In order to develop a robust molecular

diagnostic for species identification, a database of mitochondrial cytochrome b

(553bp) and control region (�675bp) sequences was compiled from all forest

Cephalophus species and other similarly sized, sympatric Tragelaphus, Neotragus and

Hyemoschus species. Reference phylogenies from each marker were then used to

recover the identity of sequences obtained from unknown faecal samples collected in

the field. Results were then compared to determine which region best recovered

species identity with the highest statistical support. Restriction fragment length

polymorphisms (RFLPs) were also assessed as an alternative method for rapid species

identification. Of themethods examined, tree-based analyses built on a geographically

comprehensive database of control region sequences was the best means of reliably

recovering species identity from central African duikers. However, three sister taxa

appear indistinguishable (Cephalophus callipygus, Cephalophus ogilbyi and Cephalo-

phus weynsi) and not all species were monophyletic. This lack of monophyly may be

due to incomplete lineage sorting commonly observed in recently derived taxa,

hybridization or the presence of nuclear translocated copies of mitochondrial DNA.

The high level of intra-specific variation and lack of robust species-specific diagnostic

sites made an RFLP-based approach to duiker species identification difficult to

implement. The tree-based control region diagnostic presented here has many

important applications including fine-scale mapping of species distributions, identifi-

cation of confiscated tissue and environmental impact assessments.

Introduction

Forest artiodactyls are an important component of central

African rainforest vertebrate communities and are widely

distributed across the Congo basin (Feer, 1989a,b; Kingdon,

1997; Tutin, White & Mackanga-Missandzou, 1997). Many

species are also an important source of protein and income

for people living in the Congo basin (Lahm, 1993a; Wilkie &
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Carpenter, 1999; Fa et al., 2002). For example, Wilkie &

Carpenter (1999) reported that up to 95% of harvested

bushmeat in Ituri forest within the Democratic Republic of

the Congo (DRC) is made up of artiodactyls, namely forest

duikers (genus Cephalophus spp.) and the bush pig Potamo-

choerus porcus. Similarly, Thibault & Blaney (2003) found in

surveys conducted between 1997 and 1998 in Gambamarket

of Gabon that artiodactyls made up 62% of the total weight

of species recorded. Among 254 animals killed by villagers

in north-eastern Gabon, artiodactyls comprised 57.5%, of

which duikers represented 86.3% (Lahm, 1993a). As a

result, many African artiodactyls have become increasingly

threatened by hunting pressure (Wilkie & Carpenter, 1999;

Newing, 2001; Brashares et al., 2004; Laurance et al., 2006).

Wildlife declines are also likely to be exacerbated by the rise

in emerging infectious and epidemic diseases (Karesh et al.,

1995; Food and Agricultural Organization, 1999; Lahm

et al., 2007). Demographic projections suggest that if cur-

rent levels of over-exploitation persist, several important

forest artiodactyls will disappear within the next 100 years

(Lahm, 1993b; Barnes, 2002).

The inability to correctly identify species and determine

their proportional abundance in the wild is of real conserva-

tion concern, not only for species management but also in

the regulation of illegal trade (Moore et al., 2003; Wasser

et al., 2006; Fong et al., 2007). Within this context, improv-

ing our knowledge of species richness and abundance has

become an increasingly important challenge in the develop-

ment of long-term strategies for sustainable management of

natural artiodactyl populations (Newing, 2001). To date,

studies of tropical forest artiodactyl species have been

traditionally based on line transect sampling of faecal piles

(Walsh & White, 1999; White & Edwards, 2000; Ellis &

Bernard, 2005), direct observations (Lahm, 1993a; Heydon

& Bulloh, 1997; White & Edwards, 2000) and market

sampling (Crooks, Ankudey & Milner-Gulland, 2005; Fa

et al., 2006).

Despite their utility, each of these three approaches has

proved to be problematic. Firstly, the identification of

duiker species based on their faeces is unreliable (Bowkett

et al., 2008; van Vliet et al., 2008). Faecal pellets from many

sympatric artiodactyls are of comparable size and shape and

cannot be used to reliably differentiate species in the field

(Bowkett et al., 2008; van Vliet et al., 2008). Secondly, visual

surveys remain difficult because most forest artiodactyls

such as duikers are cryptic and elusive and may often require

nocturnal surveys for best information (Feer, 1989b; Lahm,

1993a; Focardi, Isotti & Tinelli, 2002; Waltert et al., 2006;

Croes et al., 2007). Lastly, practical identification of bush-

meat samples may also be difficult when whole animal

carcasses are not available. Census data based on market

samples are likely to be incomplete because some species

may not be sold due to cultural taboos or consumer

preferences (Lahm, 1993a; van Vliet, 2008) and data on

species geographic origin may be difficult to obtain (cf.

Moore et al., 2003). Because numerous similar-sized artio-

dactyl species can occur in sympatry in central African

tropical forests (Dubost, 1980, 1984; Kingdon, 1997;

Newing, 2001; Lahm & Tezi, 2006), differentiating species

becomes an even more challenging task.

Fortunately, polymerase chain reaction (PCR) methods

now offer an alternative set of tools for obtaining genetic data

fromwild animal faeces or unidentified tissues, even when only

degraded sources of DNA are available (Baker & Palumbi,

1994; Taberlet et al., 1996; Kohn et al., 1999; Dreher et al.,

2007). Several molecular-based methods for biological species

identification have been proposed. One approach is to build a

reference phylogeny and then use the tree to assign samples to

species-specific clades with high statistical support (e.g. Baker

& Palumbi, 1994; Hammond et al., 2001; Ross et al., 2003;

Lorenz et al., 2005; Baker et al., 2006). This only becomes a

viable strategy if a substantive database of representative

sequences from each target species has been obtained (Ekrem,

Willassen & Stur, 2007) and the molecular marker used has

sufficient resolution to reliably differentiate species with high

bootstrap or posterior support. This approach is similar to a

DNA ‘barcoding’ methodology where a standardized frag-

ment of the mitochondrial genome is used for rapid species

identification (Hebert et al., 2003). According to the DNA

barcoding approach, species are identified by either one of the

two following criteria: (1) reciprocal monophyly (Wiens &

Penkroft, 2002) or less commonly (2) inter-specific genetic

distances that are 10-fold or greater than the average intra-

specific distance (Hebert et al., 2004). PCR amplified restric-

tion fragment length polymorphisms (RFLP) have also been

used as a simple yet cost-effective alternative to sequence-based

approaches (Kohn et al., 1999; DeYoung & Honeycutt, 2005),

especially where laboratory resources are limited (Chandiwana

& Ornbjerg, 2003). However, the extent to which this method

could be used to reliably diagnose geographically widespread

and recently derived species remains poorly understood.

The goal of the present study is to use mitochondrial

sequence data from a set of reference samples to develop a

simple and efficient molecular diagnostic for the identifica-

tion of unknown faecal or tissue samples from small to

medium central African artiodactyl species. The four main

aims of this study are therefore to: (1) build reference

phylogenies based on mitochondrial cytochrome b gene

and control region sequences using a set of tissue samples

of known species identity; (2) compare the ability of these

two markers to discriminate species and identify unknown

faecal samples from different sites across central Africa,

including a set of faecal samples diagnosed previously to

species level using a 12S ribosomal RNA phylogeny (van

Vliet et al., 2008); (3) evaluate the extent to which DNA

barcoding criteria can be used to differentiate species; (4)

assess the feasibility of using a RFLP-based approach to

discriminate between target species in this study.

Methods

Sample collection and DNA extraction

Target species for this study comprise central African

species in the genus Cephalophus (C. monticola,

Animal Conservation 13 (2010) 80–93 c� 2009 The Authors. Journal compilation c� 2009 The Zoological Society of London 81

Molecular diagnostic for artiodactyl faecesS. Ntie et al.



C. callipygus, C. dorsalis, C. silvicultor, C. nigrifrons,

C. leucogaster and C. ogilbyi) and other species in the

sympatric genera Neotragus (N. moschatus), Tragelaphus

(T. spekei, T. scriptus) and Hyemoschus (H. aquaticus).

Because duikers constitute the most important group in the

present study, all other species of Cephalophus whose range

was outside central Africa were also included in phyloge-

netic analyses for taxonomic completeness. These taxa

comprise: C. rufilatus, C. natalensis, C. harveyi, C. spadix,

C. adersi, C. maxwelli, C. niger, C. zebra, C. weynsi,

C. rubidus, C. jentinki and the closely related Sylvicapra

grimmia. Reference tissue samples were donated from zoos,

museums, scientific collections and bushmeat market sur-

veys conducted in collaboration with the Wildlife Conserva-

tion Society in Gabon (Table 1). Samples obtained from

Gabonese meat markets were collected from Franceville

(FR), Okondja (OK) and Lamberéné (LAM). With the

exception of the readily distinguishable blue duiker C.

monticola and spiral horned antelope (Tragelaphus species),

these bushmeat samples were accompanied by a photo-

graphic record for additional verification (n=22). Similarly,

teeth or tissue samples obtained from M. Colyn (n=25) or

from the San Diego Zoo (n=18) were accompanied by

either craniometric data (M. Colyn, unpubl. data) or species

records, respectively. To assess the utility of the reference

phylogeny as a species diagnostic, faecal DNA samples of

unknown species identity were included from several sites

across central Africa. These were: (1) Ossele (Oss), Ipassa

(IP), Lopé National Park (Lope) and Monts de Cristal

National Park (MCR) in Gabon; (2) Nouabalé-Ndoki

National Park (ND) in the Republic of the Congo; (3)

Salonga National Park (SA) in DRC; (4) Bioko island

(BKO) in Equatorial Guinea; (5) Udzungwa Mountains

(AB), in Tanzania. Details on the geographic location and

donor(s) of these samples are listed in supporting informa-

tion (Table S1).

DNA was extracted from tissue samples using a standard

phenol–chloroform extraction method (Sambrook &

Russell, 2001). Samples from museum skull scrapings and

hide were extracted using the Genecleans kit for ancient

DNA (QBiogene, Carlsbad, CA, USA). For museum sam-

ples provided by M. Colyn, DNA was extracted from the

pulp of a molar taken from the mandible of each skull. A

portion of the root was removed by cutting through one or

Table 1 Samples sequenced in the present study

Species

Number of individuals

CollectorsCR Cytb Total

T. scriptus 4 5 6 Yoshan Moodley

T. spekei 5 1 5 Marc Colyn, Stevens Touladjan

H. aquaticus 7 2 7 Marc Colyn, Stevens Touladjan

S. grimmia 4 4 4 San Diego Zoo, Bettine Jansen van Vuuren

C. monticola 11 8 15 Debra Pires, Stevens Touladjan, Bettine Jansen van Vuuren,

San Diego Zoo, American Museum of Natural History, Marc Colyn, Field Museum

of Natural History, Genbank

C. maxwelli 3 3 4 Genbank, Field Museum of Natural History, San Diego Zoo

C. adersi 2 3 3 Bettine Jansen van Vuuren, Genbank

C. natalensis 3 3 4 Bettine Jansen van Vuuren, Genbank, Field Museum of Natural History,

C. harveyi 8 3 9 Bettine Jansen van Vuuren, Andrew Bowkett, Genbank,

C. rufilatus 7 4 8 San Diego Zoo, Bettine Jansen van Vuuren, Genbank

C. nigrifrons 5 4 6 Debra Pires, Bettine Jansen van Vuuren, Genbank

C. zebra 2 2 3 San Diego Zoo, Marc Colyn, Genbank

C. leucogaster 5 3 6 Bettine Jansen van Vuuren, Debra Pires, Stevens Touladjan, Genbank

C. callipygus 9 7 12 Bettine Jansen van Vuuren, Stevens Touladjan, Deb Pires, Genbank

C. niger 3 3 5 Andrew Bowkett, San Diego Zoo, Bettine Jansen van Vuuren, Genbank,

Field Museum of Natural History,

C. spadix 8 3 9 Bettine Jansen van Vuuren, Andrew Bowkett, Genbank

C. silvicultor 7 5 9 Debra Pires, San Diego Zoo, Bettine Jansen van Vuuren, Marc Colyn, Genbank

C. ogilbyi 4 4 5 Marc Colyn, Stevens Touladjan, Genbank

C. dorsalis 21 8 26 Stevens Touladjan, Debra Pires, San Diego Zoo, American Museum

of Natural History, Field Museum of Natural History, Marc Colyn, Genbank,

C. walteri 2 0 2 Marc Colyn

C. weynsi 1 2 2 Bettine Jansen van Vuuren, Genbank

C. jentinki 0 1 1 Genbank

C. rubidus 0 1 1 Genbank

Faeces of provisional identity 9 11 11 Natalie van Vliet et al. (2008)

Faeces of unknown identity 15 13 27 Bryan Curran, Andrew Bowkett, Emma Stokes, Fiona Maisels,

Patrick Mickala, R. Aba Nzenme, J. Larry Dew, Anne Johnston, Stephan Ntie

CR, control region; Cytb, cytochrome b gene.
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more cusps with a sterilized drill and then incubated over-

night at 65 1C in lysis buffer provided in QIAamp DNA

Blood Minikit (Qiagen, Valencia, CA, USA). DNA extrac-

tion was then carried out according to the manufacturer’s

instructions. Faecal DNA extractions were carried out in a

room designated for non-invasive DNA procedures at the

Centre International de Recherches Médicales de France-

ville (CIRMF), Gabon, using the QIAamp DNA Stool

Minikit (Qiagen). A blank was included in each extraction

series to control for DNA contamination.

PCR amplification

Primers CytbF1 and CytbR2 were designed from available

GenBank sequence data and were used to amplify a 553 bp

fragment of the mitochondrial cytochrome b gene (Table 2).

Alternatively, a 1140 bp fragment encompassing the entire

cytochrome b gene was amplified using primers L14724 and

H15915 (Pääbo & Wilson, 1988). For the mitochondrial

control region, we initially amplified the entire region using

primers CRF1 and CRR1 located in the flanking tRNA

genes. These primers were based on available GenBank data

from Cephalophus (AJ235317) and Neotragus (AJ235323)

species. As the initial Cephalophus and Tragelaphus se-

quence data amplified using this primer pair indicated that

the left hand domain was more variable, we focused sub-

sequent analyses on �675 bp fragment encompassing this

domain by using an internal primer CRR3 in combination

with CRF1 (Table 2). Alternatively, a slightly smaller, over-

lapping (�600 bp) fragment was amplified using primers

N777 (modified from Hoelzel, Hancock & Dover, 1991)

and H16498 (Shields & Kocher, 1991). In cases where

sample DNA was degraded, internal primers were designed

to amplify the corresponding region in smaller, overlapping

fragments. For the cytochrome b gene, the internal reverse

primer CytbR1 and internal forward primer CytbF2 were

used in combination with CytbF1 and CytbR2 primers,

respectively. Similarly, internal control region primers

CRR5A and CRF6A were used in combination with pri-

mers CRF1 and CRR3, respectively (Table 2).

PCR reactions were carried out in a 50mL reaction volume

containing 1� enzyme buffer (200mMTris pH 8.4, 500mM

KCl), 1.5–3.0mM MgCl2, 0.2mM dNTPs, 0.2mM of each

primer, 1.25U of Taq polymerase (Invitrogen, Carlsbad,

CA, USA) and 1–2mL of template DNA. DNA amplifica-

tions were carried out using the GeneAmps 9700 thermo-

cycler (Applied Biosystems, Foster City, CA, USA) or I-

cycler (Biorad, Hercules, CA, USA) with an initial denatura-

tion time of 94 1C for 4min, followed by 35 cycles of initial

denaturation at 94 1C for 30 s, annealing at 50–55 1C for 30 s,

and an extension step at 72 1C for 30 s. The programme

ended with a final extension step of 72 1C for 5–10min. A

negative control containing water instead of template DNA

was included in each amplification reaction. PCR products

were purified using the Genecleans Turbokit (QBiogene)

according to the manufacturer’s instructions. Sequencing

was carried out on an automated DNA sequencer (ABI

3100) using the BigDye Terminator Cycle Sequencing Kit

v1.1 (Applied Biosystems).

Phylogenetic analysis

Sequence data were edited using the program SEQUENCHER v

4.1.1 (Gene Codes Corporation, Ann Arbor, MI, USA) and

aligned before phylogenetic analysis using Clustal X v2.06

(Thompson et al., 1997). As control region sequence align-

ment can be problematic, we also aligned this dataset using a

higher performance procedure implemented in MUSCLE

(Edgar, 2004). Unlike the cytochrome b dataset, control

region sequences from H. aquaticus and Tragelaphus species

were omitted due to their high divergence from Cephalophus

species in the present study although exploratory analyses

were also conducted with Tragelaphus sequences included.

A highly variable section of the Clustal X control region

alignment containing a large insert in some C. monticola

sequences was also deleted before phylogenetic analysis to

determine whether this affected the overall tree topology

Table 2 Primer pairs and reaction conditions for cytochrome b and control region amplification

Primer Target region Sequence Primer pair

[Mg2+]

(mM)

Annealing

temperature ( 1C)

Cytb F1 Cytochrome b 50-TACATACACGCAAACGGAGC-3 0 F1/R1 1.5 52

Cytb R1 Cytochrome b 50-TGGAAGGCGAAGAATCGG-30

Cytb F2 Cytochrome b 50-TCTGAGGGGGCTTTTCAGTAG-30 F2/R2 2.5 50

Cytb R2 Cytochrome b 50-TGTGTTGAGTGGGTTTGC-30 F1/R2 1.5 51

L14724 Cytochrome b 50-CGAAGCTTGATATGAAAAACCATCGTTG-30

H15915 Cytochrome b 50-CGAGATCTGAAAAACCATCGTTG-30 L14724/H15915 50

CR F1 Control region 50-CTCCCTAAGGCTCAAGGAAGC-3 0 F1/R3 3.0 56

CR R1 Control region 50-CATCTAGGCATTTTCAGTGCC-3 0 F1/R1 1.5 55

CR R3 Control region 50-CCTGAAGRAAGAACCAGATGTC-3 0

CR R5A Control region 50-CATTAATCCTTGTTGTACTTGC-3 0 F1/R5A 2.0 53

CR F6A Control region 50-GTTATACAGACATACTATGTATATAG-3 0 F6A/R3 1.5 53

N777 Control region 50-TACACTGGTCTTGTAAACC-30 N777/H16498 1.5 48

H16498 Control region 50-CCTGAAGTAGGAACCAGATG-30
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and recovery of species identity. Lastly, in order to test for

the potential presence of non-functional nuclear translo-

cated copies of mitochondrial DNA (Numts), cytochrome b

gene sequence data were translated using the program

MEGA v3 (Kumar, Tamura & Nei, 2004) and examined

for evidence of frameshifts or stop codons.

Phylogenetic analyses of both cytochrome b (n=106)

and control region (n=138) datasets was carried out using

the neighbor-joining (NJ) and maximum parsimony (MP)

methods implemented in PAUP 4.0b10 (Swofford, 2000), or

the Bayesian method used in MrBayes (Huelsenbeck &

Ronquist, 2001). In NJ analyses, a Kimura-2-parameter

model of nucleotide substitution was adopted, as is recom-

mended for species-level DNA barcoding analyses (Hebert

et al., 2003). For MP analyses, a starting tree was obtained

using the stepwise addition option and heuristic searches

were conducted using the tree–bisection–reconnection

(TBR) algorithm. All character changes were considered

unordered and unweighted. Bayesian analyses were carried

out using theMonte CarloMarkov Chain (MCMC)method

implemented in MrBayes and a general time-reversible

model that allowed for among site rate variation and

invariant sites. Prior probabilities for model parameters

were left at their default settings. In order to ensure that the

MCMC chain had not been trapped in local optima (Leaché

& Reeder, 2002), output was compared from two separate

analyses, each made up of three heated chains and a cold

chain. The proportion of samples to be discarded as ‘burn

in’ was assessed by looking at the output from the sump

command in MrBayes and by examining the MCMC trace

files using the program TRACER (Rambaut & Drummond,

2007). In each case, runs were only accepted if the effective

sample size (ESS) was 4150 for all model parameters.

Convergence was assessed by verifying whether different

runs attained the same stationary distribution and average

log-likelihood values and attained a standard deviation

of split frequencies of o0.01. Chains were run for

10 000 000–60 000 000 iterations and trees were sampled

every 10 000 generations. Support for a specific node was

accepted if the relevant bootstrap value was Z75% and

posterior probabilities were Z0.95.

Assessment of DNA barcoding criteria

DNAbarcoding criteria were also applied to the cytochrome b

gene dataset in order to assess whether this region could be

used to identify species based on the criterion of either

reciprocal monophyly or the 10-fold genetic distance rule.

Although cytochrome b is not used for DNA barcoding

studies, like the cytochrome c oxidase I gene, it encodes a

functional, polymorphic protein and has been used to resolve

species level phylogenies in the genusCephalophus (Jansen van

Vuuren & Robinson, 2001). Pair-wise Kimura-2-parameter

genetic distances were calculated using the program MEGA

v3 (Kumar et al., 2004). The resulting data matrix was then

used to construct a NJ tree and assess the extent to which

Cephalophus taxa conform to the 10-fold genetic distance rule.

Cytochrome b and control region
RFLP analysis

RFLP analyses were restricted to species that are known to

occur sympatrically in central African rainforests. These

species comprise: C. callipygus, C. dorsalis, C. leucogaster,

C. monticola, C. nigrifrons, C. ogilbyi, C. silvicultor, T.

scriptus, T. spekei and H. aquaticus. Potential species-

specific restriction enzymes were identified by mapping

candidate restriction enzymes to cytochrome b and control

region sequence alignments using the program DSGene

(Accelrys, San Diego, CA, USA). Enzymes were only

selected for RFLP analysis if they contained one or two cut

sites unique to all reference individuals within a target

species, possessed recognition sites of 5–6 bp in length and

were commercially available through New England Biolabs

(Ipswich, MA, USA) or Invitrogen. The reference database

used to screen for RFLPs was identical to that used to build

phylogenetic trees for faecal sample identification.

Results

Phylogenetic analysis

With respect to the cytochrome b data, Bayesian analysis

provided strong support for C. dorsalis, C. zebra, C. niger,

C. adersi, S. grimmia, N. moschatus andH. aquaticus species

clades (Fig. 1). In contrast, support was weak or absent for

most of the central African species that constitute the target

of this study and several sister taxa could not be discrimi-

nated from one another. Specifically (1) C. nigrifrons could

not be distinguished from C. rufilatus, C. harveyi and

C. natalensis; (2) C. ogilbyi could not be distinguished from

either C. callipygus or C. weynsi; (3) C. monticola and

C. maxwelli were unresolved. Furthermore, C. leucogaster

appeared paraphyletic with respect to a multi-species clade

consisting of C. nigrifrons, C. rufilatus, C. natalensis and

C. harveyi. Similarly, T. scriptus is paraphyletic with respect

to its sister taxon T. spekei, as observed previously (Mood-

ley et al., 2009). Owing to the lack of resolution, the identity

of almost all faecal DNA samples could not be reliably

recovered, with the exception of faecal samples from

C. dorsalis. Both cytochrome b NJ (supporting information

Fig. S1) and MP (supporting information Fig. S2) analyses

also failed to resolve many central African species clades

and in the case ofMP resolved even fewer species nodes than

either of the other two methods.

In contrast, Bayesian analyses of the control region

dataset using either alignment procedure were not only able

to successfully resolve target taxa but did so with high

posterior support (Fig. 2). The only exceptions to this

observation are samples from the sister taxa C. callipygus

and C. ogilbyi, both of which fell in two different clades

(A, B). The geographically localized species C. weynsi also

fell within clade A but nevertheless appeared to constitute a

distinct haplotype. Unlike the cytochrome b phylogeny,

C. nigrifrons could be distinguished from C. rufilatus with

high posterior support. However, neither species constituted
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Figure 1 Cytochrome b phylogeny based on Bayesian analysis and rooted with Hyemoschus aquaticus. Sequences were aligned with Clustal X

2.06. Posterior probability values are indicated at the appropriate node. Specimens that have been verified by either: �photographing the whole

animal; ��craniometric analysis; ���currently held at the Centre for Research on Endangered Species at San Diego Zoo are marked appropriately.
‰Samples obtained from van Vliet et al. (2008).

Animal Conservation 13 (2010) 80–93 c� 2009 The Authors. Journal compilation c� 2009 The Zoological Society of London 85

Molecular diagnostic for artiodactyl faecesS. Ntie et al.



a monophyletic association, but instead appeared to be made

up of two distinct clades (A, B). Other species that did not

constitute monophyletic associations comprised: (1) C. mon-

ticola that appeared paraphyletic to C. maxwelli; (2) C.

harveyi that appeared paraphyletic to C. natalensis. Regard-

less of the lack of monophyly of some species, the control

region phylogeny was always able to recover the species

identity of the faecal samples examined in this study. This

finding was observed regardless of whether the Tragelaphus

species sequences were included (supporting information Fig.

S3) or excluded (Fig. 2) as outgroups in the control region

phylogeny. Similarly, deletion of a section of the control

region alignment encompassing the C. monticola clade B

insert or use of a different alignment method had no effect

on the high levels of posterior support observed for individual

species clades in Bayesian analysis. Both NJ andMP analyses

of the control region dataset also resolved all species nodes

with high bootstrap support (supporting information Figs S4

and S5). However, MP analysis of the MUSCLE alignment

only gave weak bootstrap support (o75%) for C. spadix and

the C. monticola clade A. Lastly, control region analyses

presented here confirmed the provisional species identifica-

tion of unknown fecal samples made by van Vliet et al. (2008).

We found no evidence of multiple peaks in the chromato-

gram of either marker or frameshifts and stop codons in the

cytochrome b gene, which would indicate the presence of

Numts. However, the C. callipygus/C. ogilbyi clade B

(Fig. 2) bears some of the possible hallmarks of a Numt

group. Firstly, there is little to no variation within this clade,

consistent with Zischler et al.’s hypothesis (1995) that once a

mitochondrial haplotype is translocated it becomes ‘fossilized’

due to the much slower mutation rate in the nuclear genome.

Secondly, the pronounced differentiation between the control

region clades A and B is not observed in the cytochrome b

phylogeny (Fig. 1). Lastly, the C. callipygus/C. ogilbyi/C.

weynsi clade A exhibits a comparable level of intra-specific

diversity to the corresponding species clade in the cytochrome

b phylogeny suggesting that both are mitochondrial in origin.

Several samples were removed from the control region

phylogenetic analysis because their location in the phylogeny

most likely resulted from specimen misidentification, misla-

belling or contamination from another species source. These

comprise: the GenBank sequence from C. leucogaster

AJ235317, a sample of H. aquaticus (FR16) that did not

match its photographic record and a sample of C. niger

(VV131) that falls within the C. maxwelli clade. Museum

samples are also highly susceptible to contamination and

several cases of smaller overlapping PCR fragments that did

not match one another (AMNH 140902, AMNH 60543, VV

C. ogilbyi) or appeared contaminated by another, unrelated

species (T14 C. zebra) were detected. We also found one

instance where duplicate extractions from the same animal

(0108-1DOR, R16492) did not match one another. One faecal

sample from van Vliet et al. (2008) was most likely mislabelled

because it was originally diagnosed as C. nigrifrons in the 12S

ribosomal RNA phylogeny of van Vliet et al. (2008) but was

indistinguishable from a C. callipygus sample (F18 Jan)

included in the present analysis. Two geographically restricted

species (C. rubidus, C. jentinki) also failed to amplify, possibly

due to the degraded condition of these samples. Lastly, there

was one sequence anomaly in the cytochrome b database

where two different haplotypes were obtained from the same

sample of C. weynsi (Fig. 1). The best explanation is that one

of these sequences is a contaminant or a numt although it is

impossible to differentiate these hypotheses at present. Re-

gardless, both cluster within the same clade so that their

differentiation does not affect our conclusions. Despite these

few instances of sample mislabelling and contamination in the

control region database (10/138=7.2%), it is important to

note that in all other cases, reference samples in the control

region phylogeny always fell into the correct species clade(s)

and with high statistical support (Fig. 2).

Evaluation of DNA barcoding criteria

The NJ tree constructed from Kimura-2-parameter dis-

tances for the cytochrome b dataset (supporting information

Fig. S1) recapitulate observations made from both MP and

Bayesian analyses in that some but not all species constitute

monophyletic associations. An examination of the between

versus within species Kimura-2-parameter distances also

illustrates that few species comparisons satisfy the 10-fold

genetic distance rule, even between species within different

genera (Table 3). This problem may be particularly acute in

species with high intra-specific genetic variation (e.g. C.

dorsalis), where one or more paraphyletic lineages are

present (e.g. T. scriptus) or where Numts are inadvertently

amplified (Song et al., 2008).

Cytochrome b and control region
PCR-RFLP analysis

A cytochrome b gene RFLP diagnostic was developed

(supporting information Table S2) and a flow chart was

designed from the combination of enzymes that together

could be used for species identification (supporting informa-

tion Fig. S6). However, enzyme digests yielded inconsistent

results with tissue samples or unknown samples suggesting

that within for species diversity was too high to be able to

successfully implement this assay. Similar results were ob-

tained with the control region RFLP analyses in that initial

analysis of a subset of sequences from all central African

target artiodactyls showed several candidate restriction

enzyme sites that could be used to distinguish species

(supporting information Table S3). However, additional

polymorphisms at these enzyme restriction sites emerged as

more sequences were added to the database making this

assay difficult to implement. Despite the failure to develop a

reliable RFLP diagnostic, a �275 bp deletion within the

control region of H. aquaticus samples could be used to

rapidly identify this species without sequence data. Simi-

larly, one of the C. monticola clades (B) possesses an

insertion of �60 bp in length that can be recognized on an

agarose gel. Aside from these two cases, the identification of

faecal samples in this study could only be made through

sequencing and phylogenetic analysis.
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Discussion

With the exception of the sister species C. callipygus, C.

ogilbyi and C. weynsi, phylogenetic analysis of control

region sequences was highly successful in recovering species

identities of faecal samples. The only other study to date

that has used a phylogenetic approach to identify faeces

from central African duikers is that of van Vliet (2008). This

B

A

B

A

A

B

A

B

Figure 2 Control region phylogeny based on

Bayesian analysis and rooted with Neotragus

moschatus. Sequences were aligned with

Clustal. Posterior probability values are indi-

cated at the appropriate node. Specimens

that have been verified by either: �Photo-

graphing the whole animal; ��craniometric

analysis; ���currently held at the Centre for

Research on Endangered Species at San

Diego Zoo are marked appropriately. Note

that letters (A, B) denote two different clades

within Cephalophus callipygus, Cephalophus

nigrifrons, Cephalophus rufilatus and Cepha-

lophus monticola that differ in their restriction

fragment length polymorphism banding

profiles. ‰Samples obtained from van Vliet

et al. (2008).
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earlier study used a mitochondrial 12S ribosomal RNA

phylogeny to recover species identity from unknown faecal

samples collected from a single site in Gabon. Although the

identifications made were consistent across both studies, it is

important to note that the 12S dataset lacked a broad reference

database and failed to adequately resolve species such as C.

dorsalis, C. silvicultor and C. callipygus with acceptably high

levels of Bayesian posterior support (40.95). A similar lack of

species resolution was also evident in our cytochrome b

phylogeny and reflects the unresolved phylogenetic relation-

ships evident between some species in earlier work by Jansen

van Vuuren & Robinson (2001).

The finding that several species are not monophyletic

underscores the importance of drawing samples from a

broad geographic range as possible in order to gauge the

full extent of variability within a given species (Ekrem et al.,

2007). This lack of monophyly within several species may

reflect the likely recent origin of many taxa that formed the

target of this study or result from hybridization between

sister taxa. Whereas the dwarf duiker clade (C. monticola

and C. maxwelli) is estimated to have diverged �5million -

years ago from other Cephalophus species, the remaining

species within this genus are believed to have arisen rela-

tively recently (Vrba, 1995; Jansen van Vuuren & Robinson,

2001). Numts (Bensasson et al., 2001) may also explain the

lack of monophyly in some species such as C. callipygus and

its sister taxon C. ogilbyi. Although frameshifts and/or stop

codons can be used to identify candidate Numts from

coding regions of the mitochondrial genome, these criteria

do not apply to non-coding regions such as the control

region, making Numts from this region especially proble-

matic to detect (e.g. Anthony et al., 2007).

It is important to emphasize that neither the cytochrome

b nor control region phylogenies can be used to adequately

resolve phylogenetic relationships within the genus Cepha-

lophus. In the case of the cytochrome b dataset, this might be

due to the inadequate phylogenetic signal inherent to the

short fragment used in the present study. In the case of the

control region, it is more likely due to the difficulties of

aligning divergent sequences between more distantly related

genera and the homoplasy that may result from this. For

example, when Tragelaphus was used as an outgroup, the C.

monticola/C. maxwelli clade was not basal to the rest of the

species within the genus Cephalophus despite its supposed

earlier origin (Jansen van Vuuren & Robinson, 2001).

Future work will accordingly assess phylogenetic relation-

ships between Cephalophus species using a suite of nuclear

introns selected to resolve phylogenetic relationships be-

tween closely related bovid species (Willows-Munro, Robin-

son & Matthee, 2005). These data may also prove useful in

determining whether the non-monophyletic associations of

some species in the control region phylogeny are due to

Numts. If the same branching patterns and species-specific

clades are evident in both datasets we can exclude the

possibility of Numt contamination. However, if nuclear

phylogenies fail to recapitulate the two clades evident in

some species then we can conclude that either there is

insufficient information to adequately resolve these clades,

that hybridization has occurred or that one mitochondrial

clade is of nuclear origin.

Findings from this study also raise the question as to

whether a DNA barcoding approach could be successfully

applied to species within the genus Cephalophus, given that

this group is geographically widespread and recently derived

(Moritz & Cicero, 2004; Hickerson, Meyer &Moritz, 2006).

Pair-wise comparisons of Kimura-2-parameter distances

between taxa indicate that almost all Cephalophus species

do not satisfy the 10-fold genetic distance rule described by

Hebert et al. (2004). This is due to both the high intra-

specific diversity present in many species and their recent

divergence from one another. The few cases where the 10-

fold criterion is satisfied are likely to be biased by the poor

geographic representation of samples within a given taxon

(e.g. C. rubidus, n=1). Future work should therefore

evaluate how well cytochrome c oxidase I gene barcodes

can differentiate central African artiodactyls and under

what circumstances DNA barcoding can be used to identify

species that have undergone recent, rapid radiations such as

those within the genus Cephalophus.

Although we did not explicitly test many of the alternative

molecular methods of species diagnosis, few if any represent

viable alternatives to the control region phylogeny used in the

present study. For example, although single-strand conforma-

tion polymorphism analysis (Orita et al., 1989) has proved to

be an effective, low-cost method for the identification of

previously diagnosed haplotypes (Travis & Keim, 1995), this

method quickly becomes unmanageable in cases of high

haplotype diversity because reference samples always need to

be run on the same gel. Moreover, bands migrating at the

same position may not necessarily be homologous. It has also

been suggested that microsatellite loci be used to identify

species either through the presence/absence of species-specific

alleles (Pilot et al., 2007) or through assignment methods

(Vàzquez-Domı́nguez et al., 2001). However, the high cost of

multiplex development and need to replicate genotypes many

times when using non-invasive sources of DNA (Taberlet

et al., 1996; Taberlet & Luikart, 1999) makes this method

prohibitively expensive and time consuming. Bowkett et al.

(2008) successfully used a multivariate analysis of pair-wise

genetic distances to resolve east African duiker species. How-

ever, this method quickly becomes intractable in datasets with

large numbers of closely related taxa, as is the case here.

There are cases where a RFLP approach has been used

successfully to diagnose species. For example, Moore et al.

(2003) used a RFLP approach based on the mitochondrial

cytochrome b gene to differentiate sea turtle species.

Although a species-specific banding profile was successfully

identified for all seven target sea turtle species, geographic

sampling within the taxa examined was limited. In contrast,

findings from the present study demonstrate that the RFLP

approach built on either the cytochrome b gene or control

region cannot be used to identify recently derived species

such as those within the genus Cephalophus. However, this

problem was only evident after substantially increasing

sample representation within our reference database. The

RFLP diagnostic likely failed as a result of the high amounts
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of intra-specific genetic variation within species and the

absence of available species-specific restriction sites, due in

part to the recent and rapid radiation of this species complex

(Vrba, 1995). However, an RFLP-based approach may

work well for more distantly related taxa (Bidlack et al.,

2007) or for differentiating species within specific geo-

graphic locales (Zapata et al., 2007).

One potential drawback to the present work is that some

samples in the present reference database cannot be verified

with voucher specimens. When questions over misidentifica-

tion arise, as is the case for a few of our samples, it is

practically impossible to cross-verify the identity of the

specimen without having photo-verification or access to the

voucher. It is worth noting, however, that samples whose

identity had been supported by additional information (i.e.

photo-verification at the time of collection, craniometric

analysis or zoo records), always fell into the appropriate

species clade. Nevertheless, there are several species lineages

where external verification is lacking, drawing attention to

the need for voucher museum specimens in the future.

In summary, the control region phylogeny presented here

is the first tree-based method to be able to successfully

differentiate sympatric central African artiodactyl species

with high statistical support using a broad geographic

reference database. Based on these and earlier findings

(Focardi et al., 2002; Waltert et al., 2006; Croes et al., 2007;

Bowkett et al., 2008; van Vliet et al., 2008), we therefore

recommend using this marker to accurately recover species

identity. However, while the control region phylogeny can

be used to identify unknown samples to species level, this

approach should not be used to evaluate taxonomic rela-

tionships within the genus Cephalophus. Additional data is

needed to further examine their systematic relationships,

especially since the present study indicates considerable

ambiguity in the recognition of several species (e.g. C.

ogilbyi, C. weynsi).

Although we used the reference diagnostic here to identify

faecal samples, this approach could readily be applied to

tissue fragments and other wildlife remains. This diagnostic

also has numerous practical applications to conservation

and management of African artiodactyl communities in-

cluding: (1) mapping habitat preferences and species dis-

tributions; (2) identifying bushmeat samples from urban and

regional markets; (3) estimating species abundance when

combined with individual multi-locus genotype data; (4)

predicting species responses to habitat modification through

logging, fragmentation and intensive hunting; (5) determin-

ing species presence and relative abundance in environmen-

tal impact assessments (EIAs) of development projects and

in associated in wildlife monitoring programmes. Owing to

the rapid worldwide expansion of industrial and commercial

development, many wildlife populations are increasingly

contained within large concessions and thus need to be

surveyed and managed as if they were in protected areas

(Lahm & Tezi, 2006). The molecular diagnostic tool devel-

oped here may then prove particularly valuable for rapid

species assessments and EIAs where rare, elusive and/or

sparsely distributed species may otherwise be overlooked.
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trap consensus phylogeny based on Kimura-2-parameter

corrected distances and rooted withH. aquaticus. Sequences

were aligned with CLUSTAL. Bootstrap values are indi-

cated at the relevant node.

Figure S2. Cytochrome b maximum parsimony boot-

strap consensus phylogeny rooted with H. aquaticus. Se-

quences were aligned with CLUSTAL. Bootstrap values are

indicated at the appropriate node.

Figure S3.Control region phylogeny based on Bayesian

analysis and rooted with Tragelaphus species. Sequences

were aligned with CLUSTAL. Posterior probability values

are indicated at the appropriate node.

Figure S4. Control region neighbour-joining bootstrap

consensus phylogeny based on Kimura-2-parameter cor-

rected distances and rooted with N. moschatus. Sequences

were aligned with CLUSTAL. Bootstrap values are indi-

cated at the relevant node.

Figure S5. Control region maximum parsimony boot-

strap consensus phylogeny rooted with N. moschatus. Se-

quences were aligned with CLUSTAL. Bootstrap values are

indicated at the appropriate node.

Figure S6. Flow chart illustrating the application of

RFLP banding patterns to the diagnosis of species using

cytochrome b gene sequence data.

Table S1. Details of the species, provider, geographic

origin and GenBank accession numbers for samples used in

the present study.

Table S2. Candidate cytochrome b gene RFLPs for

diagnosing central African rainforest ungulate species and

the size fragments (indicated in parentheses) generated by

each enzyme.

Table S3. Candidate control region RFLPs for diag-

nosing central African rainforest ungulate species and the

size fragments (indicated in parentheses) generated by each.
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