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ABSTRACT

Molecular genetic sequence variation among the sportive lemurs (genus Lepilemur) of
Madagascar was investigated utilizing mitochondrial DNA (mtDNA) sequence data (ca. 3,000
base pairs). We infer Lepilemur phylogenetic relationships based on the topology of mtDNA
trees generated with 225 individuals from 24 currently recognized species of the genus from 43
field sites, along with a previously undefined taxon from Mananara-Nord Biosphere Reserve.
We formally describe this new species based on genetic analyses and biogeographic information
(including the recent Inter-River-Systems model), supplemented with morphological data.
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INTRODUCTION

Madagascar’s remarkable species diversity and
high levels of endemism are persistently under threat
from anthropogenic pressures (Mittermeier et al. 2006;
Harper et al. 2007). Consequently, the island has been
ranked among the world’s most important biodiversity
hotspots, underscoring the need for coordinated conser-
vation efforts (Myers 2000; Groombridge and Jenkins
2002). While most of the Malagasy fauna is susceptible
to extinction risk, lemurs are especially vulnerable
due to their relatively small and often fragmented
geographic ranges (Jernvall and Wright 1998). As a
result, lemurs are protected under the Convention on
International Trade in Endangered Species (CITES) and
many species are red-listed as Critically Endangered,
Endangered or Vulnerable by the IUCN SSC (IUCN
2008). Many species are still data deficient (IUCN
2008), and their number is likely to increase due to the
recent rapid expansion in the number of recognized
species (e.g., Andriaholinirina et al. 2006; Louis et al.
2006b; Rabarivola et al. 2006; Craul et al. 2007, 2008;
Leietal. 2008). In addition, the description of new spe-
cies often reduces the geographic range of traditionally
recognized taxa (Louis et al. 2006b). Thus, frequent
re-evaluation of the conservation status of all lemur
species is necessary, using newly available informa-

tion on taxonomy, biogeography, ecology, ethology,
and current threats.

Among the most widely distributed lemur groups,
the sportive lemurs (genus Lepilemur) are medium-
sized nocturnal lemurs that were originally thought
to consist of only two species, L. mustelinus from the
eastern rainforests and L. ruficaudatus from the western
and southern dry forests of the island (Schwarz 1931;
Hill 1953). Recent investigations using molecular ge-
netic, cytogenetic, and morphological data have greatly
expanded the diversity of this genus (Louis et al. 2006b;
Rabarivola et al. 2006; Craul et al. 2007, 2008; Lei et
al. 2008). These developments in Lepilemur taxonomy
are a salient example of the need for verifying unique
diversity in order to assess the conservation status of a
group. Currently, there is one vulnerable, one endan-
gered, and one critically endangered Lepilemur species,
while 21 of the listed species (most of them recently
described) remain data deficient (IUCN 2008).

Northeastern Madagascar is one region where
sportive lemur taxonomy is currently in revision. L.
mustelinus was formerly the only recognized taxon
between the Bemarivo and Mangoro Rivers (Petter et
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al. 1977; Tattersall 1982). More recently, two previ-
ously undefined species have been described from
this region. Louis et al. (2006b) described L. seali
from Anjanaharibe-Sud Special Reserve, while Lei et
al. (2008) introduced L. scottorum from the Masoala
Peninsula (Fig. 1). Furthermore, Craul et al. (2008)
extended the distribution of L. seali south of the
Antainambalana River. Louis et al. (2006b) assigned
the sportive lemur from Mananara-Nord Biosphere
Reserve (MNBR) to L. seali although the available
molecular data suggested that this population would
eventually be described, pending further field studies.
With only a single representative from MNBR avail-
able, Lei et al. (2008) established it as an undefined
species, Lepilemur species nova #2. By incorporating
sequence data from Louis et al. (2006b), Craul et al.
(2008) subsequently reconfirmed the uniqueness of the
population at MNBR.

Three biogeographic models have been proposed
based on different relative contributions of factors
including large rivers (>50 m wide at 20 km inland),
retreat dispersion watersheds, and topographical bar-
riers, i.e. mountains (Martin 1995; Wilmé et al. 2006;
Craul et al. 2007; Olivieri et al. 2007). In Olivieri et
al. (2007) and Craul et al. (2008) the authors presented
biogeographic models in which “centers of endemism”
were defined based on the isolation effects of paired
rivers, or Inter-River-System (IRS; Fig. 1). During the
course of several biogeographic revisions of northern
and northwestern Madagascar, the number of IRS has
increased from four (Martin 1995), to five (Wilmé et
al. 2006), and to nine (Craul et al. 2008). In Craul et
al. (2008), an initial IRS model was presented to delin-
eate the ranges of the sportive lemurs of northeastern
Madagascar. We aim to add to the baseline understand-
ing of the diversity in the greater Antongil Bay region,
which includes Anjanaharibe-Sud Special Reserve,
Masoala National Park, Makira Forest, Mananara-
Nord Biosphere Reserve, and adjacent habitats. By
revising the known biodiversity of sportive lemurs
for this region, we present an amended IRS model to
one of the largest remaining tracts of intact forest in
Madagascar (Fig. 1).

Historically, the Biological Species Concept
(BSC), emphasizing reproductive isolation, has been
the most common approach to define species (Mayr
1942). However, when a putative species is geo-
graphically isolated from closely related species, this
concept is difficult to implement. The Phylogenetic
Species Concept (PSC) employs a cladistic perspec-
tive, incorporating evolutionary patterns of ancestry
and descent as it defines species operationally as the
smallest diagnosable, distinct cluster of individuals
(Cracraft 1983; Wheeler and Platnick 2000; Groves
2001a, b). It is also useful in defining conservation
units (Vogler and DeSalle 1994). In this paper, we
present a taxonomic analysis of the genus Lepilemur
using the PSC, including a formal description of a new
species from MNBR.

As previously discussed in Andriantompohavana
et al. (2006), Louis et al. (20064, b) and Thalmann and
Geissmann (2005), the utilization of whole vouchers
as the designated holotype for a new species is not
a prerequisite for species descriptions; opportunis-
tic collections can later supplement morphological,
vocalization, and/or molecular data in combination
with curated blood and/or tissue samples (Jones et
al. 2005). The sportive lemurs are a prime candidate
for this methodology because the highly folivorous
dietary requirements of this group currently preclude
any attempts to curate “live vouchers” (Thalmann and
Geissmann 2005). Total genomic DNA for the three
paratype specimens is currently curated at the Museum
of Texas Tech University (TK125726; TK 125727,
TK125728). Additionally, an electronic database that
contains all Lepilemur field data and photographs, in-
cluding data for the paratype specimens, is curated at
the Museum of Texas Tech University. The database
is stored in the Type Specimen Collection in multiple
media formats. This collection of field data and pho-
tographs, as well as additional tables and figures, is
also available online at the website of Omaha’s Henry
Doorly Zoo. See Appendices I-1II for a directory of
appropriate website addresses.
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Figure 1. Map of northeastern Madagascar. This regional map features the potential boundaries and forest tracts
for the sportive lemurs (genus Lepilemur) in northeastern Madagascar. Samples collected in the Ivontaka-Sud and
Verezanantsoro parcels of Mananara-Nord Biosphere Reserve, Madagascar, were evaluated, along with sequence data
from Louis etal. (2006b) and Lei et al. (2008). The Inter-River-System (IRS) model was adapted from Craul et al. (2008).
IRS A and IRS RF from Craul et al. (2008) were revised to IRS AA and IRS RFa and RFb, respectively. IRS SMAS,
IRS SM, and IRS MZO were inserted to define the potential boundaries for L. species nova #2 (Lei et al. 2008) and L.
mustelinus. IRS AAMB was inserted to define the potential northern boundary for L. seali. IRS MAA was inserted to
define the potential boundaries for L. scottorum. The boxed numbers found below the horizontal lines indicate what
sportive lemur is designated for that site or IRS as follows: ! specifies L. seali; |2 specifies L. scottorum; 3] specifies
L. sp. nova #2, [4] specifies L. mustelinus; and |7] specifies undefined species or data unavailable.
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METHODS

Sampling. —All lemurs investigated in this
study were wild-caught, free-ranging individuals
immobilized with a CO, projection rifle or blowgun
with 10 mg/kg of Telazol (Fort Dodge Animal Health;
Overland Park, Kansas; Fig. 1; Table 1). Four 2.0 mm
biopsies and 1.0 cc per kilogram of whole blood were
collected from each sedated animal and immediately
stored in room temperature storage buffer (Longmire et
al. 1992). A HomeAgain microchip (Schering-Plough
Veterinary Corp.; Kenilworth, New Jersey) was placed
subcutaneously between the scapulae of each lemur
(Appendix I(a)). This procedure was used to field-
catalog each animal with a unique recognition code
in order to re-identify all captured individuals during
any future immobilizations. In addition, morphometric
measurements were taken. For presentation purposes,
we present the weight, head crown, body length, and
tail length in this publication following the guidelines
of Smith and Jungers (1997; Appendices I(a-b)). Field
data, including all measurements and e-voucher pho-
tographs, are available in Appendix I(b), Louis et al.
(2006b), and Lei et al. (2008).

Data Collection.—We recorded the location
of all immobilized lemurs using a global positioning
system (GPS; Appendix I(a-b)). Genomic DNA was
extracted from samples using a phenol-chloroform/iso-
amyl extraction (Sambrook et al. 1989). We recorded
the location of all immobilized lemurs using a global
positioning system (GPS; Appendix I(a-b)). From
these samples, the following regions of mtDNA were
amplified: the displacement loop or control region (D-
loop; Baker etal. 1993; Wyner et al. 1999), a fragment
of the cytochrome oxidase subunit 111 gene (COIIL),
NADH-dehydrogenase subunits 3, 4L, and 4 (ND3,
NDA4L, and ND4), as well as the tRNASY, tRNA”®,
tRNAMS {RNAS, and partial tRNA™" genes (subse-
quently referred to as the PAST fragment; Louis et al.
2006b). The accessioned sequences of L. seali and L.
mittermeieri of Craul et al. (2008) and Rabarivola et al.
(2006), respectively, were not compatible with this data
set so were not utilized in this study. Although avail-
able as accession sequences in GenBank, we would
have had to truncate and eliminate two-thirds of our
generated sequence data to include their L. seali and
L. mittermeieri accession fragments in these analyses.
Using 50 nanograms of genomic DNA, the D-loop (555

bp) and the PAST (2,378 bp) fragments were amplified
using the following conditions: 94°C for 30s, 47°C for
45s, and 72°C for 45s for 34 cycles. Since potential
nuclear insertions or mitochondrial pseudogenes within
the nuclear genome can be amplified inadvertently, we
minimized the likelihood by amplifying both mito-
chondrial DNA regions as intersecting or overlapping
segments and confirming these segments with the
degenerate oligonucleotide-primed PCR methodology
(Telenius et al. 1992; Zhang and Hewitt 1996; Louis
et al. 2006b). The samples were electrophoresed on a
1.2% agarose gel to verify the PCR product and purified
with Exonuclease I and Shrimp Alkaline Phosphatase
(EXOSAP; Silva et al. 2001).

The purified products were cycle-sequenced us-
ing a BigDye terminator sequencing kit (Applied Bio-
systems; Foster City, California). The sequences were
analyzed by capillary electrophoresis with an Applied
Biosystems Prism 3130 genetic analyzer. The PCR
and sequencing primer suite from Louis et al. (2006b)
and Lei et al. (2008) were used to generate the D-loop
and PAST fragment sequences. The sequence frag-
ments were aligned to generate a consensus sequence
using Sequencher 4.8 (Gene Codes Corporation; Ann
Arbor, Michigan), and the consensus sequences were
aligned using ClustalX 1.83 (Thompson et al. 1997).
All aligned sequences are available from the first author
upon request. All sequences have been deposited in
GenBank, and the sequence data and information are
available from the referenced accession numbers (Table
1; Appendix I(a); Louis et al. 2006b; Lei et al. 2008).

Phylogenetic Analysis.—Maximum likelihood
(ML) analyses for the D-loop and PAST fragment
sequence data were performed under the GTRCAT
algorithm implemented in the parallel Message Pass-
ing Interface (MPI) version of RAXML-VI-HPC
(Stamatakis 2006; software available at http://icwww.
epfl.ch/~stamatak). The best-scoring ML-trees were
searched and saved in PAUP* 4.0b10 (Swofford
2001). Bayesian inference analyses of the D-loop and
PAST fragment sequence data were conducted using
MrBayes 3.0b4 (Huelsenbeck and Ronquist 2001;
Ronquist and Huelsenbeck 2003). A Markov Chain
Monte Carlo (MCMC) run with four simultaneous
chains and 1,000,000 generations was performed.
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The model of evolution was selected for the ML infer-
ences by using Mrmodeltest 2.2, a modified version of
Modeltest 3.6 (Posada and Crandall 1998; Nylander
2004). It was performed with HKY+I+G Model for
D-loop and GTR+I+G Model for PAST, for 1,000,000
generations. Every hundredth generation, the tree
with the best likelihood score was saved, resulting in
4,000 trees. These were condensed in a majority rule
consensus tree using PAUP* 4.0b10 (Swofford 2001),
and clade posterior probabilities (PP) were computed.
The pattern of sequence evolution was estimated by
conducting a minimum spanning network generated
with the program NETWORK version 4.500 (Bandelt
et al. 1999) and Arlequin version 2.0 (Schneider et
al. 2000). MEGA 3.1 (Kumar et al. 2004) was used
to calculate uncorrected pairwise distances (‘p’) and

Kimura distance measures (Kimura 1980) for D-loop
and PAST fragments.

We utilized MacClade 3.01 (Maddison and
Maddison 1992) and MEGA version 3.1 (Kumar et al.
2004) in a diagnostic search to designate evolutionary
significant units (ESU) using population aggregate
analysis (PAA) of the D-loop (550 bp) and PAST
(2,378 bp) sequence data for genus Lepilemur (Davis
and Nixon 1992; Louis et al. 2006a, b; Lei et al. 2008).
With the sequential addition of each individual without
an a priori species designation, a PAA distinguishes
attributes or apomorphic characters according to the
smallest definable unit (Davis and Nixon 1992; Vogler
and DeSalle 1994; Groves 2001a, b; Louis et al. 2006b;
Lei et al. 2008).

REesuLTs

Mitochondrial DNA sequence data were complet-
ed for two fragments, D-loop and PAST (ca. 3,000 bp),
for 225 individuals representing 24 recognized species
of sportive lemurs collected from 43 field sites (Table
1; Louis et al. 2006b; Lei et al. 2008). Due to different
mtDNA fragments utilized in Rabarivola et al. (2006),
congruent sequence data were not available and thus,
L. mittermeieri was not included in this study. Based
on the phylogenetic inferences of the ML and Bayesian
analyses of D-loop and PAST sequence alignments, 24
Lepilemur species were represented in 24 distinct and
well-supported terminal clades. These terminal clades
could be partitioned into four geographic regions (Figs
2-3; Appendices II(a-h)). In general, Section A consists
of sportive lemurs from northern and northwestern
Madagascar as follows: L. ankaranensis, L. milanoii,
L. septentrionalis, L. tymerlachsoni, L. dorsalis, L.
sahamalazensis, and L. ahmansonorum. Section B
is associated with northwestern Madagascar: L. otto,
L. edwardsi, and L. grewcockorum. Section C cor-
responds to southern and west central Madagascar as
follows: L. hubbardorum, L. ruficaudatus, L. aeeclis,
L. randrianasoli, L. leucopus, and L. petteri. With the
exception of L. microdon, Section D incorporates the
sportive lemurs of eastern Madagascar as follows: L.
mustelinus, L. jamesorum, L. betsileo, L. fleuretae, L.
wrightae, L. seali, L. scottorum, and L. species nova
#2. Furthermore, all phylogenetic methods support the

uniqueness of the subpopulation, Lepilemur species
nova #2 from MNBR (Figs. 2-3).

All methods revealed the same phylogenetic
proximity between regions and among sportive lemur
species, resulting in distinguishable eastern and western
clades with the exception of L. microdon (Figs. 2-3;
Appendices II(a-h)). The phylogenetic association
of L. microdon to Sections B or C varied according
to which mtDNA sequence fragment was analyzed.
Based on either phylogenetic method, L. microdon
clusters with the northwestern sportive lemurs (Section
B) for the D-loop sequence fragment. However, for
the PAST sequence fragment, this east coast sportive
lemur’s association shifts to the species located in west
central and southern Madagascar (Section C; Figs. 2-3;
Appendices (a-h)).

The complete uncorrected ‘p’ distance and the
Kimura two-parameter distance measures for the
genus Lepilemur are presented for D-loop and PAST
fragments in Appendices I1I(c-d). Values ranged from
7.0% to 10.9% and from to 4.2% to 11.0% for D-loop
and PAST, respectively, for the three sportive lemur
species geographically closest to L. species nova #2.
The minimum spanning network diagrammatically
presents the relative evolutionary associations among
25 sportive lemur species (Fig. 4).
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Figure 2. Phylogenetic relationships between Lepilemur species inferred from the maximum likelihood and Bayesian
approaches for the D-loop sequence data from 73 haplotypes from the 225 Lepilemur individuals with 29 outgroup
taxa. Numbers above the branches represent posterior probability support. Numbers below the branches represent
ML values. We obtained the maximum likelihood tree (-Ln likelihood=12,404.88) from the D-loop alignment using
a transition/transversion ratio of 2 (k=3.99). Section A consists of sportive lemurs from northern and northwestern
Madagascar. Section B consists of sportive lemurs from northwestern Madagascar. Section C consists of sportive
lemurs from west central and southern Madagascar. Section D consists of sportive lemurs except for L. microdon
(associated with Section C) from eastern Madagascar. Outgroup taxonomy based on Mittermeier et al. (2008).
















































