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MOLECULAR AND MORPHOLOGICAL ANALYSES OF THE SPORTIVE LEMURS

(FaMILY MEGALADAPIDAE: GENUS LEPILEMUR) REVEALS 11
PREVIOUSLY UNRECOGNIZED SPECIES

Epwarp E. Louis, JR., SHanNoN E. ENGBERG, RuntHu4 LEI, Huivin GENG, JULIE A. SOMMER,
RicHARD RANDRIAMAMPIONONA, JEAN C. RANDRIAMANANA, JOHN R. ZAONARIVELO,
RAMBININTSO4 ANDRIANTOMPOHAVANA, GISELE RANDRI4, PROSPER, BOROME RAMAROMILANTO),
GILBERT R4K0TOARISOA, ALEJANDRO ROONEY, AND RICK A. BRENNEMAN

ABSTRACT

Approximately 3,800 base pairs of mitochondrial DNA sequence data (control
region or D-loop, 12s ribosomal RNA subunit gene, along with a fragment including a
partial segment of cytochrome oxidase subunit 11l gene to Leucine-tRNA gene) were
used to investigate the phylogenetic relationships among the sportive lemurs (Genus
Lepilemur) and to other lemur genera of Madagascar. The results of our analyses
support a monotypic relationship of Lepilemur species to other lemur genera, with a
sister relationship to the Family Lemuridae. Most importantly, on the basis of both
molecular sequence and morphological data, our results show the existence of at least
11 previously unrecognized species of Lepilemur. The phylogenetic analyses presented
confirm a western/eastern split among the Lepilemur species with the exception of the
Small-toothed Sportive Lemur found at Ranomafana and Tolongoina, which is included
within the western clade. These results underscore the urgency to initiate further de-
tailed studies in previously unstudied sites throughout Madagascar in order to better
define lemur species.
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INTRODUCTION

Due to its unique species biodiversity and to
the continued pressure from human encroachment,
Madagascar has been placed at the top of conservation
priority lists, or hotspots (Myers 2000). Distributed
throughout the island, lemurs are particularly suscep-
tible to extinction risks due to their relatively small
fragmented geographic ranges (Jernvall and Wright
1998). All lemurs are protected under the Conven-
tion of International Trade of Endangered Species
(CITES) and are designated by the IUCN/SSC Red
List Categories from critically endangered to threatened
depending on the species (JUCN/SSC 1999). Thus,
there is a pressing need to understand the taxonomy
and phylogeny of lemurs so that a scientifically rational
approach to their conservation and management can be
developed and implemented.

The taxonomic revision of species and distribu-
tions warrants the need to consistently re-evaluate
the conservation protection status of lemurs as new
information becomes available (Martin 2000). Recent
molecular genetic and morphological studies within the
genera Avahi, Cheirogaleus, Lepilemur, and Microce-
bus have led to a significant increase in the number
of recognized species (Andriaholinirina et al. 2006;
Groves 2000; Kappeler et al. 2005; Louis et al. 2006;
Rasoloarison et al. 2000; Thalmann and Geissmann
2005; Zimmermann et al. 1998). Thus, it is critical
that we accurately define species and subspecies to
better evaluate conservation risks and make appropri-
ate recommendations for the management of wild
populations, especially when considering the ranges
of newly recognized species of lemurs. The sportive
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lemurs (Genus Lepilemur), a group of strictly nocturnal
primates that are superficially indistinguishable with
varying degrees of brown, red, white, and gray pelage,
are a prime example of species that until now have been
largely unrecognized and underrepresented.

The only member of the monotypic Fam-
ily Megaladapidae, the Genus Lepilemur is currently
represented by 11 extant species broadly distributed
across Madagascar (Appendix Ib).The taxonomy of the
sportive lemurs has been revised several times (Groves
2001; Ishak et al. 1992; Jenkins 1987; Mittermeier et
al. 1994; Mittermeier et al. 2006; Montagnon et al.
2001; Petter and Petter-Rousseaux 1960; Petter et al.
1977; Ravaoarimanana 2001; Ravaoarimanana et al.
2004; Rumpler et al. 2001; Rumpler and Albignac
1975; Schwarz 193 1; Tattersall 1982; Thalmann 2000:
Thalmann and Ganzhorn 2003), most recently by An-
driaholinirina et al. (2006) who described three new
species. Here, we present further taxonomic revisions
by describing 11 new species. We also conducted a
phylogenetic analysis of the relationships between
these new species and previously recognized ones of
the genus Lepilemur.

Although adopting a species description meth-
odology that required a whole voucher has been the

standard, Thalmann and Geissmann (2005) presented
an alternative approach through the use of only morpho-
logic data, detailed photographs, and tissue samples.
The endangered status of lemurs, all of which have been
designated CITES appendix I, along with the digital and
molecular technological capabilities of the twenty-first
century, can eliminate the immediate requirement of
whole vouchers from the wild. Nonetheless, whole
vouchers can subsequently supplement the process as
they become available opportunistically (e.g., raptor
nests or remains of Fossa [Cryptoprocta ferox] preda-
tion). Due to the inability to maintain sportive lemurs
as long-term live vouchers in captivity, the type series
for these newly described Lepilemur species are repre-
sented by whole blood samples from free-ranging indi-
viduals along with a database containing all field data,
accessioned sequence data, and photographs. The type
series tissues and database are curated at The Museum
of Texas Tech University (TK 125501-125566/TTU
104434-104499) (Appendix 1I).

The database referenced above, as well as addi-
tional tables and figures, also are available online at the
website of Omaha’s Henry Doorly Zoo. See Appendix
1 for a directory of the appropriate website addresses.

METHODS

Sampling—All lemurs investigated in this study
were free-ranging and were immobilized with a CO,
projection rifle or blowgun with 10mg/kg of Telazol
(Fort Dodge Laboratories, Inc., Ft. Dodge, lowa; Fig-
ure 1; Appendix II). We recorded the location of all
immobilized lemurs using a global positioning system
(Appendix la). Four 2.0 mm biopsies and 1.0 cc per
kilogram of whole blood were collected from each
animal and stored in room temperature storage buffer
(Longmire et al. 1992). While immobilized, a Home-
Again microchip was placed subcutaneously between
the scapulas of each lemur (Appendix [a). This proce-
dure was used to field catalog each animal with a unique
recognition code in order to positively re-identify all
captured individuals during any future immobilizations.
In addition, morphometric measurements were taken.

We present the weight, head crown, body length, and
tail length in this publication following the guidelines of
Smith and Jungers (1997; Table 1). Also see Appendix
la, the online Lepilemur Field Data Appendix, for all
measurements and e-voucher photographs.

Data Collection.—Genomic DNA was extracted
from samples using a phenol-chloroform extraction
(Sambrook et al. 1989). From these samples, the fol-
lowing regions of the mitochondrial DNA (mtDNA)
were amplified: the displacement loop or control
region (D-loop; Baker et al. 1993; Wyner et al. 1999),
the 12s subunit ribosomal RNA gene, along with a
portion of the tRNA™ (12s rRNA; Hedges 1994;
Wyner et al. 1999); and a fragment of the cytochrome
oxidase subunit I1I gene (COIll); NADH-dehydroge-
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Table 1. Morphometric data collected from sedated individuals.
online; see Appendix la).
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(Individual morphological data available

Species Name Common Name N Weight Head Body Tait
Crown Length Length
(kg) (cm) (cm) (cm)

Lepilemur aceclis Acec!’s Sportive Lemur 8 0.86+0.17  7.7+1.2 224411 254421
Lepilemur ahmansoni Ahmanson’s Sportive Lemur 4 0.61+0.15  6.2+1.2 20.61.6  23.8+0.7
Lepilemur ankaranensis Ankarana Sportive Lemur 24 0.79£0.12  7.1+0.9 21.842.0  27.3£1.9
Lepilemur betsileo Betsileo Sportive Lemur 3 1.15£0.13  7.520.3 25.2+0.1  27.7+1.3
Lepilemur dorsalis Grey-Backed Sportive Lemur 6 0.73+0.07  7.3x04 22.8¢1.5  27.540.9
Lepilemur edwardsi Milne-Edwards’s Sportive Lemur 11 1.10+0.11  6.7+0.6 26.3+2.7 285421
Lepilemur fleuretae Fleurete’s Sportive Lemur 3 0.98+0.16  7.4+0.3 255422 30.2+2.1
Lepilemur grewcocki Grewcock’s Sportive Lemur 3 0.78+0.20  6.2+0.1 24.8+42.1  28.5+1.8
Lepilemur hubbardi Hubbard’s Sportive Lemur 10 0.99+0.15  7.5¢1.2 234+1.4  24.0+1.1
Lepilemur jamesi James’ Sportive Lemur 2 0.78+2.76  8.0+0.3 25.7¢1.5  29.7+1.8
Lepilemur leucopus White-Footed Sportive Lemur 18 0.54+0.09  6.5+0.7 19.6+1.4  242+1.2
Lepilemur microdon Small-Toothed Sportive Lemur 7 1.19+0.42  10.842.3 27022 26.8+3.1
Lepilemur milanoii Daraina or Swimming Sportive Lemur 14 0.72£0.10  6.4£0.5 21.6+1.7  26.0+1.4
Lepilemur mustelinus Weasel Sportive Lemur 27 0.99+0.21  7.9+1.4 258+4.0 252421
Lepilemur petteri Petter’s Sportive Lemur 5 0.6320.05  5.1+04 23.2+0.9 23.7+14
Lepilemur randrianasoli Randrianasoli’s Sportive Lemur 3 0.92+0.08 8.240.6 241217 27.4+18
Lepilemur ruficaudatus Red-Tailed Sportive Lemur 3 0.86+0.06  6.9£1.0 243436 24.241.0
Lepilemur sahamalazensis Sahamalaza’s Sportive Lemur 2 0.70£0.07  6.3:0.1 19.6£03  23.7£2.7
Lepilemur seali Seal’s Sportive Lemur 6 0.95£0.08  7.4+0.9 27314 263+14
Lepilemur septentrionalis Northern Sportive Lemur 2 0.58+0.18  8.3%1.1 18.7£1.7 24.8+4.5
Lepilemur tvmerlachsoni Hawk’s Sportive Lemur 10 0.88+0.10 6.5+0.2 23.1£1.5 24723
Lepilemur wrighti Wright’s Sportive Lemur 5 0.95+0.49  8.0+1.3 252+3.1  255+1.6

nase subunits 3, 4L, and 4 (ND3, ND4L, and ND4);
as well as the tRNAYY, tRNAA® tRNAMS tRNAS,
and partial tRNA"" genes (subsequently referred to
as the PAST fragment; Pastorini et al. 2000). Using
50 nanograms of genomic DNA, the D-loop (555 bp),
12s rRNA (877 bp), and the PAST (2378 bp) fragments
were amplified using the following conditions: 94°C
for 30s; 47°C for 1 min; 72°C for 5 min for 35 cycles.
Since potential nuclear insertions or mitochondrial
pseudogenes within the nuclear genome can be ampli-
fied inadvertently, we chose to minimize this likeli-
hood by amplitying both mitochondrial DNA regions
as intersecting or overlapping segments (Zhang and
Hewitt 1996). Consequently, the 12s rRNA fragment
was generated from two amplified segments, and the
PAST fragment was generated from seven amplified
segments. Additionally, to further eliminate amplifica-
tion of nuclear insertions, a technique that is species
independent and both rapid and efficient derived from
the degenerate oligonucleotide-primed PCR method
(DOP-PCR; Telenius et al. 1992) was used to generate
the PCR products. Adapting this LL-DOP-PCR (long

products from low quantity), the sequence data was
generated for the D-loop fragments, and 12s rRNA and
PAST sequence generated from overlapping segments
were confirmed. The samples were electrophoresed
on a 1.2% agarose gel to verity the PCR product and
purified using QlAquick PCR purification kit (Qiagen;
Valencia, California).

Using the BigDye terminator cycle sequencing
ready reaction kit by Applied Biosystems the sequence
was then run on a 7% polyacrylamide gel by an ABI
377 automated sequencer (Applied Biosystems, Inc.;
Foster City, California). Four published internal
sequencing primers, 1211, 1215, 12H2, and 12H3
(Hedges 1994), were utilized to generate the 12sRNA
sequence data, and a suite of internal sequencing
primers from Pastorini et al. (2000) and Pastorini et
al. (2001) were used to generate the PAST fragment.
Additionally, PCR and sequencing primers specific for
Lepilemur were designed for the PAST fragment, and
PCR and sequencing primers specific for lemurs were
designed for the 12s rRNA and D-Loop fragments
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RESuLTS

Mitochondrial DNA sequence data was com-
pleted for three fragments, D-loop, 12s rRNA, and
PAST fragment (approximately 3800 bp), for 211 in-
dividuals, representing all eleven recognized species of
sportive lemurs from a total of forty-one sites (Figure
1; Appendix II). All new mtDNA sequences generated
for this study were deposited in GenBank and can be
acquired through the accession number (Appendix II).
The sequence alignments for the data sets are available
from the first author upon request. The 12s rRNA
fragment consists of the 3° end of the phenylalanine
tRNA (22 bp) and a partial section of the 12s rRNA
subunit gene (855 bp; Appendix Ig). The PAST frag-
ment consists of the 37 end of the COlll gene (30 bp),
the complete NADH-dehydrogenase subunits ND3
(348 bp), ND4L (297 bp), and ND4 (1378 bp), along
with the tRNA genes, glycine (73 bp), arginine (73 bp),
histidine (70 bp), serine (65 bp), and the 5’ portion of
leucine (47 bp; Appendix Ig). The polyadenylation of
COHI and ND4 genes, insertion of base pairs between
ingroup/outgroup comparisons, and other alignment
characteristics between lemurs and Homo are consistent
with Pastorini et al. (2000).

Based on the phylogenetic inferences of the NJ,
MP, and ML analyses of four sequence alignments
(D-loop, 12s rRNA, PAST, and 12sRNA-PAST frag-
ment combined), three major Lepilemur subgroups
are represented, differentiating the eleven recognized
sportive lemur species (Figures 2-4, 6-7; additional
figures are available at http://www.omahazoo.com).
The first subgroup corresponds to the eastern sportive
lemurs, L. mustelinus and L. microdon (the distribution
of L. mustelinus and L. microdon is based on Andriaho-
linirina et al. (2006) and Mittermeier et al. (2006); Ap-
pendix Ib). The second subgroup includes the western
and southern sportive lemurs, L. edwardsi, L. aeeclis,
L. randrianasoli, L. ruficaudatus, and L. leucopus,
respectively. The remaining subgroup consists of the
recognized northern sportive lemurs, L. septentrionalis,
L. ankaranensis, L. dorsalis, and L. sahamalazensis.
There is high bootstrap support for the MP and NJ
analysis with respect to the topology of the genera and

species (Figure 2). In order to verify that our samples
are indicative of the three newly described species in
Andriaholinirina et al. (2006), we used GenBank to
BLAST cytochrome B subunit gene sequence gener-
ated for our data set. This confirmed that our samples
are representative of those species (GenBank Acces-
sion DQ529452-DQ529459; Andriaholinirina et al.
2006). Additionally, 11 distinct subpopulations were
identified within the currently recognized Lepilemur
species distribution. Each subpopulation is geographi-
cally defined by rivers which isolate them by acting
as barriers to the recognized species. The results
from the population aggregate analysis of the D-loop,
12s rRNA, and PAST sequence data are presented in
Tables 2A-C and 3A-C, respectively (the complete
diagnosis from the PAA for the D-loop, 12s rRNA,
and PAST sequence data are available online; see Ap-
pendix Ie). Multiple diagnostic characters define each
Lepilemur species, along with the 11 newly described
species (Tables 2 and 3). A review of the morpho-
metric data for the 22 species of sportive lemurs is
presented in Table 1 (detailed morphological
measurements of the individual animals are
available online; see Appendix [a). The complete un-
corrected ‘p’ distance and the Kimura two-parameter
distance measures are presented in Appendix Id.

The MP, Bayesian, and MPC analyses are pre-
sented in Figures 2 and 3 (also see Appendices 1h and
1). All analyses differentiate 22 Lepilemur species,
including 11 new species. The minimum spanning net-
work presents diagrammatically the speciation among
the 22 sportive lemurs (Figure 5). The ML tree was
estimated from the combined 12s rRNA/PAST align-
ment from a subset representing the haplotypes within
the data set, and corresponds to the other phylogenetic
inferred trees (Figure 7). There is high bootstrap sup-
port for the ML analysis with respect to the topology of
the genera and species. Specific resolution of sportive
lemurs based on phylogenetic inference parallels geo-
graphic separation into western, eastern, and northern
groups with the exception of L. microdon which is
aligned with the western group.

(text continued on page 18)
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Figure 2. Neighbor-joining phylogram derived fom D-loop DNA sequence data from
67 haplotypes from the 211 Lepilemur individuals. Species designated according to
the distribution in the current literature (Andriaholinirina et al. 2006; Mittermeier et
al. 2006; Appendix Ib). Values above branches indicate number of changes between
nodes. Values below branches indicate support of bootstrap pseudoreplicates. Length
= 1,698; CI = 0.4346; R1=0.8299; RC =0.3607; HI = 0.5811.
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Figure 4. Phylogeny derived from combined 12s rRNA fragment sequence data
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ous trees). Values above branches indicate number of changes between nodes.
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