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Abstract

Among the African elephants, it has been unanimously acknowledged that the forest elepyaatis{orm) are peculiar,
so that they have been elevated to the specific rank. The development of molecular analyses dbgatioritahas only
focused on two forms yet: the savannah forafriCang and the forest formdyclotig, disregarding the so-called pygmy
elephants gumilio or franssen) the systematic status of which has been debated since their discovery. Therefore, we have
sampled nine dwarfed-labelled specimens in collection and eight specimens of typical forest elephants that we compared tc
three savannah elephants and two Asian elephants. Because of the degraded nature of the nuclear DNA content in bone sampl
of old specimens, we assayed mitochondrial markers; 1961 bp of the mitochondrial genome were sequenced (over a continuou
range spanning the cytochromhegene, tRNA Thr, tRNA Pro, hypervariable region 1 and central conserved region of the
control region).Pumilio and cyclotisare not sister-taxa: the phylogenetic analyses rather account for the inclusion of the so-
called pygmy elephants within a monophyletic group of forest eleplsamsu latoThe internal structure of this clade reveals to
depend on isolation and remoteness between populations, characteristics that may have been extensively influenced by climat
variations during the Quaternary period. We conclude that the specific taxaaonta pumiliqor Loxodonta franssepshould
be abandonedio citethisarticle: R. Debruyneet al., C. R. Biologies 326 (2003).
O 2003 Académie des sciences. Published by Editions scientifiques et médicales Elsevier SAS. All rights reserved.
Résumé

Statut del’ éléphant d’ Afriquedit nain (Loxodonta pumilio (NOAcCk 1906)) : phylogénie des séquencesde cytochromeb
et de la région de contrdle mitochondriale. Au sein des éléphants d’'Afrique, la singularité des éléphants de forét (forme
cyclotig est désormais unanimement reconnue, au point que certains en font une espece a part entiére. Le développemel
des analyses moléculaires sur lasxodontaactuels n’a porté jusqu’a aujourd’hui que sur deux formes : la forme de savane
(africang) et la forme de forétdyclotig, négligeant les éléphants dits naipsifhilio ou franssen), dont le statut systématique
est débattu depuis leur découverte. En conséquence, nous avons échantillonné neuf spécimens enregistrés comme nains
collection ainsi que huit spécimens d’éléphants de forét typiques, que nous avons comparés a trois éléphants de savane et de
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éléphants asiatiques. Les marqueurs utilisés sont mitochondriaux du fait de la dégradation de I’ADN nucléaire des échantillons
osseux prélevés sur des spécimens anciens; 1961 paires de bases du génome mitochondrial ont été séquencées (couvrant
zone continue allant du gene du cytochromea I'ARNt Thr, 'ARNt Pro, la région hypervariable 1 et la région centrale
conservée de la région de controleumilio etcyclotisne sont pas des groupes fréres : les analyses phylogénétiques démontrent
gue les éléphants dits nains sont en fait inclus dans un groupe monophylétique d’éléphantsséedarkttoLa structuration

interne de ce clade apparait comme étant largement fonction de I'isolement et de la distance entre les populations et a pu étt
influencée de fagon extensive par les variations climatiques au cours de la période Quaternaire. Nous concluons que le taxon c
rang spécifiqgué.oxodonta pumiliqou Loxodonta franssehievrait étre abandonnBour citer cet article: R. Debruyneet al.,

C. R. Biologies 326 (2003).

O 2003 Académie des sciences. Published by Editions scientifiques et médicales Elsevier SAS. All rights reserved.
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Version francaise abr égée D4/M1 - loin d’avoir achevé sa croissance. Aussi bien
L. pumilio queL. franssenisont desnomina nudaet

Les dernieres années ont vu le développement depumilioest utilisé par simple convenance, d’autant que
I'étude moléculaire de I’éléphant africain, jusque la le taxon n'est pas reconnu dans cet article.

considéreé comme une seule espétexodonta afri- L'existence d’un éléphant de taille naine en Afrique
cana(BLUMENBACH 1797) [1]. Depuis la publication 5 ¢t¢ défendue de fagon récurrente au cours du siécle
de la premiere sequence de cytochrobn@’un €lé-  gernier, bien que notre connaissance a son sujet repose

phant de la forme de forét [2], les phylogénies molécu- ayant tout sur des spécimens de captivité [10,11] ou de
laires ont relancé le débat de son statut systématique.cqiection. Des auteurs 'ont décrit comme une forme
Des analyses moléculaires [3] ont relance hypothese ye (a5 petite taille de 'éléphant de forét (hauteur a
selpn laquelle deux especes cj’e;lephants coexistent er\'épaule inférieure a 2 m) [12—15], vivant de la Guinée
Afrique : Loxodoqta africanal’éléphant Qe' savane et équatoriale a la république démocratique du Congo
Lo>fod0nta Cyc'??'s(M,AT.SCH'E 1900), Ie;lephant de . [16], et dont les mceurs aquatiques ont été postulées
forét. Cette position était notamment défendue au dé- [9,17]. D'autres ont nié I'existence de cet animal [18
but du siecle dernier, & une période ou la systématiquelg’] c'onsidérant quiil S'agit plutét, soit dindividus '
de I'éléphant africain était modifiée en permanence § A o .
AT PR . atteints de pathologies liées a la croissance [20], soit
par la multiplication des taxons décrits a partir de va- de spécimeF;]s juvégniles [20.21] (bien que I'e>[<ist]ence

riations morphologiques discutables [4-7]. d'adultes de taill . it 616 dé ré i
De cette époque, trois taxons ont été retenus, mais adultes de taille naine ait ele demontree par aifleurs
[22]). Du fait de cette incertitude, certains ont choisi,

jusqu’a aujourd’hui, seuls deux d’entre eux ont éte le X X = )
sujet d’analyses moléculaires : les fornmglotis et comme compromis, de faire des éléphants pygmees

africanaont été étudiées & partir de séquences ’ADN UN€ sous-espéceloxodonta africana pumilid17,
mitochondrial [8] et nucléaire [3], mais rien n'a été fait  23]- De facon remarquable, les €léphants pygmeées
a propos de «I'éléphant pygmée » de la forét pluviale semblent afficher le méme niveau de différenciation
africaine :Loxodonta pumiligNoAck 1906). Ce nom  morphologique (discrimination par la taille adulte)
n'est pas valide, parce que le type depumilioest et écologique (préférendums écologiques distincts)
un juvénile qui s'est révélé au cours de sa croissance €nvers legyclotisque lescyclotisenvers lesfricana

un L. a. cyclotis.De méme, l'autre bindme attribué Alors que la séparation degclotiset desafricana

aux petits « éléphants d’eau» décrits par Schoutedenen deux espéces semble se dessiner [3,24-26] (mais
[9] : Loxodonta franssenimis en synonymie avec Voir Debruyne et al. (en préparation) pour un autre
L. pumilio, est lui aussi invalidé par I'observation que avis), nous testons ici la validité de la forrpamilio

le type del. fransseniest un jeune male — d’age comme troisieme espéce africaine. Le débat sur I'exis-
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tence d’'une forme d’éléphants pygmée ayant été en-tique entre les deux clades d’éléphants de forét et nous
tretenu principalement a partir de spécimens de col- aident a appréhender leur histoire communecyao-
lection de taille extrémement réduite, il était intéres- tis(Cameroon 2), groupe frére des autres représentants
sant de croiser ces hypothéses morphologiques avedu clade E, posséde une branche terminale de longueur
des données moléculaires fondées strictement sur lenulle, de sorte qu'il apparait comme un représentant
méme échantillon. Nous avons donc séquencé un frag-de I'ancétre moléculaire hypothétique de ce clade. Pa-
ment de 1961 pb de I’ADN mitochondrial (recouvrant rallélement, lgpumilio (Cameroon 1) apparait comme
tout le géne du cytochronte I'ARNt Thr, '’ARNt Pro un intermédiaire entre les deux sous-ensembles W et
et la région hypervariable 1 de la région de contréle) E. Comme le spécimen précédent, il repose sur une
pour neuf éléphants de collection enregistrés en tantbranche trés courte de I'arbre, mais son assignation a
que « pygmées » et dont les caractéristiques morpholo-I'un ou I'autre de ces clades est incertaine (et peu ro-
giques, préalablement étudiées [13,22], ont été contrd-buste) : la branche interne qui le rattache au clade E
lées. A ces éléphants nains, huit éléphants de forét « ty-est extrémement courte (Fig. 1) et, par des analyses de
pigues » ont été ajoutés. Ces échantillons proviennentdistance, il se classe comme groupe-frére du clade W.
en majorité du bassin du Congo, dont les populations Ces résultats nous aménent a penser que la région du
sont restées inédites sur le plan moléculaire. Enfin, Cameroun pourrait appartenir au centre de dispersion
trois éléphants d'Afrique de savane, auxquels s’ajou- primitif des éléphants de forét en Afrique vers le bas-
tent deux éléphants d’Asie (utilisés comme extra- sin du Congo, d’une part, et vers les isolats forestiers
groupes) complétent I'échantillon (Table 1). occidentaux, d’autre part.

Trois méthodes de construction d’arbres ont été uti-  La cohérence géographique dans la répartition des
lisées : parcimonie non pondérée (MP), méthode du haplotypes est frappante (Fig. 3) : les deux clades
minimum d’évolution (ME) et maximum de vraisem- W et E possédent des aires jointives, mais dont
blance (ML), les deux dernieres méthodes étant fon- le recouvrement est faible. Et au sein de chacun
dées sur un modeéle d’évolution de type TrN [27], dont de ces clades, la divergence entre les échantillons
les valeurs de paramétres ont été extraites du pro-(pumilio et cyclotig apparait étre fonction de la
gramme MODELTEST [28] a partir de I'analyse to- distance géographique entre les taxons (Fig. 2). Ainsi,
pologique d’'un des deux arbres parcimonieux (pris de on retrouve des groupes monophylétiques régionaux
facon interchangeable). ol des spécimens pygmeées sont meélangés a des

Les résultats produits par les trois méthodes sont cyclotistypiques.
proches (Fig. 1). L'arbre le plus vraisemblable cor- Du point de vue des processus évolutifs, une seule
respond a I'un des deux arbres parcimonieux, ces hypothése permet de rendre compte de fagon satisfai-
deux arbres ne différant que par la position dlura. sante de la répartition des données : il faut considé-
cyclotis (DRC2) dont la branche est trés courte : rer qu'il n’existe pas de barriére reproductive entre les
((DRC2, DRC9) DRC3) ou (DRC9 (DRC2, DRC3)). éléphants de forét typiques et/ou pygmées. Dans ce re-
Ces phylogénies montrent)(la monophylie des élé-  gistre, les différenciations locales entre les populations
phants de forét au sens largey¢lotis & pumilio) gue nous observons ont pu s’'établir par un phénomeéne
et (i) une structuration nette des éléphants de forét d’isolement par la distance, associé a des événements
en deux clades (W pour «western», occidental, et E historiques d’expansion et de rétraction des foréts en
pour « eastern», oriental) qui ne recouvrent pas les li- fonction des variations climatiques quaternaires. Dans
mites systématiques en cours, ni une différenciation ce cadre, il apparait nécessaire d’abandonner le taxon
géographique absolue (du fait notamment de la pré- de rang spécifiqueoxodonta pumilioll demeure tou-
sence de spécimens du Congo dans les deux clades)tefois possible que des populations locales d’éléphants

Contraindre la monophylie réciproque daglotiset de forét aient évolué de fagcon convergente dans le sens
despumilio produit des arbres nettement moins parci- d’une réduction globale de la taille. En somme, recon-
monieux et moins vraisemblables. naitre que les éléphants pygmées ne constituent pas

Les deux spécimens du Cameroun disponibles dansune espéce ne nie pas l'existence de tels animaux en
notre échantillon ont un réle a part dans cette phylogé- tant que représentants d'@xtremuniocal de varia-
nie : ils proviennent de la zone de contact hypothé- tion au sein des éléphants de forét.
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1. Introduction edly witnessed, although knowledge about it remained
poorly documented [29] — mainly through captive
Recent years have seen the development of thespecimens [10,11] —, and is always much debated. It
molecular survey for the African elephant formerly was described as an extremely small form of forest
recognized as a single specid¢xodonta afficana  elephant with shoulder height always inferior to 2 m,
(BLUMENBACH 1797) [1]. Since the publication of the - and rather comprised between 1.6 and 1.8 m [12—15].
first cytochromeb sequence of a forest elephant [2], |5 geographical range is thought to encompass Equa-
molecular phylogenies have revived the debate over yqria| Guinea, Gabon, Cameroon and Central African
the systematic status of the forest form (subspeci(_es) Republic (CAR), Congo and Democratic Republic of
of the African elephant. The amount Qf genetic di- Congo (DRC, former Zaire) [16]. Its aquatic habits
vergence (rather than the phylogenetic pattern) haswere also postulated [9,17,30]. For the latter reason
been put forward to resurrect the view of two distinct oygmy elephants have s,orr;etimes been regarded as’a

species within African elephantisoxodonta africana i . . .
the savannah elephant on the one handlaxddonta swamp eco_type O.f theyclotisform [22], Bes_|de§, th|5_
remote habitat might have played a role in hindering

cyclotis(MATSCHIE 1900), the forest elephant on the i i . )
research progress about this animal, which is mainly

other [3]. This position is consistent with the splitter- . X X
attitude of the early 20th century when the system- Known through few collection specimens. The exis-
atics of the African elephant was a permanent issue €Nce of pygmy elephants has also been denied [18,

sustained by the promotion of new taxa out of the 19] arguing they are nothing but juvenile forest ele-
description of the most meagre morphological argu- Phants [20,21]; yet morphological evidence about the
ment [4—7]. Of the 22 described taxa of African ele- €Xistence of dwarf-size mature elephants had been for-
phants, only three were retained for systematic discus- merly attested [22]. Otherwise, it has been assumed
sions in the more recent literature: the savannah ele-that pygmy elephants are the results of individual cases
phant @fricana), the forest elephantyclotig, and the of nanism or pathological growth [20]. As a com-
pygmy elephantgumilio). promise on this uncertainty, some authors assigned
Until now, only two have been examined on molec- the pygmy elephants a subspecific rahkxodonta
ular grounds: while both nuclear [3] and mitochondrial africana pumilio [17,23]. Interestingly, pygmy ele-
data [8] forcyclotisandafricanaforms have accumu-  phants seem to display the same level of morphologi-
lated, nothing has been done concerning the so-calledca| (discrimination through the size of adults) and eco-
“pygmy” of central- and west-African rainforedtox- —|ogjcal (distinct ecological preferendums) distinctive-
odonta pumilio(NOACK 1906).Loxodonta fransseni  pess towardsyclotisascyclotisdoes towardsfricana
(SCHOUTEDEN1913) Qescnbed as ‘_I’eleph_a_nt d'eau’ (but see [19] for competing point of view).
[9] was later synonymized tb. pumilio, but it is now As the view of two species of African elephants
s L e O e Bl = Yol T S8 i now faiy common [324-26], we ueston here
the validity of thepumilio form as a third species.

phant, although the type specimenlofpumilio - a The issue of the status of pygmy elephants has

captive specimen — appeared to be a yolng. cy- . . . . .
clotis that have continued growing until its death [18]. been primarily su§ta|ned by anatomlcal stqules [13,
19,22] of dwarf-sized specimens in collection. We

The subsequent binomial is held by a small-sized male .
specimen, but also juvenile — of D4/M1 dental aging 'ound it relevant to check the morphology of these
(Debruyne’s personal examination) — so that both can historical specimens and analyse them on molecular
be considerediomina nudaWe keep the old species 9rounds. We thus provide the first insight into the
name Loxodonta pumilipjust for communicationand ~ Molecular phylogeny of nine collected specimens
mainly for the sake of clarity, although the indepen- ©Of dwarf loxodonts mainly derived from the Congo
dence of the dwarf form is not supported in this arti- Basin, of which populations had not been investigated
cle. to date. The markers sequences are mitochondrial
Throughout the last century, the existence of a cytochromé gene, and hyper-variable region 1 of the
dwarf form of the African elephant has been report- control region, plus in-between tRNAs.
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2. Materialsand methods Lake (former Leopold Il Lake) area. Three other spec-
imens are from the National Museum of Natural His-

2.1. Sampling procedure, DNA extraction, tory of Paris (MNHN, France), which were all studied

amplification and sequencing for their morphology [13,22]. Our observations con-

firm that these samples belong to extremely small in-

Two different types of samples were collected dividuals and at least five are adults (Nos. 1956-194,
for our molecular purposes (Table 1). Hair (or tis- 3396, 7692, 9524, 20330, 20332). All bone samples
sues) were collected for three savannah elephantswere subjected to a modified phenol/chloroform pro-
and two forest elephants. These samples were sub-tocol [32,33].
mitted to a standard CTAB extraction protocol [31]. Until now 17 ‘forest elephantssensu latohave
Six bone samples from non-pygneyclotis individ- been examined (nine pygmies and eight ‘typical’ for-
uals preserved in collection were also added. Sam- est elephants). They broadly represent the geographic
ples of pygmy elephants — recognized as such throughextent of forest elephant populations [34]. Three sa-
collection-labelling — were derived from nine spec- vannah African elephants are included in the analysis
imens in collection. Among those preserved at the to test forest elephants’ monophyly. Two Asian ele-
Royal Museum of Central Africa of Tervuren (MRAC, phants are added as outgroup taxa, each one belonging
Belgium), five individuals (Nos. 7692, 9524, 20330, to one acknowledged main subclade witlitephas
20331, 20332) were already studied for morphol- maximug35].
ogy [22]. One is added (13396), representing the In this paper, we exclusively focus on the variabil-
fransseniform of dwarf elephants from Mai-Ndombe ity of mtDNA. This for two main reasonsi ) we con-

Table 1

Description of the samples from collection/extant specimens

Taxont Collection Provider Geographic origin Sample  Museum  Morpholo- In-text reference Access No.
label type reference gical (Genbank)

analysis

L. africana africana Basel Zoo (Switzerland)  South Africa Hair - - Laa South Africa 1 AF132528

L. africana africana Thoiry Reserve (France) South Africa Hair - - Laa South Africa 2 AF132529

L. africana africana Thoiry Reserve (France) Namibia Hair - - Laa Namibia AF132527

L. africana cyclotis MNHN (France) Sierra-Leone Hair - - Lac Sierra-Leone  AF133530

L. africana cyclotis Lope Reserve (Gabon) Lope Reserve, Gabon Muscle - - Lac Gabon 1 AY359278

L. africana cyclotis Fribourg Museum (Switz.) Southern CAR Bone - - Lac CAR AY359272

L. africana cyclotis MNHN (France) Congo Brazzaville Bone No.1906-450 [22] Lac Congo 2 AY 359268

L. africana cyclotis MNHN (France) Cameroon Bone No. 1928-122 - Lac Cameroon 2 AY359269

L. africana cyclotis MRAC (Belgium) Bosobolo, DRC Bone No. 20333 [22] LacDRC9 AY359279

L. africana cyclotis MRAC (Belgium) Uele, DRC Bone No. 8203 - Lac DRC 3 AY359271

L. africana cyclotis MRAC (Belgium) Na Bodio, DRC Bone No. 8188 - Lac DRC 2 AY359270

L. africana pumilio MNHN (France) Aloombe Coast, Gabon Bone No. 1950-728 [13] Lap Gabon 2 AY 359265

L. africana pumilio MNHN (France) Congo Brazzaville Bone No.1956-192 [22] LapCongol AY 359266

L. africana pumilio MNHN (France) Yambong, Cameroon Bone No.1956-194 [22] Lap Cameroonl1l AY359267

L. africana pumilio MRAC (Belgium) Bosobolo, DRC Bone No. 20330 [22] LapDRC6 AY359273

L. africana pumilio MRAC (Belgium) Bosobolo, DRC Bone No. 20331 [22] LapDRC?7 AF517566

L. africana pumilio MRAC (Belgium) Bosobolo, DRC Bone No. 20332 [22] Lap DRCS8 AY359274

L. africana pumilio MRAC (Belgium) Moma, DRC Bone No. 9524 [22] LapDRC5 AY359276

L. africana pumilio MRAC (Belgium) Moma, DRC Bone No. 7692 [22] LapDRC4 AY359275

L. africana fransseni MRAC (Belgium) Mai-Ndombe Lake, Tooth No. 3396 [22] LapDRC1 AY359277

DRC root
E. maximus indicus MNHN (France) India Hair - - Emi India AF132520
E. maximus indicus La Palmyre Zoo (France) Burma Hair - - Emi Burma AF137521

1 A conservative position was adopted relative to name African elephants, which are assumed to be a single species.
* Sequences modified from [37]: tRNAs and control region added to cytochbome
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Table 2
Set of primers for amplification and sequencing

Primer Primer sequence

L14096* 5-GCTTGATATGAAAAACCATCGTT-3
L14147 E* 5-ATGACCCACAYYCGAAAATCTCA-3’
L14283 E* 5-TAACAGGATTATTCCTAGCCA-3
H14349 E* B-TGGGATATAGATGAAAATGCA-3'
L14421 E* 5-TCTGCCTATACACACACATTGGA-3
H14452 E* B-GATGTTCCGTCCAATGTGTG-3
L14639 E* 5-TGAGGAGGCTTTTCRGTAGATAA-3
H14769 E* B-GAATTGTTTGAGCCTGTTTCGTG-3
L14899 E* 5-AGACCCTGACCACTACATACC-3
H14946 E* B-TGTAGGGGRGTATTTAGTGG-3
L14981 E* B-GCCATCCTACGATCTGTACCA-3
H15038 E* B-TTGATAGGAGTAGGGCTAGGA-3
L15151 E* B-TACATGAATTGGCAGTCAACC-3
H15283 E* B-TTACTTAATGAGGTAGTTTTCG-3
L15526 E 5-CGTGCATCACATTATTTACCC-3
H15593 E 5 GAATATGACTTGACACATTAGTTA-3’
L15750 E B-TACCTACCTCCGAGAAACTA-3
H15769 E 5TGGTTTCTCGGAGGTAGGTA-3
H16127 E 5 TTATGTCCTCCGAGCATTGAC-3

The letters L and H refer to the sequence of light and heavy strands
of mitochondrial genome, respectively. Associated numbering refers
to 5 end position in the complete mitochondrial sequence of
Loxodonta africang36]. Primers marked with a * are from [37].

sider here a majority of collection samples unlikely
to have preserved high weight nucDNA arig the
higher level of variability of mtDNA demonstrated in
previous studies of elephants [2] is expected to en-
hance topological resolution within African popula-
tions relative to nuclear markers [3]. We amplified and
sequenced a highly variable fragment the mitochon-
drial chromosome spanning 1961 bp comprising se-
quences of cytochromé gene (complete sequence,
1137 bp), threonine and proline tRNA genes (68 and
66 bp, respectively) and HVR1 of the control region
(and central conserved region for a total of 690 bp).
Elephantid specific primers were designed with the
entire mitochondrial sequence bbxodonta africana
[36] throughoLiGo program (version 4.0) in order to

R. Debruyne et al. / C. R. Biologies 326 (2003) 687-697

reactions were carried out with a protocol formerly
published [37].

2.2. Sequence alignment and phylogenetic analyses

All sequences were read on both strands. Frag-
ments obtained for collection samples were checked
with BLASTN program [38]. Sequences were entered
into a database usingusT package (version 2000
[39]). Semi-automated alignment was performed. No
ambiguous positions were observed. Only one indel
was found, in HVR1 portion, and it is distinctive for
forest/savannah samples.

Phylogenetic analyses were performed using PAUP*
(version 4.0b10 [40]). Unweighted Parsimony analy-
sis (MP) was performed with the branch-and-bound
algorithm of search. Any of the two shortest trees ob-
tained was used as a topological reference @DEL-
TEST (version 3.06 [28]), to estimate the best-fitting
model relevant to the data through the hLRT test, and
yielded similar results. Maximum Likelihood (ML; 20
replicates of heuristic search with random sequence-
addition and TBR branch-swapping algorithm) and
Minimum Evolution (ME) analyses were conducted
with the parameter values estimated for this model.
The robustness of topologies was explored through
bootstrap replications excluding uninformative char-
acters: 1000 replicates for ME and MP, and 100 repli-
cates for ML. Mantel test of correlation between ge-
netic and geographic distances was performed with
MANTEL non-parametric test calculator (version 2.0
[41]).

3. Resultsand discussion
3.1. Among congruence methods

The level of variability in the dataset is limited

sequence short overlapping fragments (see Table 2 forthough four times greater than observed in nuclear
details). Long fragments (up to the entire length of intronic sequences available [3]. Two hundred sites
the sequenced portion) could be obtained for samplesare found variable, of which 148 are parsimony-
of extant animals. Conversely, some of our bones informative (respectively 10.2 and 7.5% of the total se-
fragments belonged to individuals preserved for more quenced fragment). The MP analysis yields two most-
than 50 years in collections. For these specimens, parsimonious trees of 282 steps that differ only in the
the maximal fragment length that we could obtain at internal branching within a threeyclotis clustering
once was often within 400 bp. PCR and sequencing (DRC2 alternatively grouped with DRC3 or DRC9),
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Fig. 1. One of the two most parsimonious trees of MP analysis (282 stepgxCk 0.66; Rl= 0.8254;DELTRAN optimisation). It is strictly
identical to the ML tree (TrN model, see text for values). Bootstrap scores are displayed above branches for the three methods used.

due to extreme shortness of terminal branches. Homo- timisation, but they are fairly consistent with those of
plasy content of the dataset is reduced: Cl excluding TrN (ML) evolutionary model (data not shown). The

uninformative characters 0.66; RI= 0.8254. ME tree displays slight differences in inner-branching
When any of the two parsimonious trees is used for forestlineages, but these singularities are meaning-
as topological reference in theODELTEST proce- less (no bootstrap score above 50). Reciprocally, all

dure, the evolutionary model selected is TrN (for methods provide strong bootstrap support to the same
Tamura & Nei [27]), a moderate complexity model nodes.

where both nucleotide frequencie$ £ 0.1895,G =

0.0850,C =0.3817,T = 0.3438), and three substitu- 3.2. Phylogenetic pattern within forest elephants

tion rates are estimated from the data (two for the tran-

sitions: [AG] = 142.0750 and [CT}= 47.6429 rela- The resulting pattern is clearcut (Fig. 1). The recip-
tive to equal transversion rates fixed to 1.0000). Under rocal monophyly of savannah elephants and ‘forest
these assumptions, ME and ML searches produce treeslephants’ $ensu latd is retrieved and supported by
very similar to MP analysis: the most likely topology the unique indel event in the matrix (optimised as a
is shown in Fig. 1 and is strictly identical to one of the nucleotide loss within savannah lineage at site 1279,
two most parsimonious trees, a situation that is not un- namely the 5end of the control region sequence). It
expected [42] and perhaps of general significance. The conflicts with previous mitochondrial results [8] but
branch lengths displayed are those of deltran (MP) op- seems along with nuclear data [3]. The monophyly
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of forest elephants is apparent due to the sampling of DRC7 and DRCS for typicatyclotis or the clustering
savannah elephants (southern Africa only). The ques- of DRC9, DRC2 and DRC3 pygmy elephants. Nev-
tion of the specific status of forest African elephants ertheless, enforcing topology to obtain monophyletic
however is fully discussed elsewhere (Debruyne et al. pumilio and/or cyclotis produces far worse likeli-
in prep.). hood scores-InL = 47028931 for both as mono-
Within ‘forest elephants’, two main clades are phyletic or 4681.3908 and 4680.2329 for their respec-
found. The first one comprises the most western sam- tive monophyly, rather than 4485.2029 for the most
ples (W), while the second is composed of mostly cen- likely topology), systematically rejected when com-
tral and eastern individuals (E). Nevertheless, this di- pared tobest treeby the S—H test [44].
vision is not absolute insofar as Congo specimens are
observed in both clades. Furthermore, its robustness3.3. Geographical distribution of the haplotypes
is weak (in bootstrap proportions) and branch lengths
information (plotted in Fig. 1) explains it. They- The observed phylogenetic pattern is at odds with
clotis from Sierra-Leone indeed shows a long termi- the idea that two African forest elephants exist, but it
nal branch in comparison with the internal branch of prominently matches the regional distribution of our
the subclade W, depleting his bootstrap score within samples. Therefore, when a Mantel test of correla-
this group. Conversely, thpumilio from Cameroon tion between the genetic distance (estimated through
(Lap Cameroon 1), sister-taxon of all other subclade TrN pairwise-distance matrix fayclotisandpumilio)
E members shows the shortest branch in the whole and geographic distance is performed among forest
tree. Its assignation to any of the main clades is uncer- samples (Fig. 2), it is found highly significang &
tain (and weakly supported): the internal branch that 4.1749> critical value= 2.575, for P = 0.005), so
connects it to clade E is extremely short, and through that there is a strong correlation between the genetic
distances analyses, it rather depicts a sister-taxon rela-and geographic division in ‘forest’ elephants as a
tionship toward clade W. Consequently, it appears very whole. The role of the most distant specimen (Lac
close to the putative ancestral haplotype of all ‘for- Sierra-Leone) in this correlation has been examined:
est elephants’. Because it shares very few distinctive though lowering the global correlation scorne (=
traits towards any of the other representatives of this 0.4842 without Lac Sierra-Leone while = 0.6360
lineage, it may be sensitive to random re-sampling of with it), its suppression does not preclude the signif-
characters during bootstrap procedure, leading to un-icance of the Mantel tesg§. = 4.7403). The pattern
certain alternate clustering with W or E group. Like-

wise, thecyclotisfrom Cameroon (Lac Cameroon 2) 107 AW-W ©E-W ©E-E eLlapCameroonl
is the sister-taxon of other clade E specimens, and it S 90 7
shows a null terminal branch, so that it may represent £ 80 -
the ‘molecular hypothetical ancestor’ of this clade. We g 70 &n
face here a limitation of the tree representation for & 60 - o o
within-species phylogenetic investigations where both g R =
ancestral haplotypes and derived isolates can co-occurg >0
in populations [43]. Actually, these results suggest that 5 40
the Cameroon area might belong to the primitive dis- £ 30 -
persion centre of forest African elephants into Congo & 20 A
basin on one side and into western forest isolates on & |
the other. ©

With the exception of these former sequences, 0 0,005 0,01 0,015 0,02 010'25

‘forest elephants’ display a strong structure associ-
ated with high bootstrap values. Neithgyclotis nor
pumilio fo_rm 1S fou_nd to be monophyletic and each Fig. 2. Genetic distance (TrN) plotted against rough geograph-
appears in all main subclades of ‘forest elephants’. ical distance (km) for all specimens? = 0.4045, r = 0.6360,
Some of them form local clades: DRC6 grouped with g =4.1749> 2.575 for P = 0.005.

TrN genetic distance



R. Debruyne et al. / C. R. Biologies 326 (2003) 687-697 695

1 000 km

Fig. 3. Geographical variation pattern within forest elephants. Forest patches of central Africa are displayed on a grey blackground. Major
clades (W and E) are circled. As for Fig.dyclotisandpumilio are depicted as white and black dots, respectively.

is consistent with the hypothesis of local isolation-by- forest elephant populations, which are known to rarely

distance of these elephants whatever their belongingabandon the forest cover habitat. During dry periods,

to cyclotisor pumilio forms. It depicts the absence of the most distant populations were surely apart and di-

reproductive barrier between these taxa, despite theverged from the others. Our data fit the hypothetic core

remote and patchy nature of the forest areas they in- areas where biodiversity is thought to have concen-

habit. trated [45]: the most western populations are expected
Likewise, when the phylogenetic relationships are to be distantly linked to the Cameroon/Gabon area,

superimposed over extant rainforest distribution which is itself apart from a Eastern DRC centre.

(Fig. 3), the subclades W and E occupy distinct ar-

eas that may overlap in Cameroon/Congo. Strikingly, 3.4. Potential explanations of the pattern

the two specimens from Cameroon display intermedi-

ate genotype: one of them (Lap Cameroon 1) shares  Two main phenomena may be responsible for the

few derived characters with either subclade W and pattern we observe (betweenmilio andcycloti§ at

subclade E, but also several autapomorphies, so thatthe specific-level or belowi) Coalescence theory of-

its relationships remain uncertain. The other one (Lac ten accounts for the non-monophyletic patterns of spe-

Cameroon 2) conversely shows no exclusive derived cific taxa because of retention of ancestral polymor-

characters and clusters with all other subclade E spec-phism and subsequent lineage sorting. In the present

imens, as a potential representative of the ancestralcase, the hypothesis thayclotis and pumilio ele-

genotype of this group. Cameroon samples also ex- phants behave as distinct reproductive units which

emplify that both ‘pygmy’ and ‘non-pygmy’ elephants  share haplotypes inherited from a polymorphic ances-

seem to share their habitat throughout their dispersion tral population of ‘forest’ elephants is very unlikely.

range. Indeed, the mean polymorphism (here the average
The geographical division of our sample matches gene diversityH) to be maintained through time in a

satisfyingly the refuge theory in tropical Africa [45]. lineage is highly dependent on the effective siag)(

Major climatic shifting has occurred in Africa for the of this genetic unit (under the infinite-allele model, at

beginning of the Quaternary. ‘Cold’ dry periods (when the mutation drift equilibrium) [46]:

rainforest was depleted and hosted populations frag-

mented) succeeded to moist periods (when forest co- 77 ANep

alesced, up to achieving a continuum from Senegal to 1+ 4Neu

Uganda). These cyclic variations have surely disturbed  (with  the mutation rate per generatjon
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In that case, pygmy and non-pygmy elephants would

share mitochondrial haplotypes because of reciprocal References
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