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The Mormyridae areAfrican osteoglossomorph fresh-
ater fishes of great interest because of their electric
rgans. They have become an important model in
tudies of electrophysiology and behavior but their
hylogenetic relationships are poorly known. Phyloge-
etic relationships among mormyrids were deter-
ined by comparing cytochrome b sequences (588 bp)

f 27 species belonging to 15 genera. Results showed
hat the Petrocephalus species (subfamily Petroceph-
linae) are the sister-group of all other mormyrids
subfamily Mormyrinae). The monophyly of the Mor-
yrinae was supported, as well as three original intra-
ormyrinae clades. Three genera, Marcusenius, Polli-
yrus, and Brienomyrus, were found to be polyphyletic
ith high support. Some of these polyphylies are tenta-

ively explained. The results confirmed that the lateral
thmoid bone was lost several times within the Mor-
yrinae. These findings emphasize the necessity of

ystematic studies and taxonomic revision of the Mor-
yridae. The tree obtained from the mitochondrial

ata showed a single rise of each electrocyte type
xcept for electrocyte with penetrating stalk (‘‘Pa’’).
onstraining the single occurrence of electrocyte type
a did not require an excessive number of extra steps

1.86%). r 2000 Academic Press

Key Words: Mormyridae; electric fish; phylogeny; cy-
ochrome b; electric organ.

INTRODUCTION

The largest group of freshwater electrogenic fishes is
he order Mormyriformes, with about 200 species
Gosse, 1984; Nelson, 1994; Boden et al., 1997). New
pecies are regularly described (Roberts, 1989; Bigorne
nd Paugy, 1990, 1991; Boden et al., 1997). All these
pecies are African endemics and are widely distrib-
ted in the freshwater (especially riverine) habitats of
he continent except in the Cape and Maghrebian
egions. The mormyrids reach their highest diversity in

he Congolese (previously Zairian) ichthyofaunal prov- a

1

nce (Roberts, 1975) (Central Africa) with more than
00 species, where they account for 16.2% of the total
sh species (Teugels and Guéguan, 1994). In some
laces, the mormyrids are the most abundant fishes,
aking up over 65% of the fish biomass (Petr, 1968).
ne of the most remarkable particularities in mor-
yrids is the presence of four electric organs (EOs),

ocated in the caudal peduncle (Bennett, 1971), which
nable them to emit weak electric discharges. Associ-
ted with electroreceptive structure, these fishes use
lectric discharge in object location (electrolocation)
nd social communication (Hopkins, 1986). These weak
lectric discharges are often species specific and may be
seful as taxonomic characters (Hopkins, 1981; Craw-

ord and Hopkins, 1989; Roberts, 1989; Bigorne and
augy, 1991). Despite the great interest in mormyrid
lectrophysiology and behavior (reviews in Bullock and
eiligenberg, 1986; and Moller, 1995), the phylogenetic

elationships within mormyrids is still poorly known.
The order Mormyriformes includes two families, the
ormyridae with 18 genera (Gosse, 1984) and the
ymnarchidae (a monospecific family), which are eas-

ly distinguishable by anatomical, in particular the lack
f caudal and ventral fins for the Gymnarchidae (Tav-
rne, 1972; Nelson, 1994), and electrophysiological
haracters (review in Kawasaki, 1993). The classifica-
ion of Mormyridae has been successively studied by
oulenger (1898), Pappenheim (1906), and Myers

1960). The most recent classification of Mormyridae
ased on osteological characters (Taverne, 1968a,b,
969, 1971a,b, 1972) recognizes two subfamilies: the
etrocephalinae (1 genus, Petrocephalus) and the Mor-
yrinae. Taverne (1972) made hypotheses on the rela-

ionships among the 16 genera of Mormyrinae known
t that time but the osteological characters used pre-
ent a high level of homoplasy, and most relationships
re not well resolved or supported by synapomorphies.
he difficulties in assessing phylogenetic relationships
n the basis of osteological comparisons led us to

ddress these questions using molecular data.

1055-7903/00 $35.00
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2 LAVOUÉ ET AL.
Recently, Agnèse and Bigorne (1992) examined ge-
etic variability at 16 protein-coding loci for eight
pecies of West African mormyrids from five genera
Hippopotamyrus, Marcusenius, Pollimyrus, Mormyrops,
nd Petrocephalus). Because these authors didn’t use
ny outgroup, phylogenetic implications are limited.
owever, their analysis revealed a large genetic differ-

nce between the Petrocephalus species and the other
axa. Van der Bank and Kramer (1996) analyzed allo-
yme data combined with morphological, behavioral,
nd ecological characters from five genera (Hippopota-
yrus, Marcusenius, Mormyrus, Petrocephalus, and
ollimyrus) and used Gymnarchus niloticus Cuvier,
829 as the outgroup. The resulting tree suggested that
etrocephalus and Pollimyrus are sister-groups and

hat Hippopotamyrus is paraphyletic. Alves-Gomes and
opkins (1997) studied phylogenetic relationships be-

ween four mormyrid genera (Marcusenius, Petrocepha-
us, Gnathonemus, and Brienomyrus) and Gymnarchus
iloticus with special attention to the genus Brieno-
yrus (with six species) using mitochondrial ribosomal
NA partial sequences (12S and 16S). Gymnarchus
iloticus and mormyrids were found to be sister-
roups. Within mormyrids, the genus Petrocephalus
as the sister-group of the Mormyrinae. These authors
lso proposed the paraphyly of the genus Brienomyrus
nd the first hypothesis of evolution of electric organs
ased on a phylogeny.
There is currently no phylogenetic study of the
ormyrids which includes all genera described. In this

tudy we examined molecular phylogenetic relation-
hips (using partial cytochrome b gene sequences)
mong 27 species of mormyrids representing all genera
nd subgenera recognized in Taverne (1972) and Gosse
1984), except Isichthys, Stomatorhinus, and Heteromor-

yrus (only one specimen is known for the latter genus
Taverne, 1972) and was lost during the last World

ar). The fossil record of osteoglossomorphs is well
ocumented but there are few fossil mormyrids. Guo-
ing and Wilson (1996) estimated the emergence of the
ormyriforms lineage at the early Oligocene (33 MA).
he cytochrome b gene is an appropriate phylogenetic
arker in fish at this maximum divergence time (Chen

t al., 1998). Using these phylogenetic relationships as
framework, we discuss the evolution of some osteologi-

al characters and electric organs.

MATERIAL AND METHODS

Twenty-nine specimens representing 27 species from
he family Mormyridae and two outgroups, Gymnar-
hus niloticus (Gymnarchidae) and Heterotis niloticus
Cuvier, 1829) (Osteoglossidae), were studied (Table 1).
pecimens of Myomyrus pharao Poll and Taverne, 1967
nd Genyomyrus donnyi Boulenger, 1898 came from
he ichthyological collections of the Royal Museum of

entral Africa (MRAC) in Tervuren (Belgium), where 7
hey were preserved in alcohol after fixation in formal-
ehyde. Campylomormyrus tamandua (Günther, 1864)
nd Gnathonemus petersii (Günther, 1862) came from
quarium importers. All other specimens were col-
ected in the field in Mali (1994) by R. Bigorne; in Ivory
oast (1996) by G. Teugels, G. Gourene, S. Lavoué, and
. Bariga; in Gabon (1997) by S. Lavoué; and in Ghana

1997) by Y. Fermon; and all specimens were preserved
n alcohol. Petrocephalus bovei (Cuvier and Valenci-
nnes, 1846) is a species complex rather than a valid
pecies (Bigorne and Paugy, 1991; Bigorne et al., in
rep); for this reason, we studied two specimens from
wo origins. Because the taxonomy of the genus Brieno-
yrus is particularly uncertain, especially for the
abon species, the identification of two specimens from
abon was only to the level of genus, and they are

eferred as B. sp1 and B. sp2. Most of the specimens
sed in this study are deposited at the Museum Na-
ional d’Histoire Naturelle (MNHN) and the Royal
useum of Central Africa (MRAC) (Table 1).
Total DNA was extracted from tissues of muscles

preserved in 70% ethanol) using the procedure of
innepenninckx et al. (1993). DNA was extracted from

ormaldehyde-fixed tissues (for Myomyrus pharao and
enyomyrus donnyi) following the protocol of Vachot
nd Monnerot (1996), modified by Lavoué and Agnèse
1998). DNA was amplified using the polymerase chain
eaction (PCR) from the total genomic DNA extracts
300 to 1000 ng). The primers used were H15930
CTT-CGA-TCT-TCG-RTT-TAC-AAG), L15047 (TAC-
TA-TAC-AAA-GAA-ACM-TGA-AA), L195 (GAA-ACC-
GM-TCA-AAC-AAC-CC), and cb38L125 (TTC-TTY-
CC-TTC-CAC-TTC-TC). The temperature profile for
5 cycles of the amplification procedure was 1 min at
4°C, 1 min at 54°C, and 1 min at 72°C followed by 4
in at 72°C.
Double-stranded PCR products were sequenced ei-

her after a cloning step or directly following availabil-
ty. In the first case, the PCR products were ligated into
plasmid cloning vector and grown in Escherichia coli

ompetent cells using the ‘‘pCR-Script SK(1) kit’’
Stratagène). DNA was isolated from the cells by a
iniprep protocol (Sambrook et al., 1989). The double-

trand insert was sequenced by the dideoxy chain
ermination method using the ‘‘T7 Sequencing Kit’’
Pharmacia Biotech) and 35S labeling. For each indi-
idual at least two independent clones were sequenced.
n the second case direct sequencing was employed; 5 µl
f 50 µl PCR products was used to carry out a sequenc-
ng reaction following the ‘‘Thermo Sequenase Cycle
equencing Kit’’ (Amersham). Nonincorporated prim-
rs and nucleotides were initially digested enzymati-
ally by 1 µl shrimp alkaline phosphatase and 1 µl
xonuclease I. Sequencing was performed with num-
ers of thermocycles containing denaturation, anneal-
ng, and extension steps at 95°C/30 s, 53°C/60 s, and

2°C/60 s for 30 cycles and 72°C for 10 min. Sequencing
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TAB

Specimens Analyzed in This Study with Their Geogra
Electric Org

Species O

amily: Mormyridae
Subfamily: Mormyrinae

Marcusenius furcidens (Pellegrin, 1920) eBia River, Iv
Marcusenius senegalensis (Steindachner,

1870) bNiger River
Marcusenius ussheri (Günther, 1867) eBia River, Iv
Marcusenius conicephalus (Taverne et

al., 1976) aIvindo Rive
Marcusenius conicephalus (Taverne et

al., 1976) aIvindo Rive
Marcusenius moorii (Günther, 1867) aIvindo Rive
Brienomyrus (Brevimyrus) niger (Gün-

ther, 1866) bNiger River
Brienomyrus (Brienomyrus) brachyistius

(Gill, 1862) cAgnébi Rive
Brienomyrus (Brienomyrus) sp. 1 aIvindo Rive
Brienomyrus (Brienomyrus) sp. 2 aIvindo Rive
Pollimyrus petricolus (Daget, 1954) bNiger River
Pollimyrus isidori (Cuvier and Valen-

ciennes, 1846) cAgnébi Rive
Pollimyrus marchei (Sauvage, 1878) aIvindo Rive
Campylomormyrus tamandua (Günther,

1864) Aquarium im
Gnathonemus petersii (Günther, 1862) Aquarium im
Mormyrops (Mormyrops) anguilloides

(Linné, 1764) fBandama R
Mormyrops (Oxymormyrus) zanclirostris

(Günther, 1867) aIvindo Rive
Mormyrus rume Cuvier and Valen-

ciennes, 1846 bNiger River
Mormyrus subundulatus Roberts, 1989 fBandama R
Hippopotamyrus psittacus (Boulenger,

1897) bNiger River
Boulengeromyrus knoepffleri Taverne

and Géry, 1968 aIvindo Rive
Paramormyrops gabonensis Taverne et

al., 1977 aIvindo Rive
Hyperopisus bebe (Lacépède, 1803) bNiger River
Ivindomyrus opdenboschi Taverne and

Géry, 1975 aIvindo Rive
Myomyrus pharao Poll and Taverne,

1967 dCongo River
Genyomyrus donnyi Boulenger, 1898 dCongo River

Subfamily: Petrocephalinae
Petrocephalus bovei (Cuvier and Valen-

ciennes, 1846) fBia River, Iv
Petrocephalus bovei (Cuvier and Valen-

ciennes, 1846) bNiger River
Petrocephalus soudanensis Bigorne and

Paugy, 1990 eVolta Basin,
amily: Gymnarchidae

Gymnarchus niloticus Cuvier, 1829 fNiger River,
amily: Osteoglossidae

Heterotis niloticus (Cuvier, 1829) fBandama R

Locality: aMayibout, bBatamani, cAmebe, dKisangani, eWegbe (Dayi
Literature source: 1Alves Gomes and Hopkins (1997), 2Bass (1986).
LE 1

phic Origin (River and Country), Number Voucher, and
an (EO) Type

rigin Voucher
EO
type

ory Coast MRAC 96-57-P-1 Pa1

, Mali MNHN 1999-273 Pa1

ory Coast MRAC 96-57-P-2 Pa1

r, Gabon Absent Pa2

r, Gabon MNHN 1999-283 Pa2

r, Gabon MRAC 97-51-P-1 NPp1

, Mali MNHN 1999-280 DPp1

r, Ivory Coast MRAC not registered ?
r, Gabon MNHN 1999-281 ?
r, Gabon MNHN 1999-282 ?
, Mali MNHN 1999-274 DPNP1

r, Ivory Coast MRAC not registered DPNP2

r, Gabon MRAC 97-51-P-4 NPp1

port Absent Pa2

port Absent Pa2

iver, Ivory Coast MRAC 96-57-P-4 Pa and Pp1

r, Gabon Absent Pp2

, Mali MNHN 1999-275 NPp2

iver, Ivory Coast MNHN not registered NPp1

, Mali MNHN 1999-276 Pa1

r, Gabon Photo NPp2

r, Gabon MRAC 97-51-P-3 NPp2

, Mali MNHN 1999-277 Pa1

r, Gabon MRAC 97-51-P-9 NPp2

, Congo MRAC 82-25-P32-45 ?
, Congo MRAC 83-31-P39-40 ?

ory Coast MRAC 96-57-P-5 NPp1

, Mali MNHN 1999-278 NPp1

Ghana MNHN 1999-279 NPp1

Mali Absent S1

iver, Ivory Coast MNHN not registered Absent

river), findeterminate.
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4 LAVOUÉ ET AL.
rimers were initially radiolabeled with 33P by kina-
ion.

DNA sequences have been deposited in GenBank
nder Accession Nos. AF095290 to AF095316 and
F095710 to AF095712. Sequence storage and align-
ent were performed using the program MUST (Phil-

ppe, 1993). Absolute mutational saturation was calcu-
ated for each codon position and for transitions and
ransversions separately by plotting the pairwise num-
er of observed sequence differences (Y axis) against
he corresponding pairwise number of inferred substitu-
ions (X axis) in the most parsimonious tree from PAUP
.1.1. (Swofford, 1993).
Phylogenetic relationships among Mormyridae were

stimated by maximum-parsimony (MP) with PAUP
.1.1. (Swofford, 1993). Neighbor-joining (NJ) (Saitou
nd Nei, 1987) using MUST (Philippe, 1993) and
aximum-likelihood (ML) using PUZZLE 4.0 (Strim-
er and von Haeseler, 1996) analyses were also con-

ucted. Heuristic searches of the MP tree were per-
ormed with two weighting schemes: either all
ubstitutions and positions were equally weighted or
ransitions at third position of codon were removed.
ootstrap proportions (BP) were calculated using PAUP

hrough heuristic searches and 100 iterations. In paral-
el to this statistical evaluation of robustness of
ranches, an estimation of the Bremer support index
BSI) for each branch was performed (Bremer, 1994). A
easure of the phylogenetic signal within these data
as estimated by the skewness (g1) of tree-length
istributions by generating 10,000 random trees (Hillis
nd Huelsenbeck, 1992) using PAUP 3.1.1. For NJ
nalyses, Kimura two-parameter distance correction
Kimura, 1980) was used. Statistical confidence of NJ
volutionary trees was assessed using bootstrapping
1000 iterations). For ML analyses, the Hasegawa–
ishino–Yano (1985) model, which incorporates ob-

erved bases frequencies and rates of transitions and
ransversions, was used. Data on the mormyrid electro-
yte stalk complex was taken from the literature and
ot examined directly in this study. The evolution of the
talk complex of electrocytes was examined by mapping
haracter states onto our phylogenetic hypothesis us-
ng MacClade (Maddison and Maddison, 1992). To
valuate the cost of a single rise of the electrocyte type
a required for the molecular data, constrained
eighted heuristic searches were used in PAUP 3.1.1.

RESULTS

equence Analysis

Over the 588-bp segment, 307 (52.2%) nucleotide
ositions were variable. Most variable sites (188, i.e.,
1.2% of the total variable sites) were found at the third
odon positions, 80 (26%) at the first codon positions,
nd 39 (12.8%) at the second codon positions. Only 495

p were amplified and sequenced for Myomyrus pharao, c
enyomyrus donnyi, and Brienomyrus brachyistius
Gill, 1866). Sequences obtained from two specimens of

arcusenius conicephalus (Taverne et al., 1976) were
ound to be identical. Uncorrected sequence diver-
ences ( p distance) among different genera of Mormyri-
ae ranged from 0.34 to 17.7%. The sequence diver-
ence between the Petrocephalinae and the Mormyrinae
anged from 13.8 to 19.4%. As expected, the highest
equence divergence was observed between the out-
roups (Heterotis niloticus and Gymnarchus niloticus)
nd the Mormyridae (20.0 to 26.9%).
The results of the saturation analysis are presented

n Fig. 1. Plotting inferred transitions and transver-
ions against pairwise observed transitions and trans-
ersions indicates a relatively linear relationship at the
rst and second positions of the codons. Transversions
t the third positions are not saturated with superim-
osed substitutions in pairwise comparisons, except for
eterotis niloticus vs Mormyridae and Gymnarchus
iloticus vs Mormyridae. Transitions at the third posi-
ions are strongly saturated with superimposed substi-
utions in all comparisons. The best trade-off between
egree of saturation and loss of information is to use all
ypes of substitutions at the first and second positions
nd only transversions at the third positions.

hylogenetic Analysis

Over the 307 variable sites, 233 (39.6%) were informa-
ive for parsimony analysis (i.e., showing at least two
inds of nucleotides, each present at least twice). Of
hose phylogenetically informative sites, 168 (i.e., 72.1%
f all informative sites) were at the third codon posi-
ion, 51 (21.9%) were at the first codon position, and 14
6%) were at the second codon position.

When the transitions at the third codon positions
ere excluded from the parsimony analysis, 8 equally
arsimonious trees were found. Each tree was 528
teps long with a consistency index of 0.481 and a
etention index of 0.590. A strict consensus of these 8
rees is presented in Fig. 2 and has three polytomies.
he g1 value (20.84) indicated the presence of a
ignificant phylogenetic signal (P 5 0.01). When all
ubstitutions were considered, 39 equally parsimoni-
us trees were found. Each tree was 1046 steps long
ith a consistency index of 0.460 and a retention index
f 0.476. The strict consensus tree of these 39 trees also
howed three polytomies (data not shown). The g1
alue (20.88) indicated the presence of significant
hylogenetic signal (P 5 0.01).
Results obtained by these two different analyses are

imilar and both support the monophyly of the family
ormyridae (BP $ 93% and BSI . 4). Within the Mor-
yridae, the genus Petrocephalus (Petrocephalinae)

nd the remaining genera of mormyrids (Mormyrinae)
re sister-groups (BP $ 84% and BSI 5 3). Three gen-
ra, Pollimyrus, Marcusenius, and Brienomyrus, are

learly polyphyletic. All analyses suggested the pres-
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5MOLECULAR PHYLOGENY OF MORMYRIDAE
nce of three monophyletic groups within the Mormyri-
ae: (1) a clade grouping the species of the genera
nathonemus, Marcusenius (without M. conicephalus),
ippopotamyrus, Genyomyrus, and Campylomormyrus

BP $ 71% and BSI $ 2); (2) Ivindomyrus opdenboschi
Taverne and Géry, 1975), Boulengeromyrus knoepffleri
Taverne and Géry, 1968), and Pollimyrus marchei
Sauvage, 1878) (BP 5 100% and BSI . 4); and (3) a
eterogeneous clade consisting of Marcusenius coni-
ephalus, the two species of Brienomyrus from Gabon,
nd Paramormyrops gabonensis (Taverne et al., 1977)
BP $ 66% and BSI 5 2). Whatever the weighting
cheme used, in Mormyrinae, Myomyrus represents the
ost basal lineage, although its position is never

upported by high BP or BSI.
The tree (Fig. 2) presents a remarkable asymmetry

n branch lengths. The basal branches are considerably

FIG. 1. Mutational saturation analysis of the sequence data set u
heoretical situation for which no saturation is observed (numbers of o
he continuous line represents the linear regression used to evaluate
horter than those of the higher part of the tree. This is t
ot due to a rooting artifact because Alves-Gomes and
opkins (1997) found the same ingroup rooting point

rom another gene. The nodes discussed above were
lso found by the NJ and ML analyses with high
tatistical support (data not shown).
Saturation plots show a mutational saturation in

ransversions at the third position of the codon in
ymnarchus niloticus and Heterotis niloticus. To test

he hypothesis of the effect of this saturation on intra-
ormyrid phylogeny, Gymnarchus niloticus and Hetero-

is niloticus were eliminated from the analysis and the
hree species of Petrocephalus (Petrocephalinae) were
hosen as the outgroups to root the Mormyrinae phylog-
ny. Removing these taxa apparently eliminates the
bserved saturation at the third position transversions
Fig. 1). Whatever the weighting scheme used (all
ubstitutions or without third codon transitions), a

g COMP_MAT of MUST and PAUP. The dashed line represents the
erved changes equal numbers of inferred changes). For TS3 and TV3,
level of saturation. TS, transitions; TV, transversions.
sin
bs

the
opology similar to the one previously obtained was
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6 LAVOUÉ ET AL.
bserved (Fig. 2). In this case, the same clades were
upported by high BP or BSI.

DISCUSSION

onophyly of Mormyridae and Sister-Group
Relationships between Petrocephalinae and
Mormyrinae

The monophyly of the Mormyridae without Gymnar-
hidae, contrary to some expressed doubts (Nelson,
994), is clearly supported by our molecular data. Our
esults also showed that the family Mormyridae is
omposed of two sister-groups: species of the genus
etrocephalus and all other species. This is in agree-
ent with the traditional nomenclature of Taverne

1969, 1972), who described two subfamilies (Petroceph-
linae and Mormyrinae), and is also congruent with a
artial phylogeny obtained by Alves-Gomes and Hop-
ins (1997).
However, Van der Bank and Kramer (1996) sug-

ested that Petrocephalus catostoma (Günther, 1866)

FIG. 2. Strict consensus tree of the eight equiparsimonious trees
ositions are excluded from the analysis (see Fig. 1). Length of each t
efer to the bootstrap proportions provided when above 50%. The nu
his strict consensus with branch length (shown under ACCTRAN opt
nd Pollimyrus castelnaui (Boulenger, 1911) were sister- d
roups and provided characters supporting these rela-
ionships: (1) two allozyme products of identical mobil-
ty, (2) triphasic electric organ discharge (triphasic
OD) with head-negative main phase, (3) morphologi-
al similarity, and (4) food preferences for microcrusta-
ea. We offer the following alternative interpretation of
hese characters. The relationships between Polli-
yrus and Petrocephalus based on two uniquely shared

sozymes may be the result of a convergent electropho-
etic mobility gained twice, given the relationships
upported by this study and by that of Agnèse and
igorne (1992). The triphasic EOD with head-negative
ain phase seen in the two taxa is, first, atypical for the

enus Petrocephalus and, second, known in several
ther mormyrid genera in addition to the two consid-
red (Bass, 1986; Alves-Gomes and Hopkins, 1997). The
xternal overall similarity between two taxa is not a
roof of their close relationship. In the case of Petro-
ephalus and Pollimyrus the similarity is only superfi-
ial and the osteology of the two genera is very distinct
Taverne, 1969, 1971b). Last, many genera of Mormyri-

ained from a heuristic search (PAUP 3.1.1.). Transitions at the third
is 528 steps; C.I. 5 0.481; R.I. 5 0.59. The numbers above branches

ers below branches refer to the Bremer support index. The length of
zation) is 533 steps.
obt
ree
mb
ae share the same food habits and no attempt has
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7MOLECULAR PHYLOGENY OF MORMYRIDAE
een made to establish the generality of these particu-
ar preferences within these two genera. Thus, the
haracters proposed by Van der Bank and Kramer
1996) to support a sister-group relationship between
etrocephalus catostoma and Pollimyrus castelnaui are
roblematic sources of phylogenetic information.

he Lateral Ethmoid Bone

Our results suggested relationships different from
hose implied in the classification of the subfamily
ormyrinae proposed by Taverne (1972). Under his

ypothesis, all of the mormyrid genera without a
ateral ethmoid bone are in a single clade (Mormyrops,

yomyrus, Campylomormyrus, Genyomyrus, Gnatho-
emus, Boulengeromyrus, and Brienomyrus; plus Isich-
hys and Stomatorhinus, which are not represented in
his study). Alves-Gomes and Hopkins (1997) contra-
icted Taverne’s view based on molecular evidence and
roposed that the lateral ethmoid bone alone may not
e a reliable character for inferring phylogenetic rela-
ionships among mormyrids. Our molecular data sup-
ort this second hypothesis and indicate that the loss of
he lateral ethmoid bone independently occurred sev-
ral times in the Mormyrinae.

olyphylies

As expected, the genus Brienomyrus is found to be
olyphyletic (Alves-Gomes and Hopkins, 1997). More
urprising are the polyphylies of Pollimyrus and Mar-
usenius. Such well-supported disagreements between
ur phylogenetic hypothesis and the classification at
he genus level can have two origins: either the current
axonomical position of some species is wrong and
equires reexamination or the phylogeny of mitochon-
rial DNA is different from the species tree (Maddison,
997). This second hypothesis can have two causes:
etention of ancestral polymorphism across past clado-
enic events or introgression. If an ancestral species
as polymorphic in its mtDNA, phylogenetic analysis
f haplotypes of modern species might reveal the order
n which the haplotypes originated within the ancestor
nd not the relationships of the species themselves
Agnèse et al., 1997). The mtDNA of one species could
lso have been established in another by introgression
f the mitochondrial genome without nuclear contami-
ation. This phenomenon has already been observed in
ther fishes (Dowling et al., 1989; Duvernell and Aspin-
al, 1995; Mikai et al., 1997; Gilles et al., 1998).
Our results showed that Marcusenius conicephalus
tDNA from Gabon was closer to the mtDNA of the

ympatric Brienomyrus and Paramormyrops gabonen-
is from Gabon than to the mtDNA observed in the four
ther Marcusenius species. To eliminate the hypothesis
f DNA contamination, Marcusenius conicephalus se-
uences were obtained on two occasions separated by 6
onths from different individuals. The genus Marcuse-

ius was defined by Taverne (1971b) on the basis of its i
steology and is characterized by a unique shape
mong mormyrids. We think it is possible that in this
ase the mitochondrial phylogeny differs from the
pecies phylogeny (Doyle, 1992, 1997; Maddison, 1997).
t seems more likely that the mtDNA haplotype of M.
onicephalus is the result of introgressive hybridization
han the result of ancestral polymorphism, since this
aplotype is very different from those of other Marcuse-
ius and is closer to the haplotypes of other species also
ndemic to the Ivindo River in Gabon and the N’tem
iver in Cameroon. Phylogenetic analysis of an un-

inked nuclear locus would be useful in evaluating this
ypothesis.
The genus Pollimyrus was also found to be polyphy-

etic. Pollimyrus marchei mtDNA was close to that of
vindomyrus opdenboshi and Boulengeromyrus kno-
pffleri and very different from that of P. petricolus and
. isidori. Taverne (1971b) did not examine the osteol-
gy of Pollimyrus marchei and placed this species in the
enus Pollimyrus without clear justification. The elec-
rocyte structure in P. marchei is different from that
ound in other Pollimyrus species. Pollimyrus marchei
as electrocytes with nonpenetrating stalk (NPp) (Bass,
986), while P. petricolus and P. isidori have electric
rgans with electrocytes with double-penetrating and
onpenetrating stalks (type DPNP) (Bass, 1986; Alves-
omes and Hopkins, 1997). This structure is complex
nd scarce in Mormyrinae (only Stomatorhinus shares
his structure). The stalk structures of NPp and DPNP
re very different. Although no osteological or morpho-
ogical synapomorphy can be demonstrated, P. marchei
s morphologically very close to Ivindomyrus opdenbo-
hi and shares with it the same type of electrocyte
NPp). For these reasons, P. marchei probably does not
elong in the genus Pollimyrus.
Brienomyrus is the third polyphyletic genus. The

our species were clustered in three different groups: (1)
. sp1 and B. sp2 from Gabon group with Paramor-
yrops gabonensis and Marcusenius conicephalus, (2)
. niger represents a distinct lineage, and (3) B.
rachyistius represents a second distinct lineage. These
esults confirm those of Alves-Gomes and Hopkins
1997). This genus is not morphologically well defined
nd it appears heterogeneous from the electrophysiologi-
al viewpoint (Bigorne, 1990; Alves-Gomes and Hop-
ins, 1997). These results emphasize the necessity of
ystematic study and taxonomic revision of Brieno-
yrus.

riginal Clade

Our results clearly showed a close relationship among
nathonemus, Marcusenius, Campylomormyrus, Hip-
opotamyrus, and Genyomyrus. This group cannot be
haracterized by any single uniquely derived character
ut can be characterized only by an original combina-
ion of three derived characters (each possibly found

solated elsewhere in the tree): (1) presence of a well-
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8 LAVOUÉ ET AL.
eveloped submental swelling, (2) fusion between the
ntorbitar bone and the first infraorbitar bone into a
nique lacrymal, and (3) electrocytes with penetrating
talks innervated on the anterior side of each cell (type
a (Bass, 1986), except for Marcusenius moorii for
hich it is NPp, (i.e., electrocytes without penetrating

talk; see below). Type NPp electrocytes in Marcuse-
ius moorii (as in Brienomyrus), could have arisen
ossibly through paedomorphosis from a Pa electrocyte
Alves-Gomes and Hopkins, 1997).

he Evolution of Mormyrid Electric Organs

The adult electric organs of the mormyrids have
volved from muscle tissue and are composed of electro-
ytes. The electrocytes are disk-shaped, multinucleated
ells. Each cell has anterior and posterior faces. One
ace gives rise to a series of finger-like evaginations
hat fuse into a stalk system that is innervated in a
estricted zone by spinal electromotor axons. The elec-
rocyte structure and particularly the stalk system
ave been studied in great detail by several workers
Bennett and Grundfest, 1961; Szabo, 1961; Bass, 1986;
eview in Alves-Gomes and Hopkins, 1997). Bass (1986)
nd Alves-Gomes and Hopkins (1997) recognized five
lectric organ structures in mormyrids, based on the
omplexity of the stalk system: (1) nonpenetrating
talk electrocytes innervated on the posterior face (type
Pp), (2) penetrating stalk electrocytes innervated on

he anterior face (type Pa), (3) inverted penetrating
talk electrocytes innervated on the posterior face (type
p) (this type is simply the inverted version of the Pa
lectrocyte; Pp electrocytes are found only in Mor-
yrops), (4) doubly penetrating stalk electrocytes inner-

ated on the posterior face (type DPp), and (5) doubly
enetrating and nonpenetrating stalk electrocytes in-
ervated on the posterior face (type DPNP). In Gymnar-
hidae, the electric organs have the same muscular
rigin as in Mormyridae, though they present a number
f anatomic differences. The electrocytes are stalkless
nd directly innervated by the spinal electromotor
xons on the posterior face (type S). The anatomy of the
talk system has been described for 22 of the 27 species
tudied here (Table 1).
Based on their partial phylogeny and on electrocyte

talk system anatomy,Alves-Gomes and Hopkins (1997)
uggested that primitive electrocyte structure in mor-
yriforms was stalkless (type S). Because there are

nly two families in mormyriforms and only Gymnar-
hus niloticus possesses the S organ, the outgroup
riterion alone cannot establish with confidence whether
he S type is ancestral relative to electrocytes with
talks. More data on the ontogenic development of each
tructure could be useful in resolving this issue. In
ormyridae, these authors proposed that the type NPp

lectrocyte is more ancestral than the type Pa electro-

yte and suggested that reversions from Pa to NPp may
ave occurred. They proposed a paedomorphorphic
echanism to explain these reversions.
Tracing the evolution of electrocyte structure types
ithin Mormyridae using MacClade (Maddison and
addison, 1992) indicates that the ancestor of Mormyri-

ae and Mormyrinae probably had electrocytes with
onpenetrating stalks (NPp). However, this conclusion

s weakly supported by our data because the electrocyte
ype in Myomyrus is not known and no good resolution
as found for the base of the tree in Mormyrinae. Thus,
a, DPNP, and DPp organs could be derived from NPp
s suggested by Alves-Gomes and Hopkins (1997). Our
ost parsimonious trees (discarding transitions at the

hird position) showed several occurrences of the elec-
rocyte type Pa. In the less favorable optimization, Pa
and Pp) appears three times (the case of Marcusenius
onicephalus being excluded because of possible intro-
ression, see above). However, multiple occurrences of
a are not supported by robust nodes. Constraining a
ingle occurrence of the electrocyte type Pa does not
equire many extra steps (10 extra steps, i.e., 1.86%).
ur mitochondrial data therefore do not strongly contra-
ict the single rise of the Pa electrocyte type.
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gnèse, J. F., and Bigorne, R. (1992). Premières données sur les
relations génétiques entre onze espèces ouest-africaines de Mor-
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