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Abstract

In this report we generate a partial phylogeny of the mormyriform fishes using
mitochondrial DNA sequences from twelve species of mormyriforms belonging
to five genera. Electric organs and electric organ discharges are also examined.
‘We have sequenced and aligned 373 bases from the mitochondrial 12S rRNA
and 559 bases from the 16s TRNA from fourteen species of the superorder Os-
teoglossomorpha. Two non-mormyriform genera were used as outgroups. Three
phylogenetic methods generated concordant partial phylogenies for these fish.
Our analysis focuses on the genus Brienomyrus, which is a heterogeneous clade
with at least eleven nominal species. Six morphs from Gabon had distinctive
EODs but were morphologically ‘cryptic’ in that they all had the brachyistius-
like body morphology. DNA analysis fully supports the EOD data that the six
morphs represent distinct clades. The group from Gabon is monophyletic, while
B. brachyistius from West Africa is a separate lineage. B. niger, a second distinct
lineage, is a sister group to the six species from Gabon. Petrocephalus is the sis-
ter group of all the genera of the subfamily Mormyrinae so far analyzed, thereby
confirming previous osteological results. Gymnarchus niloticus is the sister
group of the family Mormyridae, also confirming an earlier phylogenetic hypo-
thesis based on morphology. The molecular data adds polarity to electric organ
characteristics. Stalkless electrocytes appear to be primitive. Petrocephalus, with
non-penetrating stalked glectrocytes innervated on the posterior side, represents
an ancestral state for the Mormyridae, while Marcusenius, Brienomyrus and
Gnathonemus with penetrating-stalked electrocytes, represent the apomorphic
condition. Two species with doubly-penetrating electrocytes innervated on the
posterior side may represent a transitional stage. At least two species of Brieno-
myrus appear to have reverted to non-penetrating stalked electrocytes, possibly
through paedomorphosis.
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Introduction

With about 200 nominal species, the mormyriform elec-
tric fishes (order Mormyriformes, Osteoglossomorpha)
comprise one of the most diverse clades of freshwater
fishes from Africa and the largest group of electric fishes
known. The mormyriforms have been the subject of wide-
spread neurobiological interest ever since Lissmann [1951]
discovered that they produce weak electric discharges.
They have been used in behavioral, electrophysiological,
anatomical, and developmental studies of the electric or-
gans, electroreceptors, and the central nervous system, but
little is known about their phylogenetic history. Most of the
systematic work, based on traditional analyses of morpho-
logical characters, has not included phylogenetic or cladis-
tic reasoning [Orts, 1967; Taverne, 1972; Daget et al., 1984].
According to Taverne [1972] and Gosse [1984] there are 199
nominal species of mormyriforms belonging to 18 genera.
Taverne considers the order Mormyriformes to be com-
posed of the families Gymnarchidae and Mormyridae.
While the Gymnarchidae has a single species, Gymnarchus
niloticus, the family Mormyridae is composed of two sub-
families: the Petrocephalinae (26 species) and the Mormy-
rinae (165 species). Since Taverne’s work there have been
several new species added to the group [Gosse, 1984], a
number of revisions of genera based on regional data
[Lévéque et al., 1990], and a number of studies of compar-
ative biology of the group [Hopkins and Bass, 1981; Bass,
1986a, 1986b].

With the recent interest in the neurobiology and behav-
ior of electric fish there is good reason to examine the phy-
logeny of this group using alternative data sets such as mo-
lecular information. In this paper we attempt a preliminary
phylogenetic analysis of several subgroups of mormyri-
forms using mitochondrial DNA sequences.

Genus Brienomyrus

This paper will focus on the genus Brienomyrus (for-
merly Marcusenius), a morphologically heterogeneous
clade with eleven known species. The genus Brienomyrus
was established in 1971 by Taverne [1971a], but the litera-
ture on this genus has been particularly confusing, espe-
cially for fish from the forests of Central West Africa where
one finds the greatest number of species. In previous pub-
lications on the mormyrids of Gabon, Hopkins and col-
leagues have shown that it is possible to identify live
Brienomyrus on the basis of electric organ discharge (EOD)
characteristics [Hopkins, 1981, Bass et al., 1986; Hopkins
and Westby, 1986; Friedman and Hopkins, 1996]. Four mor-
phologically similar species with distinguishable EODs,
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thought to be related to Brienomyrus brachyistius [Gill,
1862], were given temporary names such as B. brachyis-
tius ‘biphasic’ (bp), B. brachyistius ‘long biphasic’ (lbp),
B. brachyistius ‘triphasic’ (tp) and B. brachyistius ‘mono-
phasic’ (mp) [Hopkins, 1980; Hopkins and Bass, 1981; Bass
and Hopkins, 1983; Bass, 1986a; Bass et al., 1986]. Since the
electric discharges in these mormyriforms are used for so-
cial communication and play a vital role in species recogni-
tion [Hopkins and Bass, 1981; Hopkins, 1986], these EOD
types appear to define distinct clades which are repro-
ductively isolated. Three of these species are undescribed,
while one (identified as B. brachyistius monophasic by
Hopkins [1980]) has been reidentified as Brienomyrus
batesii [based on Boulenger, 1906]. Recent studies have
revealed morphological, behavioral, and ecological differ-
ences between the EOD-types that confirm the spe-
cies-level status of these groups; species descriptions are
currently underway. In the past, without EODs, authors
may have confused these species with other forms [see
Trewavas, 1974; Bigorne 1990].

Taverne designated Brienomyrus brachyistius [Gill,
1862] as the type species for Brienomyrus. He also listed
five other species for the genus: B. niger [Giinther, 1866];
B. sphecodes [Sauvage, 1878]; B. longianalis [Boulenger,
19011; B. adustus [Fowler, 1936], and B. jacksoni [Poll,
1967]. Taverne [1972] also defined two sub-genera, Brieno-
myrus (Brienomyrus) and Brienomyrus (Brevimyrus), plac-
ing Brienomyrus (Brevimyrus) niger into one sub-genus
and the remainder into Brienomyrus (Brienomyrus). Since
then, B. jacksoni was put into the genus Paramormyrops,
and four new species were added to Brienomyrus (Brie-
nomyrus). B. curvifrons [Taverne, 1977]; B. longicaudatus
[Taverne, 1977]: B. hopkinsi [Taverne and Thys van den
Audenaerde, 1985], and B. tavernei [Poll, 1972]. Bigorne
[1989] provided a revision of the Brienomyrus of West
Africa and added B. batesii [Boulenger, 1906] (formerly
Hippopotamyrus) to the genus. Mamonekene and Teugels
[1993] added B. kingsleyae [Giinther, 1896] (formerly Pol-
limyrus).

In addition to the difficulty of identifying some of the
Brienomyrus in museum speciemens without the benefit of
the EODs, confusion over Brienomyrus from Central
Africa is in part due to confused synonomies for Brieno-
myrus brachyistius. The list includes Mormyrus micro-
cephalus [Giinther, 1867] with a type locality in the Ogooué
River in Gabon; Marcusenius longianalis [Boulenger, 1901]
from the Niger Delta, and Marcusenius adustus [Fowler,
1936] from Cameroon [Trewavas, 1974]. Molecular phylo-
genies, in conjunction with morphological and behavioral
data can help us to understand the evolutionary relation-
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ships among these confusing groups. This study sheds light
on the relationships among morphologically similar
Brienomyrus clades from Gabon using molecular methods.

Mitochondrial DNA (mtDNA)

In this study we use mtDNA sequences to estimate phy-
logenetic relationships. There is presently extensive in-
formation available about the mitochondrial genome of
several vertebrate and invertebrate orders. In particular,
ribosomal RNA genes have been shown to be suitable for
phylogenetic studies addressing inter-specific as well as
inter-familial realtionships. Among vertebrates, the 12S and
the 16S rRNA genes have been utilized to study phylo-
genies among and between species and families of fish;
[Meyer et al., 1993; Alves-Gomes et al., 1995], amphibians
[Titus and Larson, 1995], reptiles [Knight and Mindell,
1993; Knight and Mindell, 1994], birds [Hedges and Sibley,
1994] and mammals, including rodents, bats, primates, and
whales [Allard et al., 1992; Ammerman and Hillis, 1992;
Milinkovitch et al., 1993; van der Kuyl et al., 1995].

We used 932 aligned sites of the 12S and 16S rRNAs
to study the evolution of the mormyriforms. The resulting
phylogeny permits an analysis of the evolution of electric
organ characteristics.

Electric Organs and Electric Organ Discharges

Since Lissmann [1958], a number of biologists have re-
ported on the electrical and anatomical characteristics of
electric organs of mormyriforms [Bennett and Grundfest,
1961; Bennett, 1971; Schwartz et al., 1975; Hopkins, 1980,
1981; Hopkins and Bass, 1981; Bass, 1986a, 1986¢c; Bass
et al., 1986]. It is widely recognized that the electric or-
gan discharge (EOD) waveforms can be species-specific.
The EODs vary widely between species — in duration, in
number of peaks and inflection points, in polarity, and in
frequency spectrum — and are used for purposes of species-
and sex-recognition [Hopkins and Bass, 1981]. Yet, at-
tempts to understand the evolution of electric organ design
have been confusing, owing to the fact that there are com-
peting selection pressures acting on their design character-
istics.[Bennett, 1971, Bass, 1986b].

The ‘electrocytes’ that make up the electric organ are
flattened disk-shaped multi-nucleated cells with a diameter
of up to several mm and a length of only 10 to 50 pm. One
hundred or more disks lie packed together in four parallel
columns in the elongate and cylindrical caudal peduncle of
an electric fish. Each electrocyte has a complex stilt-root-
like process emerging from one flat face or the other (usu-
ally posterior). These rootlets are smallest in diameter at the
point where they fuse with the electrocyte face. They re-
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peatedly fuse with others, increasing in diameter until they
reach a large trunk where they receive synaptic input from
electromotor nerve axons. This entire root system is called
a ‘stalk’ [Bennett and Grundfest, 1961; Bennett, 1971] or a
‘pédicule’ [Szabo, 1960, 1961].

We recognize four principal types of electric organs
among the mormyriforms we sampled (fig. 3). Our obser-
vations support and extend the observations of Ogneff
[1898], Schlichter [1906], Gosse and Szabo [1960], Bennett
and Grundfest [1961], Bennett [1971] and Bass [1968a], who
recognized a number of other variations in morphology.

Materials and Methods

We conducted the original research herein in accordance with the
guidelines for the humane and ethical treatment of animals set forth by
the National Institutes of Health and supervised by the Cornell Uni-
versity Animal Care and Use Committee.

Specimens Used in This Study

Fourteen species were acquired through tropical fish importers
in the United States, from field trips to Gabon in West Africa (by
CDH) and from specimens sent to Dr. Axel Meyer from Benin in
West Africa. The sources of material are summarized in table 1. Our
specimen identifications were made after consulting the published
accounts of Boulenger [Boulenger, 1909-1916] and Lévéque et al.
[1990] and a number of regional publications. Five species from
Gabon represent undescribed taxa. The Indian knife fish, Notopterus
chitala [Hamilton-Buchanan, 1822] and the African butterfly fish,
Pantodon bucholzi [Peters, 1877], both osteoglossomorphs, came
from tropical fish importers and are included for outgroup compar-
ison. Gymnarchus niloticus [Cuvier, 1829] and four mormyrids also
came from tropical fish importers. One mormyrid, Petrocephalus
bovei [Valenciennes, 1846] was fixed in the field in Benin and had no
electrical recording.

We designate the five unidentified mormyrids from Gabon as
Brienomyrus sp. 1, Brienomyrus sp. 2, Brienomyrus sp. 3, Brienomyrus
sp. 4, and Brienomyrus sp. 5. (See table 1 for names of these unidenti-
fied species used in previous publications.) We also collected Brieno-
myrus batesii' [Boulenger, 1906] from Gabon. All six of the electri-
cally distinct morphs collected in Gabon were previously putatively
identified as being closest to Brienomyrus brachyistius based on mor-
phological criteria, but all six can be reliably distinguished on the
basis of electric organ discharge characteristics. Specimens from
Gabon were collected in forest streams near Makokou (Ivindo River
and Ogooué River drainage) or from forest-surrounded savanna
streams near Franceville (Ogooué River drainage) (table 1).

EOD Recordings
To make an EOD recording we held a fish in a 10 X30x15 cm
Plexiglas aquarium with two silver/silver-chloride electrodes posi-

' In a previous publication (see Hopkins, 1981) we refer to two clades as Hip-
popotamyrus batesii (rp} and Hippopotamyrus batesii (ip). We have recently determined
that these two sibling species are close to the species description for Brienomyrus sphe-
codes (Sauvage). A redescription of B. sphecodes and descriptions of the new forms are
currently underway.
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Table 1. Specimens used in this study,
listed according to species. Field numbers
are used for field-collected specimens only.
CU numbers are for voucher specimens in
the Cornell University Vertebrate Collection.
DNA sequence numbers refer to a single
DNA sequence determination from a single
PCR product

Brienomyrus sp. 1!

Brienomyrus sp. 2*

Brienomyrus sp. 33
Brienomyrus sp. 4
Brienomyrus sp. 5

Brienomyrus batesii*

Brienomyrus niger

Marcusenius
senegalensis

Gnathonemus petersii

Brienomyrus
brachyistius

Petrocephalus bovei
Gymnarchus niloticus
Notopterus chitala
Pantodon bucholzi

1002 CU75436 *MO0O01% Gabon. Ivindo R.
1005 CU75436 *MO002%

1016 CU75439 MO003 Gabon. Ivindo R.
1018 CU75439 M004, M147

1019 CU75439 *MO005, M148

1020 CCU7544 *MO006 Gabon. Ivindo R.
1075 CU75456 *MO007, M165 Gabon. Ogooué R.
1097 CU75470 MO008 Gabon. Ogooué R.
1098 CU75470 *M009

1352 CU75403 M175 Gabon. Ivindo R.
1353 CU75403 *M176

- CU76349 M112 aquarium import
- - M128,M145

- - *M143

- Cu76347 M113 aquarium import
- - *M144

- CU76348 *M142 aquarium import
- CU76350 *M141, M164 aquarium import
- CU76153 M182

- CU76153 Mi183

- CU76360 *MO50 Benin. Tobe.

- - *MO53 aquarium import
- - *MO55 aquarium import
- - *MO054 aquarium import

1 Samples M00O1 and M002, taken from two individuals thought to be the same species,
diverged by more than 0.35% of their sequences and thus are both included in the phylogenetic

analysis.

*  Of the several sequences obtained for a given species, only one from each, indicated by the
star (*), was used for the phylogenetic analyses. In the case of Brienomyrus sp. 1 (see note
above) both sequences were used in the analysis.

' Brienomyrus brachyistius (bp) in Hopkins [1980]

2 Brienomyrus brachyistius (tp) in Hopkins [1980]

> Brienomyrus brachyistius (1. bp.) in Hopkins [1980]

4 Brienomyrus brachyistius (mp) in Hopkins [1980]

tioned at the ends, a ground lead in the center, and plastic tube in the
center to give the fish shelter. The water, taken from the fish’s home
stream, had pH=6.5, conductivity=12 to 30 uS/cm, and tempera-
ture=25°C. We recorded electric organ discharge waveforms digi-
tally using a Tektronix 222 field portable digital oscilloscope (8 bit ac-
curacy, 512 points, 100 to 1,000 ksamples/s) or a custom-built pulse
logger (Helpware; Psychology Department, University of Sheffield;
8 bit, 4,096 points, 1,000 ksamples/s). Digitized samples were stored
on a portable computer (Dell 320N+) or on digital tape and analyzed
later using custom-written software. We digitized the EOD at a nor-
mal gain to obtain the entire waveform undistorted, and at expanded
gain, to record weaker prepulses and overshoots.

For Petrocephalus bovei and Marcusenius senegalensis we added
field recordings made from specimens from the Niger River in Mali
[C.D. Hopkins and P. Jacob, unpubl. observ.].

EOD Analysis
We subjected all EODs to quantitative analysis by measuring
times, relative voltages, and slopes at a number of key points on the
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waveform (fig. 1A). We also generated power spectra of each EOD
first by windowing the wave with a Hanning window and then taking
its Fourier Transform (FFT) using Matlab (Mathworks, Inc., Natick,
Massachusetts). From this we measured the peak frequency of the
spectrum (fig. 1B). We measured the total duration of the wave as the
time between the first and last points on the waveform that deviated
from the baseline by more than 2.5% of the peak to peak height. All
amplitude measurements were scaled to a percentage of the peak to
peak height.

We designate the first head-positive peak of the EOD as P1, the fol-
lowing head-negative peak as P2. Some mormyrids with electrocytes
having penetrating stalks also have an early head-negative peak which
we designate as PO [Bennett and Grundfest, 1961; Bennett, 1971]. The
PO can be small, so its presence is always verified at high vertical gain.

Sex Differences in EODs

We show EOD:s from representative specimens from mature males
and females wherever we have field data for sexually mature individ-
uals recorded during the breeding season. Otherwise, we present EOD
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Fig. 1. Arepresentative EOD and its Fourier Transform illustrate measures taken for table 2. (A) The EOD is from
Brienomyrus sp. 5 and is plotted with head-positivity upward. This EOD is typical for those species with electrocytes
with penetrating stalks innervated on the anterior surface. The head-negative prepulse, PO, is thought to result from the
action potential in the penetrating stalk system. Peak P1 occurs when the posterior faces of the electrocytes generate an
action potential; peak P2 occurs when the anterior faces of the electrocytes generate an action potential. DT shows the
total duration of the EOD. (B) The power spectrum of the EOD is shown to the right. The peak frequency of the power
spectrum can be used to characterize the center of the energy spectrum for the EOD.

data only from the female or juvenile forms. Sex differences in EODs
usually manifest themselves as differences in duration, but sex differ-
ences in B. niger, B. brachyistius and G. petersii (tables 2, 6) are known
only from previous laboratory-based studies. A designation of ‘no sex
difference’ implies that we have been unable to distinguish male and
female EODs during the breeding season under field conditions.

Electric Organ Anatomy

Electric organs were fixed in phosphate-buffered 4% paraform-
aldehyde, with or without perfusion, in the field or laboratory, and
the tails were removed. After removing scales we decalcified the tis-
sue (12 hours in Calex II, Fisher Scientific), infiltrated it with methyl-
acrylate, JB4 (Polysciences) overnight, catalyzed and embedded it
in JB4, and sectioned it sagittally and transverse at 7 microns using
a tungsten carbide knife. Sections were stained with Toludine blue
and examined with a Leica DM microscope. The results were com-
pared to the published anatomy of known species [see Bass, 1986a for
review].

Tissue Samples for DNA

We extracted DNA and sequenced polymerase chain reaction
(PCR) products of 29 tissue samples obtained from 24 specimens of
fish representing 14 species in the superorder Osteoglossomorpha.
Twenty-two specimens were mormyriforms; we also sampled one
notopterid (Notopterus) and Pantodon (Pantodontidae) for outgroup
comparison. Table 1 lists the specimens used in this study and the
respective DNA sequences used in the phylogenetic analyses.

Tissue obtained in the field was preserved in 70% ethanol until the
DNA extraction, whereas tissue from fish from dealers was used fresh.
Voucher specimens were preserved and deposited in the fish collection
at Cornell university (CU numbers in table 1).
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DNA Extraction

Total genomic DNA was extracted from a piece of muscle or fin,
following the protocol described by Kocher et al. [1989] with over-
night incubation. The DNA was subsequently purified by two extrac-
tions with equilibrated phenol, one or two with phenol/chloroform/
isoamyl alcohol (25:24:1), and one with chloroform/isoamyl alcohol
(24:1). The DNA concentration in the extract was inferred by com-
parisons with DNA size markers of known concentration in standard
electrophoresis in 0.8% agarose gels with 0.5 pg/ml ethidium bro-
mide.

DNA Amplification and Sequencing

We used PCR (polymerase chain reaction) to amplify two seg-
ments of the mitochondrial genome of our samples. The first segment
was approximately 400 bases long located in the 128 ribosomal RNA
(rRNA) gene and the second about 600 bases long from the 16S rRNA.

Amplifications were done in a total volume of 25 ul, following
the concentrations described in Kocher et al. [1989]. The 128 primers
were modified from Kocher et al. [1989], and the sequences for the
168 primers were obtained from Palumbi et al. [1991]. The sequences
are: 12S: L1,091: 5~AAACTGGGATTAGATACCCCACTAT-3', and
H1478: 5-~GAGGGTGACGGGCGGTGTGT-3; and 16S: 16Sa-L:
5-CGCCTGTTTATCAAAAACAT-3' and 16SB-H: 5-CCGGTCT-
GAACTCAGATCACGT-3'. The position of the 3'end of each primer
in the L strand of the human mitochondrial genome are, respectively,
1,091, 1,478, 2,510, and 3,059 [Anderson et al., 1981].

Double stranded amplifications were carried out in 25 cycles with
the following temperature profile: denaturation for 30 s at 93°C;
annealing for 30 s at temperatures varying between 50 and 60°C,
depending upon the optimal annealing temperature for the different
genera; and extension for 30 s at 72 °C.

Alves-Gomes/Hopkins



The PCR products of the four non-mormyrinae genera were se-
quenced by the dideoxynucleotide chain-terminator method (Sanger
et al., 1977], following the standard protocol provided with the Se-
quanase 2.0 kit (United States Biochemical). All other PCR products
were sequenced with a 370 a automated sequencer (Applied Biosys-
tems, Inc.) following the procedures described in Alves-Gomes et al.
[1995], with small changes. We initially checked the quality of our
PCR products by running 5 ul of the amplified DNA in 0.8% agarose
gels with 0.5 pg/ml ethidium bromide. The remaining 20 pl were
cleaned by two filtrations using either Microcon-100 or Centricon-
100 columns (Amicon, Inc.) following the recommendations of the
manufacturer. The final filtered volume for the Microcon filters was
normally less than 10 pl, and, in this case, ultrapure water was added
to make a final volume of about 20 ul. The volume recovered from
the Centricon filters was consistently around 45 pl. From the filtered
DNA, 9.5 ul were used as a template for cycle sequencing (Applied-
Biosystems, Inc.) each strand, using Taq polymerase and dye labeled
terminators following the recommendations of the manufacturers, as
described in Alves-Gomes et al. [1995]. All final sequences were ob-
tained by reconciling sequences from both L and H strands.

Sequencing replicates were performed in several ways. For some
samples we sequenced the same PCR product twice, for others we per-
formed and sequenced a second PCR of the same DN A extraction, and
in others, we sequenced PCR products from distinct DNA extraction
of the same individual (see table 1).

Sequence Alignment

The DNA sequences were read and edited with the software SeqEd
v. 1.0.3 (Applied Biosystems, Inc.). By comparing the sequences of
this study with the secondary structures proposed for other teleosts for
the same DNA segments [Alves-Gomes et al., 1995], we were able to
identify regions corresponding to loops and stems and improve the
alignment by prioritizing base-pair formation in the stems of the sec-
ondary structures. Regions corresponding to loops were aligned by
eye, with the primary criterion that in the overall alignment transitions
were considered less costly than transversions and the latter less costly
than gaps.

After alignment of all 29 sequences (932 sites) we calculated the
absolute number of sites at which two sequences differ, for every pair
of taxa. Subsequently we computed a consensus sequence using the
IUB single letter ambiguity codes for those sequences that differed in
no more than three positions for all 932 aligned sites. We took a con-
servative approach, considering that divergences of up to 0.35% (cal-
culated as in Mindell and Honeycutt [1990]) in any pairwise compar-
ison could be due to some possible source of error in the final edited
sequence [see Clark and Whittam, 1992]. Thus, specimens diverging
by less than 0.35% were considered as belonging to the same genetic
pool or population. Only one sequence was selected as a represen-
tative of each population for phylogenetic estimation. After this pro-
cedure, the new data matrix, now containing 15 sequences (see*’s in
table 1), was subject to the phylogenetic analysis described below.

Phylogenetic Analysis

The 128 and 16S sequences were combined into a unique data set
for all phylogenetic estimates. This was mainly due to the similarity of
their nucleotide composition, proportion of conserved sites, and be-
cause we found no evidence suggesting that these two DNA segments
are evolving under different evolutionary constraints.

For the phylogenetic inference we utilized three methods: (1)
Maximum Parsimony (MP) trees, originated with the program PAUP

Molecular Phylogeny and
Mormyriform Bioelectrogenesis

v. 3.1.1 [Swofford, 1993] for the Macintosh; (2) distance-based esti-
mates, obtained with the neighbor joining algorithm [Saitou and Nei,
1987], using various models for distance correction available in the
program MEGA [Kumar et al., 1993]; and (3) maximum likelihood
toplogies (ML), generated with the program FASTDNAML [Olsen et
al., 1994] available in the DNA system package [Smith, 1988] at the
University of California, San Diego. In all analyses, Pantodon bu-
cholzi was designated as the outgroup following the well-accepted
phylogenetic hypothesis [Lauder and Liem, 1983] for the superorder
Osteoglossomorpha. Both gaps and ambiguities were treated as miss-
ing characters in almost every analysis. The only exception was MP,
where gaps were considered as the fifth character state under one
weighting scheme (see below).

Maximum Parsimony

Using PAUP [Swofford, 1993], we considered several cost rela-
tionships between transitions and transversions in order to compen-
sate for possible saturation in transitional substitutions in our se-
quences and to assess the gain/loss of phylogenetic resolution when
different weights were assigned to each class of substitution. Gaps
were considered as a fifth character state only in one cost matrix,
where every site to which a gap was assigned was given acost of 1, i.e.,
a gap of length 5 was given a cost of 5. We used the following weight-
ing schemes in MP: “TS1TV1’ meaning that the same cost of 1 step
was assigned for each transition (TS) and each transversion (TV). In
‘TSITVIGP!’, gaps (GP) were also considered as a character state and
were given the same weight (1 step) as TS and TV. In “TS1TV3’ and
TS1TV6’, the respective costs assigned to each TV was three and six
times that of each TS, and GP were omitted. In ‘TVPARS’, only TV
were considered for phylogenetic reconstruction. In our last weighting
matrix ‘EOR’ [Knight and Mindell, 1993; Collins et al., 1994a]. We
determined the cost of each class of TS and TV by taking into consid-
eration the base composition of each sequence and the expected/ob-
served ratio (EOR) for the different types of base substitution for all
pairwise comparisons, as described by Collins et al. [1994a]. When
calculating EORs, we did not consider the direction of change, so
A=T changes were not distinguished from T=A changes. After ob-
taining the EOR for each class of substitution, we normalized the
values in relation to the lower EOR, and these values were rounded to
the closest integer. The final cost matrix obtained by this approach and
used in PAUP was: C-T=1; A-G=2; A-C=A-T=3; C-G=13 and
G-T=15. In the EOR approach all sites with gaps and/or ambiguities
were copletely excluded from the analysis [see Knight and Mindell,
1993; Collins et al., 1994a].

For each weighting scheme, with the exception of the EOR, branch
and bound searches were performed with accelerated transformation
(ACCTRAN) selected for character-state optimization. The upper
bound for the searches was determined by the shortest tree-found with
one heuristic search with simple addition of taxa for the respec-
tive weighting scheme. Only minimal trees were kept, and zero-
length branches were collapsed. For all searches where the charac-
ters were equally weighted (i.e., TSITVI and TSITVIGP1 as well
as TVPARS), the option for additional taxa chosen was ‘furthest’,
whereas for the rest of the analyses, the option ‘simple’” was chosen
[Swofford, 1993]. We opted to ignore invariant characters with
PAUP. Using EOR, we performed 100 heuristic searches with ran-
dom addition of taxa.

We tested the content of the phylogenetic information in our data
set by performing a total of 1,000 bootstrap searches for each weight-
ing scheme. In these analyses, 100 heuristic searches were executed
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with 10 repetitions of random addition of taxa being performed at each
replicate. The program retained groups with frequencies higher than
50%, and sampling of sites was done considering the non-ignored
characters only. For each bootstrap replicate, only minimal trees were
kept, zero length branches were collapsed, and starting trees were ob-
tained by random stepwise addition. Branch swapping was performed
according to the tree bisection reconnection algorithm (TBR). All
minimal trees were saved.

Neighbor Joining

Neighbor Joining (NJ) trees were obtained with the program
MEGA [Kumar et al., 1993]. Several models for distance correction
were used. Assuming a constant rate of substitution among sites, we
first estimated distances by computing the proportion of sites at which
two sequences differ. Subsequently we used the following models to
correct distance estimates for multiple hits: the Kumura (2 parameter)
model, the Tamura model, and the Tajima-Nei model. In a second ap-
proach, we considered that the rates of substitution among sites fitted
a gamma distribution, and we corrected distances for multiple hits
using Kumura’s and Tamura-Nei’s models. In both cases, three values
for the parameter ‘a’ of the gamma distribution were specified. This
parameter is inversely proportional to the coefficient of variation of
the substitution rate per site and has been estimated to be 0.47 for the
mitochondrial control region and 2.0 for the amino acid sequences of
cyctochrome-C [Kumar et al., 1993]. For Kimura correction, we used
a=0.5, 1.0 and 1.5, and for the Tamura-Nei model, we used a=0.25,
a=0.5, and a=1.0. All distances were calculated considering both TS
and TV. Ambiguities were treated as missing characters, and sites with
gaps were completely omitted from the entire matrix.

Maximum Likelihood

Using the program FASTDNAML [Olsen et al., 1994], we per-
formed 10 maximum likelihood searches using a random number to
‘jumble’ the order of input of taxa. After each turn of taxa addition,
global rearrangements in the tree were performed. In this procedure,
each possible subtree is removed from the original tree and added back
in all possible places. If a better tree is found, the process is repeated
until each sub tree is tested without improvement of the tree. We also
instructed the program to use the empirical base frequencies derived
from the sequence data, towards the likelihood calculation.

Results

We describe first the species of fish we used, their elec-
tric organ discharges and their electric organ morphology.
We then describe the DNA sequences and the phylogenetic
analysis.

Description of EODs

The EOD waveforms of representative individuals of
each species of mormyriform in our sample are shown in
figure 2. All EODs are shown with head-positivity upward
on the same time base. Quantitative data on the heights of
PO (if present) and P1/P2 ratios, peak frequency of the FFT
of the EOD, and total durations are presented in table 2. In
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cases where we have made field recordings from adult
males and females during the breeding season, we have in-
cluded data on males and females separately. We define
three types of EODs — I, II and HI - produced by electric
organs with four types of electrocytes — S, NP,, P,, and DP,
(see fig. 3 and table 2).

Gymnarchus niloticus [Cuvier, 1829]. The EOD of
Gymnarchus is an approximately 300 Hz wave discharge
composed of a head-positive monophasic pulses, approxi-
mately 1 ms in duration, superimposed on a head-negative
baseline. We refer to monophasic EODs like this as type I
(fig.3). We have no information on sex differences in dis-
charges, since animals smaller than about 100 cm length
are sexually immature. Dahlgren [1914], Bennett [1971],
Fessard [1958], and Schwartz et al. [1975] report, and we
confirm, that the electrocytes in the electric organ (EO)
have no stalks and are innervated on the posterior side. We
refer to this type of electrocyte as type ‘S’ (i.e., ‘stalkless’) in
figure 3.

Petrocephalus bovei [Valenciennes, 1846]. Our record-
ings of Petrocephalus bovei were made from the Niger
River basin in Mali by C.D. Hopkins and Philippe Jacob
(unpubl.). The EOD is simple and biphasic (i.e., type II),
with no inflection points on the rising phase. The sexes are
monomorphic in EOD and EO, thus the EODs for sexually
mature males and females superimpose relatively precisely.
The electric organ has electrocytes with non-penetrating
stalks innervated on the posterior surface. We refer to this
type of electrocyte as type ‘NP,’ (Non-Penetrating, posterior
innervation) in figure 3.

Marcusenius senegalensis [Steindachner, 1870]. Al-
though the EOD appears to have only two phases, upon ex-
panding the vertical gain it is clearly triphasic (type IIla),
with an early head-negative prepulse (PO) to every EOD.
We make a distinction between EODs of type Illa, where
the height of PO is less than 1% of the peak to peak height,
and IfIb where PO is greater than 1%. Aquarium imported
specimens were all sexually immature, but specimens col-
lected in the Niger River in Mali (by CDH and P. Jacob)
showed a distinct sex difference in EODs (fig.2). The PO is
larger in females than in males, and male EODs are twice
as long in duration. Males have a lower FFT peak com-
pared to females. Quantitative data are presented in table 2.
The rising phase of the head positivity is smooth and shows
little evidence of an inflection point. Electric organs in
M. senegalensis have electrocytes with penetrating stalks,
innervated on the anterior side of each cell (type ‘P,” in
fig.3).
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Fig. 2. The EODs of representative individuals of the 12 species of mormyriforms used in this study. All EODs are
plotted on the same time base with head positivity upward. Representatives for each sex are illustrated only in those
cases where the discharge has been recorded under field conditions from reproductively mature individuals. Although
sex-differences occur in B. niger, B. brachyistius, and G. petersii, these differeces were compiled from laboratory stud-

ies involving animals treated with testosterone.

Gnathonemus petersii [Glinther, 1862]. Like M. sene-
galensis, the discharge is triphasic with a small head-nega-
tive prepulse (P0), thus it is type IIla. This species is known
to have a sex difference in.the discharge [see Landsman and
Moller, 1988; Landsman et al., 1990], although we have no
field data on the EOD. The electrocytes have penetrating
stalks innervated on the anterior side of each cell [Bell et
al., 1976] (type P, in fig.3).

Brienomyrus niger [Giinther, 1866]. B. niger has a
triphasic EOD (type IIIb). There are one or more distinct in-
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flection points on the rising phase between PO and P1. In
some specimens, but not all, there is a small head-positive
overshoot after P2. Males have a longer triphasic EOD than
females, but this was not apparent on our imported speci-
mens (P. Jacob, personal communication).

The electrocytes have penetrating stalks, but we noted
consistently that the stalks are innervated on the posterior
side, not the anterior side, and the innervated stalk immedi-
ately makes its first penetration through to the anterior side.
The stalk travels across the anterior surface for a distance
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Table 2. Characteristics of Electric Organs (EOs) and Electric Organ Discharges (EODs) of mormyriform fishes used in this study. EOD
waveform types are I for monophasic, II for biphasic, and III for triphasic, with subtypes defined in the left column below. Electric organs fall
into four categories: type S, for stalkless electrocytes with posterior innervation, type NP, for electrocytes with non-penetrating stalks with pos-
terior innervation, type P, for those with penetrating stalks with anterior innervation, and type DP, for those with doubly-penetrating stalks with
posterior innervation. Some species have sex-differences in the waveform of the EOD and sexual dimorphism in the EO, noted either in the pub-
lished literature or in this study, while others are known to be sexually monomorphic in EOD and EO. Quantitative measures of the EOD wave-
form are listed by sex: J refers to juvenile or sexually-immature individuals of unknown sex, F indicates adult females, and M indicates adult

males. PO is the height of peak 0, as percent of peak-to-peak height

PR

 ratio
Brienomyrus sp. 1 ITla P, no 6 F 0.35 0.4977+0.052 2,007 0.64
8 M 0.56 0.544 +£0.076 1,987 0.62
Brienomyrus sp. 2 1ITb P, yes 16 F 6.09 1213 +£0.432 1,237 0.958
13 M 10.66 4.04 +£1.23 466 1.822
Brienomyrus sp. 3 Illa P, yes 13 F 0.25 1.18 *0.36 1,144 0.585
1 M 0.69 3.09 390 0.866
Brienomyrus sp. 4 ITa NP, yes 33 F - 2.169 £0.89 651 0.708
2 M - 2740 £0.68 488 1.267
Brienomyrus sp. 5 ITIb P, yes 27 F 242 1.06 £0.168 938 0.583
3 M 2.81 1.51 +0.124 1,008 0.643
Brienomyrus batesii IIb NP, yes (?) 1 F - 0.390 291 0.003
6 M - 0.512 £0.072 189 0.0009
Brienomyrus niger ITb DP, yes 5 J 10.20 0.365 £0.3 4,017 0.882
Marcusenius senegalensis  1lla P, yes 13 F 2.47 0.395 £0.44 5,566 0.719
: 24 M 0.13 0.537 +£0.154 2,515 1.028
Gnathonemus petersii IlIa P, yes 2 J 0.23 0.277 3,705 0.595
Brienomyrus brachyistius  1lIb DP, yes 5 J 273 0.340 £0.110 5,128 0.587
Petrocephalus bovei Ila NP, no 5 F - 0.198 +0.03 5,271 0.36
6 M - 0.211 £0.02 5,695 043
Gymnarchus niloticus I S ? 1 J - 1.43 330 -
EODs Electric Organs

Type I: monophasic, head positive pulses emitted in a continuous
wave at ¢. 300Hz.

Type II: biphasic head positive (+P1) then head negative (—P2)
with no prepulse.

Type Ila: strictly biphasic (+P1, —P2).

Type IIb: primarily monophasic, P1 less than 1% of the peak-to-
peak height.

Type III: triphasic, head negative (P0), head positive (P1), head
negative (p2).

Type Illa: apparently biphasic, weak PO that is less than 1% of the
peak-to-peak height (P1-P2).

Type IIb: triphasic, PO is greater than 1% of peak-to-peak height.

Type S: stalkless, posterior innervated, cylindrical electrocyte.
Type NP,: non-penetrating, stalk, posterior innervation.

Type P,: penetrating stalk, anterior innervation.

Type DP, doubly-penetrating stalk, posterior innervation.

before making a second penetration back through to the
posterior side near the margin of the cell. We designate this
type of electrocyte as DP,, because of the Double Penetra-
tion with pesterior innervation (fig. 3). It has not been pre-
viously reported and was at first mistaken for a typical P,
electrocyte. Only by careful inspection of the site of inner-
vation do we see a difference between DP, electrocytes and
P,. The DP, electrocytes differ from the Doubly-Penetrating
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and Non-Penetrating stalk described by Bass [1986¢] in
that there appear not to be any non-penetrating stalks on the
posterior side of the electrocyte.

Brienomyrus brachyistius [Gill, 1862]. Our specimens of
Brienomyrus brachyisius came from tropical fish importers
and are presumed to have originated in Nigeria. The EOD
is triphasic (type 1IIb). The fish apparently has a normal sex
difference in its EOD, although this has not been reported
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Fig. 3. Morphological diversity of electrocytes among the Mormyriforms, illustrated by four categories found
among the species used in this study and the three corresponding types of electric organ discharges (EODs). Type S
electrocytes, found in Gymnarchus niloticus have posterior innervation, and lack a stalk system. Type NP, electrocytes
have a well defined stalk system which is non-penetrating and innervated on the posterior side, represented by Petro-
cephalus boveii, Brienomyrus batesii, and Brienomyrus sp. 4. Type P, electrocytes have a stalk system which penetrates
once through the electrocyte and receives innervation on the anterior side. They are exemplified by M. senegalensis,
G. petersii, Brienomyrus sp. 1, Brienomyrus sp. 2, Brienomyrus sp. 3, and Brienomyrus sp. 5. Type DP, electrocytes
have a stalk system which makes a double penetration through the electrocyte while the innervation is on the posterior
side. They are exemplified by Brienomyrus niger and B. brachyistius. Type  EODs are monophasic, head positive dis-
charges superimposed on a head-negative baseline. The discharge is wave-like. Type II discharges have two phases, P1
(positive) and P2 (negative). ITa discharges have a large positive phase, while IIb has a very small P1, so the discharge
appears monophasic. Type II1 EODs are triphasic with peaks PO (negative), P1 (positive), and P2 (negative). The PO is
less than 1% of the peak to peak height in IIla, greater than 1% in IlIb. The thin lines (type IIb, type I1Ia) show expanded
traces.

Molecular Phylogeny and
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from field specimens. Individuals that have been treated
with testosterone have longer duration pulses [Bass, 1986a;
Bass and Volman, 1987; Freedman et al., 1989]. The elec-
trocytes have doubly-penetrating stalks innervated on the
posterior surface (type DP,). Bass et al. [1986] and Bass
and Volman [1987] previously reported that this species has
P, electrocytes, but upon close inspection it is clear that the
morphology matches that of B. niger.

Brienomyrus sp. 1. We collected this species from the
Ivindo River basin of Gabon near Makokou. To our knowl-
edge, this species is undescribed. The fish is relatively
common in the small creeks leading to the Ivindo River.
Although the EOD is apparently biphasic, there is a head-
negative prepulse preceding the discharge (type IIla). The
rising phase of peak 1 has one or more inflection points.
The species has a sexually monomorphic EOD. There is no
change in the EOD of individuals treated with testosterone
[Bass and Hopkins, 1985]. The EOD differs from that of B.
brachyistius in that its duration is twice as long, the peak
frequency of the power spectrum is half, and the PO ampli-
tude is much less than in B. brachyistius. The electrocytes
also differ: they have penetrating stalks innervated on the
anterior surface (type P,) [Bass, 1986c].

Brienomyrus sp. 2. We collected Brienomyrus sp. 2 from
forest creeks near the Ivindo River near Makokou. It also is
undescribed. Its habitat is restricted to the shallowest
(10-20 cm) water at the heads of small creeks emptying
into the Ivindo River, where it was frequently the only
mormyrid present [Friedman and Hopkins, 1996]. The EOD
was described by Hopkins [1980] and Hopkins and Bass
[1981], and its electric organ by Bass [1986¢] and Bass et al.,
1986]. This fish has a triphasic (type IlIb) discharge. Peak
P1 has a strong inflection point on the rising phase that in
some individuals, mainly very large females, can make a
double-peak. There is a clear and pronounced sex differ-
ence in the EOD [Hopkins and Bass, 1981; Bass and Hop-
kins, 1983; Hopkins, 1983], with male EODs more than
twice as long as female EODs. The waveform of the male
is completely different from that of the female: it is not an
isomorphically stretched female signal. The elctrocytes are
innervated on the anterior side, and the stalks are pene-
trating (type P,). The stalks are unusually large at the point
where they penetrate through the electrocyte [Bass, 1986¢].

Brienomyrus sp. 3. This species was common in the
Ivindo River drainage near Makokou, Gabon, in forested
streams with depths ranging from 0.3 m to 1.5 m. This rep-
resents another undescribed species, whose body morphol-
ogy bears a superficial resemblance to the ‘brachyistius-
like’ Brienomyrus. The EOD is type Illa. The rising second
phase has a marked inflection point. There is a clear sex
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difference in the waveform [Hopkins, 1980] modulated by
androgens [Bass and Hopkins, 1983]. The electrocytes are
innervated on the anterior side and the stalks are penetrat-
ing (type P,) [Bass, 1986c¢].

Brienomyrus sp. 4. C.D. Hopkins and M. Friedman
collected this fish in small forested-covered streams in
the savanna district of southern Gabon near Franceville.
Representing yet another undescribed species, the electric
discharge is biphasic (type Ila) but much longer in duration
than a typical Petrocephalus discharge. The first phase of
the discharge rises smoothly from the baseline; there is an
inflection point on the rising edge of the first phase of the
discharge. There is a sex difference in the EOD duration,
with male EODs longer than female but without a substan-
tial change in the overall waveform (fig.2, table 22). The
electrocytes have non-penetrating stalks innervated on the
posterior side (type NP,).

Brienomyrus sp. 5. C.D. Hopkins and M. Friedman col-
lected this undescribed species in small streams, 0.2 to 1 m
deep, around Franceville, Gabon, again in dense forest. All
of the streams drained into the Ogooué River. These fish all
had triphasic EODs, with a head-negative PO (type IIIb).
Male EODs were longer in duration than female EODs
(fig.2). The triphasic waveform differs in form from that of
Brienomyrus sp. 2 (above). The electric organ is innervated
on the anterior side on stalks which penetrate through to the
posterior (type P,). The stalks have an enlarged surface
area.

Brienomyrus batesii [Boulenger, 1906]. Bigorne [1989]
recently re-classified this species as Brienomyrus [formerly
Hippopotamyrus in Taverne, 1972]. This fish was relatively
uncommon in our collections, but we did collect it regularly
from the Ivindo River, main channel, near Makokou, and
in the medium-sized streams flowing into the river. Young
individuals were found in the treeroots along the bank of
the river. The EOD is highly distinctive because it appears
almost entirely monophasic and head negative. Upon close
inspection at high gain, one observes a characteristic head-
positive prepulse (P1). We classify this biphasic discharge
as type IIb (fig. 3) since the P1 phase is less than 1% of the
peak to peak height. There may be a sex difference in
the discharge, but our data are unconvincing. The electric
organ is innervated on the posterior side, and the stalks are
non-penetrating [Bass, 1986¢].

DNA Sequences

All DNA sequences used in the phylogenetic analyses
described in this study were deposited in GeneBank under
accession numbers U33504-U33518 for the 125 rRNa and
U33519-U33533 for the 165 rRNA. We were able to align
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Table 3. Base composition (%) in the
complete sequences versus base compo-
sition for the informative sites only. Under-
lined numbers depart noticeably from the
averages for the group Brienomyrus sp. 1
Brienomyrus sp. 1’
Brienomyrus sp. 2
Brienomyrus sp. 3
Brienomyrus sp. 4
Brienomyrus sp. 5
Brienomyrus batesii
Brienomyrus niger

Marcusenius senegalensis

Gnathonemus petersii

Brienomyrus brachyistius

Petrocephalus bovei
Gymnarchus niloticus
Notopterus chitala
Pantodon bucholzi

31.3 206 259 223 204 219 350 226
31.0 20.7 255 228 206 221 353 221
31.3 206 258 224 206 221 338 235
31.2 204 256 228 19.0 219 343 248
312 208 256 224 212 234 328 226
314 200 264 223 213 184 382 221
312 202 261 225 199 199 368 235
31.1 208 255 226 206 243 324 228
31.5 206 259 220 225 21.0 362 203
31.7 204 256 222 23.0 200 363 207
31.9 203 258 220 248 188 353 211
3.5 21.1 254 219 285 200 331 185
323 210 252 215 339 242 274 145
332 206 2511 212 366 198 282 153
33.8 227 233 20.1 436 308 171 85

Table 4. Average of the observed num-
ber of each class of substitution in the L
strand of the 12S + 16S rRNA for all pair-
wise comparisons, expressed as percent of
total

Average number
of substitutions

271.37

38.17 10.76 17.95 2.16 3.54 100

373 sites of the 12S rRNA and 559 of the 16S rRNA in our
sequences (Appendix I). Seventy-three and sixty-eight per-
cent of the sites were invariant in the 12S and 16S rRNA,
respectively, totaling 658 invariant sites. From the variable
sites, 50 were phylogenetically informative in the 12S
rRNA and 88 in the 16S rRNA. Thus, we had a total of 138
sites in our sequences, for which at least two different kinds
of nucleotides were present at each site, with each being
represented by at least two of our sequences [Li and Graur,
1991]. Six sites became informative in addition to the orig-
inal 138 sites when gaps were treated as a fifth character
state under the TSITV1GPI cost matrix.

In the unaligned sequences, Pantodon, our designated
outgroup, had the most conspicuous lengthwise variation,
with gaps being necessarily asigned for 7 sites in the 12S
rRNA and 37 sites in the 16S tRNA. Gymnarnchus had the
next highest number of gaps, with 5 in the 12S rRNA and
14 in 16S tRNA. Notopterus had 16 gaps (6 in the 12S), and
none of the other genera exceeded 5 gaps in the 12S and 10
gaps in the 16S rRNA. Every insertion/deletion event in our
aligned sequences could be asssociated with unpaired sites
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in the secondary structure of both molecules, based on the
model proposed by Alves-Gomes et al. [1995], with the ex-
ception of the gap in position 361 of the 12S rRNA, which
has uncertain status because we have not sequenced the
possible complementary sites. The great majority of inser-
tion/deletion events were located in the two major hairpin
loops of the 16S rRNA [see fig. 5a, b in Alves-Gomes et al.,
1995].

The compositional bias computed for the 932 sites was
nearly identical among all the osteoglossomorphs